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cell types, especially in cultured cells, form a reticular network undergoing
constant fusion and fission. The three dimensional (3D) morphology of these networks however has not been
studied in detail to our knowledge. We have investigated insulinoma INS-1E and hepatocellular carcinoma
HEP-G2 cells transfected with mitochondria-addressed GFP. Using 4Pi microscopy, 3D morphology changes
responding to decreased oxidative phosphorylation and/or energetic status could be observed in these cells
at an unprecedented 100 nm level of detail. In INS-1E cells cultivated at 11 mM glucose, the mitoreticulum
appears predominantly as one interconnected mitochondrion with a nearly constant 262±26 nm tubule
diameter. If cultured at 5 mM glucose, INS-1E cells show 311±36 nm tubules coexisting with numerous flat
cisternae. Similar interconnected 284±38 nm and 417±110 nm tubules were found in HEP-G2 cells cultivated
at 5 mM and hyperglycaemic 25 mM glucose, respectively. With rotenone inhibiting respiration to ~10%,
disintegration into several reticula and numerous ~300 nm spheres or short tubules was observed. De-
energization by uncoupling additionally led to formation of rings and bulky cisternae of 1.4±0.4 μm diameter.
Rotenone and uncoupler acted synergically in INS-1E cells and increased fusion (ongoing with fission)
forming bowl-like shapes. In HEP-G2 cells fission partially ceased with FCCP plus rotenone. Thus we have
revealed previously undescribed details for shapes upon mitochondrial disintegration and clearly
demonstrate that high resolution 3D microscopy is required for visualization of mitochondrial network.
We recommend 4Pi microscopy as a new standard.

© 2008 Published by Elsevier B.V.
1. Introduction

Mitochondria are currently recognized not only as the cell's
powerhouse, but also as important modulators in the molecular
physiology of the cell. The impairment of their function most fre-
quently leads to oxidative stress causing cellular dysbalance or
initiation of various forms of cell death, both being dominating pro-
cesses in pathophysiology of numerous diseases and aging [1–9]. The
oxidative stress stems in many cases from the elevated mitochondrial
superoxide production [8]. Moderate elevation of superoxide levels
may participate in redox signaling, whereas repeated strongly self-
accelerating oxidative stress might disrupt redox homeostasis in
certain diseases and aging. Frequently, oxidative stress comes from
electron transfer retardation, hence respiratory inhibition [8].
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Predominantly, textbook images of mitochondrial morphology
based on electron micrographs are represented by solitary shapes,
which we now consider as sections of mitochondrial tubules. These
kidney shaped organelles typically exhibit inner structures of folded
sheet-like cristae [10]. Recent electron tomography data has however
revealed different cristae shapes [11], showing that the inner
membrane forms “sacks” with bottleneck outlets proximal to the
outer membrane. Pioneering observations of Hackenbrock more than
40 years ago [10] revealed rapid and reversible changes of the mito-
chondria cristae shapes from the so-called “orthodox” to “condensed”
conformations upon activation of ATP synthesis.

During the last two decades, it has been established that mito-
chondria of eukaryotic cells form a reticular network inmost cell types
with a few exceptions of e.g. neuronal axons, retina, etc. (see e.g. [12]).
The network is continuously remodeled by cycles of fission and fusion
events, giving rise to various mitochondrial reticulum shapes, ranging
from long, branched, and interconnected tubules to solitary sacks or
cisternae. The number of tubules, their connections, overall morphol-
ogy, and subcellular distribution is thus dynamically altered. Conse-
quently, mitochondrial network morphology must be linked to the
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mitochondrial function or state, thus reflecting specific cellular re-
quirements or pathological states.

A newparadigmwas set by studies revealing the proteinmachinery
responsible for mitochondrial fusion, fission, (or remodeling) events
[13–15], called thereafter mitodynamins. It has been recognized that
these processes are highly regulated and depend on the activity of
mitochondria. The overall mitochondrial reticulum shape is controlled
by the balance between fusion and fission events. Mammalian pro-
fusion proteins contain a GTPase domain and involve outer membrane
mitofusins MFN1, and 81% homologous MFN2 [16–25] and intermem-
brane space plus inner membrane OPA1 [25–34]. Outer and inner
membrane fusions seem to be separate events: fusion of the outer
membrane relies on low levels of GTP hydrolysis, while fusion of
the inner membrane requires elevated levels of GTP hydrolysis and
depends on the existence of the protonmotive force (Δp), hence ATP
synthesis [35]. Loss of either MFN1 or MFN2 is lethal [17]. MFN1-
lacking mouse embryonic fibroblasts (MEF) have fragmented mitor-
eticulum with short tubules and small uniform spheres of the same
diameter as tubules, whereas in MEF lacking MFN2, fission leads to
various size fragments [17]. This could reflect the finding that MFN1-
mediated tethering activity and GTPase activity is higher than those of
MFN2 [19], provided that the higher activity is required for sewing
greater size objects, whereas lower tethering is required to sew regular
objects together. MFN1 seems to act in concert with OPA1, since OPA1
overexpression in MEF lacking MFN1 does not restore fusion, whereas
in MEF lacking MFN2 it does [25]. The fusion mechanism for outer
membrane likely involves tethering of two membranes by their re-
siding mitofusins and subsequent mechano-chemical action of the
GTPase domain or its regulation of other downstream proteins, similar
to classical small G proteins. An action of mitochondrial phospholipase
D is also involved [22].

OPA1 was reported to promote fusion depending on MFN1 [25,29].
Mutations in OPA1 gene lead to optic athrophy [30]. The OPA1 ex-
pression involves an alternative splicing (eight mRNA isoforms [26]),
protein proteolytic processing, as well as tissue specific expression
[25,27–34]. It leads to number of bound or soluble protein forms,
whose specific functions are still unknown. As an example, an as-
sembly of two long and one short (cleaved) form of OPA1 has been
found to connect the outer and inner membrane in the cristae outlets
and suggested to initiate apoptosis upon tBID-mediated outlet opening
enabling cytochrome c release [27,29]. Thus OPA1 is also important for
maintaining regular cristae structure, which is critical for function of
oxidative phosphorylation (OXPHOS) enzymes. It protects cells from
apoptosis by restricting the diameter of cristae junctions indepen-
dently of mitochondrial fusion, thereby preventing cytochrome c
release. The significance of low-abundant OPA1 cleavage products for
mitochondrial fusion and function, cleaved for example by rhomboid
PARL protease [28,29] or by paraplegin [29], is not clear. Theymay play
a role in controlling apoptosis.

The fission machinery includes FIS1 proteins spread evenly on the
outer membrane surface [36–40], and a large cytosolic GTPase DRP1
partially associated with the outer membrane [41–44]. After Cdk1/
cyclin B-dependent phosphorylation [44] or other unknown stimuli,
DRP1 is recruited from the cytosol to the outer mitochondrial mem-
branewhere it docks to FIS1 [41,42]. Other pro-fission proteins, such as
MTP18 [45], or fatty acyl transferase called Endofilin B1 [46] or GDPAP1
participate probably downstream of DRP1 in the control of mito-
chondrial fission. Mitofilin was found to be involved in the cristae
remodeling [47]. However, the coordination of fission of both mem-
branes remains to be elucidated.

Other novel less elucidated proteins are recognized to interact
with mitodynamins. Thus, mitofusin binding protein, MIB [48],
and stomatin-like protein 2, STOML2 [49], associate with mitofusins,
whereas E3 ubiquitin ligase MARCH-V (RING-CH-V) acts upstream of
DRP1 [43]. Moreover, a non-apoptotic role of Bax and Bak has been
revealed in regulation of mitochondrial fusion through the punctuate
spots in which they interact with MFN2 [24]. In such spots of the
outer membrane where Bax and Bak concentrate, also DRP1 and
MFN2 colocalize and these foci subsequently become fission sites
[16].

The link betweenOXPHOS and activity ofmitodynamins is given by
GTP levels as most of the mitodynamins are GTPases. Local cytosolic
levels govern DRP1 activity, peri-mitotubular levels mitofusin activity,
and levels in the intermembrane space OPA1 activity. The knowledge
of upstream modulators of mitochondrial dynamics is still not com-
plete. For example, Ca2+ was assumed to modulate the activity of
dynamin and regulatory GTPases resulting in mitochondrial morpho-
logical alternations, perhaps though regulation of mitochondrial
movement along the microtubule scaffold [50]. As indicated above
balance between fusion and fission must exist as both processes in
their extremes participate in apoptosis [13,14], thus any serious
deviation can have harmful effects on cells.

Recently, it has been recognized that not only bioenergetic
parameters, respiration, Δp and their components, electron and
substrate fluxes, but also an overall morphology or dynamics of
mitochondrial network within the living cells may reflect their
bioenergetics, and therefore healthy or disease status [51–57]. Anal-
ogously to cristae remodeling of Hackenbrock [12], a major cor-
relation reflected OXPHOS status [51,52]. Numerous evidence has
been reported showing that mitochondrial morphology is crucially
linked to the energy metabolism. A first link is given by the already
mentioned GTP requirement for mitodynamins. GTP is produced
by the Krebs cycle or from ATP by matrix and cytosolic nucleoside
diphosphate kinases. Its export mechanism from the matrix is
unknown. Variations in respiration and their feedback to Krebs cycle
and also changes in ATP levels might be connected to possible
mitochondrial morphology modulators. In general, it seems that
undisturbed highly efficient OXPHOS correlates with a highly
interconnected, ramified network and enlarged cristae compart-
ments [51,52], whereas low OXPHOS activity and high glycolysis
correlate with bulkier or more spherical tubules, or 2D images of
apparently solitary mitochondria [51,52] displaying reduced intra-
cristae space. Thus the mitochondrial network with apparently
thinner, more branched, and interconnected tubules has been re-
ported when cellular energy substrates were shifted from glycolytic
to those allowing predominant OXPHOS [51,52].

Manipulations of expression of mitodynamins lead to morphology
changes. For example, MFN2 downregulation in myotubes results in
fission combined with simultaneously reduced activity of Krebs cycle
and respiratory chain, and enhanced glucose transport, glycolysis and
lactic fermentation [18]. MFN2 overexpression led to prevention of
high glucose-induced fission [54]. Low levels of DRP1 protein pre-
venting fission [54] have been shown to result in a significantly lower
rate of endogenous respiration and thus ATP production, affecting
activity of Krebs cycle and OXPHOS and further impacting cell growth
and perhaps viability [52]. Also knockdown of mitochondrial phos-
pholipase D results in fission [22].

A rich potential of mitochondrial morphology as a medical di-
agnostic tool has already been proven. Fragmentation of the mito-
chondrial network has been observed in fibroblasts from patients
with alterations of mitochondrial energy production caused by
genetic defects in respiratory chain subunits [53]. Oxygen/glucose
deprivation was shown to be related to the DRP1-dependent frag-
mentation of mitochondrial reticulum [54]. Mitochondrial fission is
an early event in ischemic stroke in vivo and is also induced by nitric
oxide in neurons [58]. Simulations of pathologies can be seen in
manipulations of cell energetic status. Thus, when uncouplers like
FCCP were added to culture cells for time periods ranging from a
minute up to a day, remodeling [41], fragmentation/fission of mito-
chondrial reticulum [31,32,34,35,59,60], apoptosis [61,62], and
changes in gene expression [63,64] were observed. Uncoupler (de-
energization) reportedly increases protease-mediated cleavage of



836 L. Plecitá-Hlavatá et al. / Biochimica et Biophysica Acta 1777 (2008) 834–846
pro-fusion protein OPA1 [29,31–34], whereas valinomycin, respira-
tory chain inhibitors, and other agents recruit DRP1 from the cytosol
[41,52].

A drawback of some of the reported studies can be seen in the fact
that they have been conductedwith conventional confocal microscope
acquiring 2D images. Thus, a mature fission event has been seen
as solitary, presumably spherical, mitochondria [31,32,59,60] or a
“doughnut-like” shapedmitochondria [51,52]. Frequently no 3D recon-
struction was attempted, thus two typical patterns were identified: a
thin 2D tubule morphology, correlating with efficiently phosphorylat-
ing mitochondria [51,52,65] and a thick 2D tubule morphology ob-
served under glycolytic conditions [51,52] or pathologic conditions
[18,53,54]. Even recent reviews still refer to mitochondrial tubules as
500 to 700 nm [13] or ~800 nm diameter objects [57]. To fully un-
derstand the mitochondrial network morphology, microscopy techni-
ques, such as 4Pi microscopy [66–74], capable of resolving the 3D
nature as well as the small mitochondria tubule diameter of 200–
400 nm, have to be applied. This has been impressively demonstrated
in yeast (Saccharomyces cervisiae) by Egner et al. [74] comparing
mitochondria thickness and network branching for growing condi-
tions in glycerol (OXPHOS) and glucose (glycolytic). 4Pimicroscopy has
also been shown to be feasible in imagingmitochondria inmammalian
cells [71].

Here we apply 4Pi microscopy to investigate morphological alter-
ations of mitochondrial networks in a biomedically relevant study of
insulinoma INS-1E cells and hepatocellular carcinoma HEP-G2 cells
under different cultivation conditions setting distinct autocrine
insulin levels in the former and glycolytic states replacing OXPHOS
in the latter cells. A striking observation was that in fact predom-
inantly a single mitochondrion, i.e. completely interconnected
reticulum, exists in cells relying on OXPHOS. Another main feature
is that the ~260 nm diameter of tubules was nearly constant along
the tubule lengths in intact cells. Situations with less active OXPHOS
featured thicker tubules and additional interconnected bulkier
cisternae within the reticulum. Moreover, we studied 3D shapes of
disintegrated mitochondrial reticulum at rotenone-inhibited
respiration or at uncoupling by FCCP. The induced fission cuts either
short segments or small spheres with similar tubule diameters as
before and disintegrates the original continuous single mitochon-
drion into several reticula. The increased diameter of tubules or
cisternae as well as formation of rings with FCCP suggests that also
fusion process was activated. The concomitant ring formation
probably results from fusion of short segments. These results argue
against inactivation of pro-fusion dynamins such as OPA1 at low or
zero Δp and indicate that at low (rotenone) and zero OXPHOS (plus
zero Δp, with FCCP) nonzero GTP levels exist, sufficient to drive
mitofusin and OPA1 activities. We speculate that namely low-
strength tethering MFN2 participates in the mild fusion required to
sew segments to rings. A concerted effect of rotenone plus FCCP was
found for INS-1E cells where even more intensive fusion acting
simultaneously with fission formed bowl-like shapes (shell-like
objects or very bulky rings). We hypothesize that in this case also
strongly-tethering MFN1 acts to promote fusion into larger objects.
In conclusion, we clearly demonstrate that high resolution 3D mi-
croscopy techniques such as 4Pi microscopy are required for detailed
studies and visualization of mitochondrial network.

2. Materials and methods

2.1. Cell cultivation

The human hepatocellular carcinoma cell line HEP-G2 was purchased from
European culture collection (ECACC 85011430). Rat insulinoma INS-1E cells were a
kind gift of Prof. Maechler, University of Geneva [75]. The HEP-G2 and INSE-1E cell
lines stably expressing matrix targeted redox-sensitive GFP (mRoGFP, the respective
vector was a kind gift of Dr. Rossignol, Univ. Bordeaux 2, France; [51]) were cultivated
at 37 °C in humidified air with 5% CO2. HEP-G2-mRoGFP cells were cultivated in
DMEM without glucose supplemented with 3 mM glutamine, 5% (v/v) FCS, 10 mM
HEPES, 10 IU/ml penicillin, 100 μg/ml streptomycin and 25 mM or 5 mM glucose or
10 mM galactose (in this case glucose-free dialyzed FCS was used). INS-1E-mRoGFP
cells were cultivated in RPMI 1640 with L-glutamine, without glucose supplemented
with 10 mM HEPES, 1 mM pyruvate, 5% (v/v) FCS, 50 μM mercaptoethanol, 50 IU/ml
penicillin, 50 μg/ml streptomycin, 11 mM or 5 mM glucose.

2.2. Sample preparation for 4Pi microscopy

Cells were cultured for 2–4 days to 70% cell confluency on 4Pi quartz coverslips
coated with poly-L-lysine. The cells were treated with 1 μM FCCP (Sigma), 20 μM
rotenone (Sigma) or both together for 20min at 37 °C. Then the coverslips were washed
two times in 1×PBS buffer. The cells were immediately fixed with 0.3% glutaraldehyde
for 10 min at 37 °C. The unreacted aldehydes were reduced by 1 mg/ml sodium
borohydride (pH 8) three times for 15 min. Finally, the coverslips were washed three
times in 1×PBS. The coverslips with fixed cells were mounted with 87.5% glycerol/PBS
mounting medium on the 4Pi metal holders containing coverslips with mirrors and
sealed. The fixation protocol was optimized in order to preserve structure of
mitochondrial network, which was successfully achieved with the glutaraldehyde
treatment. The samples were only imaged by 4Pi microscopy when no differences
between conventional confocal 3D images of living cells and the fixed cells could be
detected.

2.3. Confocal imaging

A conventional confocal microscopy (Leica TSC SP2) was employed for quality
control during sample preparation. Preliminary observations by conventional
confocal microscope for all described manipulations (cell cultivation conditions or
agent treatments) were performed. 10 to 25 cells on different coverslips were imaged
for each conditions. Cells were cultured for 2–4 days on poly-L-lysine coated cover-
slips to 70% of cell confluency, placed into a thermostable sample chamber supplied
by a CO2 incubator and inspected by the confocal inverted fluorescence microscope
Leica TSC SP2, with a PL APO 100×/1.4–0.7 oil immersion objective. An argon laser
(488 nm) was used for excitation of mRoGFP. Usually, 20 minute time series (30 min
with HEP-G2) of 3D data stacks were recorded, with one 3D stack every 5 min. In the
case of rotenone and FCCP treatments, the agents were added after recording the first
3D stack. The resulting change of mitochondrial network structure was observed over
time.

2.4. 4Pi microscopy

4Pi microscopy was performed on samples processed in the same way as
conventional confocal microscopy (under established conditions or agent treatment)
and showed the same morphological results. Data were collected with two Leica TCS
4PI microscopes equipped with pairs of 100×/1.35 NA glycerol immersion objectives.
Both systems are set up to operate in Type C mode, using a pair of glass wedges and an
optical flat [69], thus achieving an enhanced axial resolution of 100 nmwith reduced
side maxima. mRoGFP fluorescence was recorded using two-photon excitation at
906 nm wavelength for INS-1E cells and 910 nm for HEP-G2 cells (Chameleon laser,
Coherent Laser Group, on both systems) with beam expander 3 or 6 and one photon
counting avalanche photodiodes of the system (short pass SP700, band passes 525/
50; Chroma Technology Corp.). The pinhole was set to 1 “Airy unit”. The objective
correction collars, focus alignment and the interference phase of themicroscope were
adjusted for each individual sample put in the system. The embedding medium, in
this case 87.5% glycerol/PBS, was also used as the immersion medium to ensure
continuity in the refractive index (nD~1.46). Stacks of xz images were recorded with a
y distance between neighboring slices of 31 nm and 61 nm to 122 nm for INS-1E cells
and HEP-G2 cells, respectively. The pixel size in each xz image was chosen between
31 nm×31 nm and 36 nm×36 nm (or 56 nm×56 nm) for INS-1E cells and HEP-G2
cells, respectively. Stack dimensions were adapted to the cell size and ranged between
8 and 28 μm for each direction; typical values were 15 μm. In data post-processing,
each stack was smoothed and 3-point deconvolved with the LCS software (Leica
Microsystems). Typically four cells were imaged by 4Pi microscopy for each
conditions. Since the same general features could be observed in all data stacks
belonging to the same condition, the figures show only representative single 3D
images.

2.5. 3D image analysis

The diameter of mitochondrial tubules was determined from the original measured
data stacks by two methods, referred further as “PST” and “ruler”method, respectively.
The PST method employed analysis of minima and maxima of the axial intensity profile
[74] through at least ten objects which were confirmed as tubules, e.g. they were
present in several subsequent frames of a data stack. Objects with extremely large
diameters are excluded by this method as they do not provide a proper point-spread
function. The ruler method simply measured at least 70 diameters using profile
quantification tool of the Leica software on the raw xz data stacks. Also in this case
larger objects potentially representing rings, large cisternae, or spheres were excluded
from this analysis. For the representation of the distribution of diameters variance plots
are shown (Figs. 7–9). 3D projections were created with Amira 4.1.1 (Mercury,
Germany) in isosurface mode. The intensity threshold for surface rendering was set to
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35 (17 for HEP-G2 cells) to obtain comparable tubule diameters as determined by the
PST method and ruler method. This isosurface computation threshold allowed
reconstruction of the entire relevant signal but excluded background signal of our
data. Figures such as Fig. 5 with color coding of separate objects were employed to
count the numbers of each object types. These projections were made using Paraview
Fig. 1. Comparison of 3D 4Pi microscopy vs. 2D imaging and conventional (two-photon) con
whether an apparent spherical object in the 2D image is not a simply tubular one oriente
mRoGFP-transfected HEP-G2 cells cultivated in 25 mM glucose recorded by two-photon exci
less objects in the 2D image d) than in the 3D image b). Panels e–j compare data recorded wi
TCS 4PI instrument using two-photon excitation. Images showmRoGFP-transfected INS-1E c
in 5 mM glucose (g to j) taken from the same sample. The scale in c is equal to a; in e is eq
(Sandia Corporation, Kitware Inc., NM, USA). The threshold setting for isosurface 73 was
selected among series of various isosurface thresholds to obtain diameters identical to
those obtained from point-spread functions. This software was also used to calculate
voxel numbers. This number was converted to obtain a volume of the tubular system by
multiplication with the volume of a single voxel (unit picoliters).
focal microscopy. Panels a–d illustrate the inability of 2D imaging (c–d) to distinguish,
d perpendicular to the image as resolvable by 3D microscopy (a–b). Images a–d show
tation with a confocal microscope (Leica TCS SP2). Please note that there are seemingly
th 4Pi microscopy (e, g, i) vs. conventional confocal microscopy (f, h, j) on the same Leica
ells cultivated in 11 mM glucose (e, f) and two different areas of a HEP-G2 cell cultivated
ual to f; and in i, j is equal to g, h.
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3. Results and discussion

3.1. Imaging of mitochondria by 4Pi microscopy vs. conventional confocal
microscopy

Imaging of the mitochondrial network morphology by conventional
light microscopy, including confocal microscopy, represents a major
technical challenge: complex 3D features of the networks cannot be
resolved because of the N500 nm depth resolution of these techniques.
Other imaging techniques used so far, such as electron tomography [11]
and electron microscopy, provide the required resolution, but suffer
from complicated sample preparation, which may disturb a natural 3D
structure of mitochondrial network, and are limited in the maximum
sample thickness to typically less than 1 μm. For the non-invasive 3D
visualization of mitochondrial networks, i.e. 100–400 nm structures,
high resolution 3D light microscopy techniques such as 4Pi microscopy
are necessary. The z-axial resolution of a 4Pimicroscope reaches 100 nm
compared to 500–800 nm of a conventional confocal microscope, thus
providing the required resolution to resolve tiny cellular structures in
Fig. 2. 4Pi imaging of mitochondrial network in mRoGFP-transfected INS-1E cells. Panels a
conditions, while panels b), d), and f) show cells cultivated at 5 mM glucose, i.e. lacking autoc
displayed in XYZ views in panels a) and b), while in XY views in panels c) and d), and in XZ vi
A 1 μm 3D grid is shown in the background. 3D projections were created with Amira 4.1.1
cultivated at 11 mM glucose (a), c), e)) shows a dominant single morphological unit of 0.1 pl
37 nm (ruler method, 140 estimates), 85 branching points were recognized within the reticu
d), f)) shows again a dominant single morphological unit, with integrated 36 flat cisternae
method, 10 estimates) or 310±36 nm (ruler method, 70 estimates), 45 branching points we
three dimension in situ. This resolution is surpassed currently only by
STED and related RESOLFT techniques or FPALM, PALM, STORM, and
PALMIRA microscopy [75–82], which only recently have demonstrated
3D imaging capabilities but have not been applied to tackle 3Dbiological
questions yet. 4Pi microscopy on the other hand has successfully been
demonstrated to resolve, among other structures, microtubules, mito-
chondria, Golgi apparatus andhistonedistributions in the cell nucleus at
an unprecedented level of detail in 3D [69–74,83]. This technique there-
fore represents currently the best-tested method to investigate the 3D
morphology of mitochondrial networks.

The only disadvantage of state-of-the-art 4Pi microscopy lies in its
relatively slow 3D scanning and in an incompatibility of the currently
employed sealed coverslip holders and glycerol objectives with
imaging of living cells (we have found that the glycerol milieu sets
an osmotic shock to the cells and practical oxygen insolubility in 85%
glycerol obscures cell respiration). Therefore, we restrained ourselves
to imaging of fixed cells.

The described obstacles may stand for the reason why scientists
still use 2D mitochondrial imaging, even if fast-scanning confocal
), c), and e) illustrate INS-1E cells cultivated at 11 mM glucose, representing optimum
rine insulin and thus simulating a pathological state. The same cell for each cultivation is
ews in panels e) and f). Color coding for axes: green— Z axis; red— X axis; blue — Y axis.
. The following parameters were derived for the displayed cells: the intact INS-1E cell
volume, the average tubule diameter 275±42 nm (PST method, 20 estimates) or 259±
lum as well as over 110 bends; the immature INS-1E cell cultivated at 5 mM glucose (b),
encompassing the opposite half of the cell, the average diameter was 302±30 nm (PST
re recognized within the reticulum as well as over 65 bends.
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microscopes enabling 3D imaging are available. However, here we
demonstrate that the 2D imaging of mitochondrial network is not
sufficient, since it cannot distinguish, whether an apparent spherical
object in a 2D image is not just a tubule oriented vertically (Fig. 1a–d).
3D scans are required to assess this distinction, even at a resolution
lower than that of the 4Pimicroscope (Fig.1c, d). For small cells such as
insulinoma cells (INS-1E) featuring dense, branched tubular mito-
chondrial reticulum, these tubular structures are however hardly
separable in conventional confocal microscopy images. Due to the
lower resolution, 3D conventional or two-photon excitation confocal
scanning always shows thick tubules or objects in the images, as shown
in Fig. 1e–j. As a result, 4Pi microscopy yields currently the highest
fidelity high resolution 3D images ofmitochondrial network (Figs.1–7;
Movies I to VII of Supplemental information).

Such a highly dense network of mitochondrial reticulum is
illustrated for insulinoma INS-1E cell line in Fig. 2 (see also Movies I
to V of Supplemental information). When cultivated at optimum
Fig. 3. 4Pi imaging of mitochondrial network in mRoGFP-transfected HEP-G2 cells. Panels a
conditions, while panels b), d), and f) showcells cultivated at 25mMglucose, i.e. hyperglycaem
Fig.1. 3D projectionswere createdwith Amira 4.1.1. Panels e) and f) showXYviews of the same
for each cultivation. The following parameterswere derived for the displayed cells: the intact H
unit and three smaller fragments with 14 integrated flat cisternae plus four separate small sp
10 estimates) or 277±53nm (rulermethod, 70 estimates). It included 35branching points and
unit plus six short segments, six cisternae are integrated within the tubular reticulum. The
method, 40 estimates). It included 22 branching points and 20 bends.
11mMglucose INS-1E cells secrete autocrine insulin and exhibit nearly
maximum OXPHOS [75,84]. Therefore these cells represent an
excellent example of OXPHOS type cells. The observed rich mitochon-
drial network fills the whole cell and comprises of thin infrequently
branched mitochondrial tubules. These are hardly distinguishable by
conventional confocal microscopy, where their diameters appear to be
two to four times higher in axial direction (Fig. 7a). Mitochondrial
tubules are very close to each other. In certain parts of the cell, such as
in the cell tip, one cannot resolve mitochondrial network. The major
feature of their network can be seen in the fact that in most cases only
one dense very large continuous network accompanied by only a few
small objects is recognized. This means that in these cells predomi-
nantly one large mitochondrion exists forming a single mitochondrial
reticulum (Fig. 2a, c, e; Movie I under Supplemental information).
Random fission events probably led to the observations of a few small
additional objects such as small spheres in each cell. In all five
completely evaluated cells one large reticulum was found.
), c), and e) illustrate HEP-G2 cells cultivated at 5 mM glucose, representing optimum
ic conditionswith dominant glycolysis. Color coding of axes and grid size are identical to
cell for each cultivation as shown inpanels a) to d) and details of the different second cell
EP-G2 cell (a), c), e)) cultivated at 5mMglucose shows a dominant singlemorphological

heres and five short tubules. The average tubule diameter was 302±40 nm (PSTmethod,
over 50 bends. The hyperglycaemicHEP-G2 cell (b), d), f)) shows onemainmorphological
average diameter was 445±128 nm (PST method, 7 estimates) or 355±100 nm (ruler



Fig. 4. 4Pi imaging of disintegration ofmitochondrial network in INS-1E cells. Disintegration of originally highly interconnectedmitochondrial reticulum in INS-1E cells upon addition
of 20 μMrotenone (panels a) and b)),1 μMFCCP (panels c) and d)), and both these agents (panels e) and f)) is shown for the same cell in each treatment in XYZ (left panels) and XZviews
(right panels). Color coding of axes and grid size are identical to Fig. 2. 3D projections were created with Amira 4.1.1. The following parameters were derived for the displayed cells:
Rotenone-treated sample (panels a) and b)): 40 separate morphological units (see Fig. 5a) filling a volume of 0.05 pl, among them seven fractions of the original large mitochondrial
reticulum, 15 spheres, and 18 short segments. The average tubule diameter was 351±23 nm (PSTmethod, 9 estimates) or 330±48 nm (ruler method, 70 estimates). Only 8 branching
points were detected. FCCP-treated sample (panels c) and d)): 45morphological units (see Fig. 5b) encompassing a volume of 0.04 pl, among them four clusters of long interconnected
tubules, 23 spheres,15 short segments, three separated rings, and seven integrated rings and 24 integrated cisternae. The average tubule/object diameterwas 305±19nm (PSTmethod,
10 estimates) or 290±53 nm (ruler method, 70 estimates). Altogether, 25 branching points were recognized. FCCP and rotenone-treated sample (panels e) and f)): 35 morphological
units (see Fig. 5c) extended in a volume of 0.045 pl, among them four clusters of long interconnected tubules including 10 branching points, 18 spheres, four short segments, eight
integrated rings, and nine integrated and nine separate vessels, or shell-like structures appearing as bottom-closed rings; the average tubule/object diameter was 322±36 nm
(PST method, 10 estimates) or 304±46 nm (ruler method, 70 estimates).
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Additionally, up to ten small morphological units (up to five small
spheres and zero to eight short segments) were recognized. The
mitoreticulum volume of a typical big cell (Fig. 2a) was 0.1 pl (0.03 to
0.1 pl in all studied cells, Table 1). 65 to 85 branching points and more
than 50, in a few cases more than 100, bends of mitochondrial tubules
could be observed per cell. At 20 to 30 locations per cell the tubules
were transferred or the two neighboring tubules were fused in
bifurcation points into flat objects, thereafter called cisternae, usually
with a ~200 nm×400–600 nm profile of various length up to 1 μm. A
striking feature of the single mitochondrion in INS-1E cells lies in the
fact that a nearly constant tubule diameter within the overall topology
(neglecting the cisternae) and infrequent branching was observed
(Figs. 2a, c, e and 7a, b, c; Table 1). The average tubule diameter of ten
cells evaluated by the PST method was 270±28 nm (the average of the
best five images with ideal point-spread functions was 262±26 nm —

see Fig. 7b, Table 1). These values were at the detection limit of our
analysis defined by the resolution of 4Pi microscopy. The actual, “true”
diameter of mitochondrial tubules in INS-1E might be even smaller.

3.2. Mitochondrial network morphology in INS-1E cells as reflection of
autocrine status

A slightly different situationwas foundwith INS-1E cells cultivated
at low 5 mM glucose (Fig. 2b, d, f; Movie II of Supplemental in-
formation, Fig. 7b, Table 1). Since INS-1E cells require glucose and
autocrine insulin is essential for their optimum growth [75,84], the
decreased glucose led to three-fold longer doubling time and impaired
secretion of insulin upon glucose stimulus [75,84]. Cells also loose



Fig. 5. Color coding of individual objects in 4Pi images of mitochondrial network
disintegration in INS-1E cells. Disintegration of originally highly interconnected
mitochondrial reticulum in INS-1E cells upon addition of 20 μM rotenone (panel a)),
1 μMFCCP (panels b)), and both these agents (panels c)) is represented by color coding of
images shown in Fig. 4a), c), e), respectively. 3D projections were createdwith Paraview.
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their conical shape and aremostly round–oval. Their tubules exhibited
an average diameter increased by ~40 nm (Fig. 7b, Table 1). In 40 to 50
locations tubules or their branching or bifurcation points were
transferred into flat cisternae and in some cells accompanied by up
to 100much smaller flat cisternae. The increase in number of cisternae
was characteristic for these immature INS-1E cells and indicates a shift
of fusion/fission equilibrium toward fusion. Nearly all objects, tubules
and cisternae appeared interconnected at 100 nm of the 4Pi micro-
scope (gaps smaller than 100 nm cannot be excluded). Again in all four
evaluated cells, onemain reticulumwas observed plus one to six small
~300 nm spheres and one to six short tubular segments. The number
of branching decreased to 40 to 60. Some cells contained tubular
structures in half of the cell volume, while cisternae dominated the
opposite halves (Fig. 2b, d, f).

The exposure of INS-1E cells cultivated at 11 mM glucose to high
25 mM glucose concentration caused only slight periodical changes in
tubular thickness without any sustaining fragmentation. Thus after
20 min of cell incubation, 4Pi microscopy did show only a ~15 nm
increases in the mean tubule diameter (Fig. 7b, c, Table 1). Otherwise,
the mitoreticulum maintained branching and other characteristics.

3.3. Mitochondrial network morphology in HEP-G2 cells as reflection of
oxidative phosphorylation

The opposite case to the OXPHOS cell type can be seen in glycolytic
cells, surviving on glycolysis with more or less active OXPHOS. Most of
the cultured cells with exception to primary cultures belong in this
group since they are fused to cancer cells to be immortalized. Moreover,
it has been shown that mitochondrial morphology depends on cul-
tivation conditions that lead to different OXPHOS intensity, as first
described by Rossignol et al. in HeLa cells [51]. A “thin type” of mito-
chondrial reticulumwasobserved in cells relyingonOXPHOS (cultivated
in galactose/glutamine), a “thick type” in cells cultivated at high glucose.
We confirmed these observations also with HEP-G2 cells (not shown).

Using 4Pi imaging we now show detail 3D images of these two
typical types of mitochondrial reticulum while manipulating only
glucose concentration during cultivation of HEP-G2 cells. At low 5 mM
glucose HEP-G2 cells have dense, slightly branched tubular mitochon-
drial network (Fig. 3a, c, e, and Movie VI of Supplemental information;
since the HEP-G2 cells are three to four-fold larger than INS-1E, only
parts of cells could be imaged). In the scanned regions (typically 30–50%
of the complete cell) of four cells the network comprised of one to 12
separate units dominated by one large reticulum and up to two small or
medium-sized reticula and remaining one to eight short tubules (Fig. 3a,
c, e; see also Movie VI of Supplemental information). The tubule di-
ameter average was 20 nm higher than in INS1 cells (Fig. 8a, b, Table 1).
Branching frequency of the reticulum was significantly lower than in
INS-1E cells (13 to 35 branches per scanned volume). At more than 25
locations tubules were transformed into flat cisternae. Perhaps due to
the larger size of HEP-G2 cells, less bends were recognized (~50). In
contrast, mitochondrial morphology patterns with bulkier mitochon-
drial networks were observed at high, 25mM, glucose level, mimicking
chronical hyperglycemia (Figs. 3b, d, f and 8a, b; Movie VII of Sup-
plemental information). Mitochondrial tubules or bulky cisternae
showed 100 larger diameter (Fig. 8a, b, Table 1). This increase cor-
responds to switch of energy metabolism to cytoplasmic glycolysis at
low rate of mitochondrial OXPHOS. The reticulum is located mainly
perinuclearly with numerous bulky spherical cisternae in the distal
cellular regions (Fig. 3f). These morphological patterns are similar to
those describedby Yu et. al. [54],whoobserved, thatmitochondria of rat
hepatocytes andmyoblasts undergo rapid fragmentationuponexposure
to high glucose.

3.4. Disintegration of mitochondrial network at inhibited respiration

We further investigated whether decreasing OXPHOS at substan-
tially inhibited respiration (down to 20% to 10%) by rotenone is reflected
by changes in mitochondrial network morphology. A mild oxidative
stress is established under these conditions [85], however, other evi-
dences (see below) support that it is rather a respiratory inhibition than
the oxidative stress that initiates morphological changes under these
conditions. The first treatment was induced by rotenone for a period of
20 to 30 min. Figs. 4a, b and 6a, b show typical resulting morphology
changes of mitochondrial networks in their final stages in INS-1E cells
(see also Movie III of Supplemental information) and HEP-G2 cells,
respectively. The images reflect fission events disintegrating original
entirely connected mitochondrial networks. In INS-1E cells, the single



Fig. 6. 4Pi imaging of disintegration of mitochondrial network in HEP-G2 cells. Disintegration of originally highly interconnected mitochondrial reticulum in HEP-G2 cells upon
addition of 10 μM rotenone (panels a, b, and e), 1 μM FCCP (panels c, d, f, and h), and both these agents (panel g) is shown in various projections created with Amira 4.1.1. as imaged by
4Pi microscopy (panels a)–d), including insets; color coding of axes and grid size are identical to Fig. 2); and by conventional confocal microscopy (panels e)–h). In all cases HEP-G2
cells were cultivated at 5 mM glucose before treatment. The following parameters were derived for the displayed cells: Rotenone-treated sample (panels a, b, and e): more than
20 morphological units, among them five fragments of reticulum with 15 flat cisternae and 15 short segments; the average tubule diameter was 354±26 nm (PST method,
9 estimates) or 324±46 nm (ruler method, 60 estimates). FCCP-treated sample (panels c, d, f, and h): 32 morphological units, among them a single main reticulum, 16 spheres, 13
short segments, 8 integrated, two separate and six integrate bottom-closed rings; the average tubule/object diameter was 312±65 nm (PSTmethod, 8 estimates) or 258±44 nm (ruler
method, 50 estimates); the reticulum included 13 branching points.
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mitoreticulum desintegrated into either seven main reticula or one
major reticulum plus two to seven small ones; and into an additional 15
to 40 small objects (n=4) (e.g. Fig. 5a). We could observe two types of
objects literally cut fromthe reticula and reshaped into ~300nmspheres
(seven to 19) or shorter segments of tubules of unchanged, i.e. ~300 nm,
diameter (eight to 21). The number of branching points decreased to 10
or stayed constant. The average tubule (object) diameters rose by 60 and
54nm, in INS-1EandHEP-G2 cells (Figs. 9 a, b and8a, b) respectively (see
also Table 1). The observed disintegration of mitochondrial networks
corresponds to results of Benard et. al. [52] with the exception of their
observation of doughnut-shaped mitochondria as the final stage of
rotenone treatment. Cells treated for 72 h with rotenonewere reported
to increase mitochondrial branching (not in our case) and complexity,
while the number of mitochondria per cell and cellular ROS levels were



Fig. 7. Charts of tubule diameter variance for INS-1E cells. a) comparison of 4Pimicroscopy
vs. conventional (two-photon) confocal microscopy for INS-1E cells cultivated at 11 mM
glucose. The data of four cells were evaluated by the ruler method for variance of tubules
diameters in INS-1E cells cultivated at 11 mM glucose as imaged by the Leica TCS 4PI
microscope (triangles) or the same cells in the conventional confocal mode of the same
instrument (circles). b), c) comparison of INS-1E cells cultivated at 11 mM glucose, 5 mM
glucose, andwith added 25mMglucose. b) PSTmethod: The data offive cells (10 estimates
for each) were evaluated for INS-1E cells cultivated at 11 mM glucose as measured on the
1st instrument (at The Jackson Laboratory, black squares) or the 2nd instrument (at Leica
Microsystems, Mannheim, Germany, open squares); for cells to which glucose was added
to thefinal 25mMconcentration for 20min (closedandopendiamonds for the1st and 2nd
instrument, respectively), and immature cells cultivated at 5 mM glucose (triangles).
Diameters were derived from point-spread functions of the measured original data stacks
analyzingminima andmaxima of the axial intensity profile through tubules (PST method,
see Ref. [74]). c) Rulermethod: The data of ten cells (70 estimates for each) were evaluated
for INS-1E cells cultivated at 11 mM glucose (crosses), with added glucose to final 25 mM
concentration (bars); and cultivated at 5 mM glucose (grey bars). Points in variance
distribution represent averages within a “channel of magnitudes” of five cells. Cells were
imaged on both instruments.

Table 1
Diameters of tubules or other objects and volumes of whole mitochondrial network

Cells cultivation,
treatment

Diameter (PST
method) (nm)

Diameter (ruler
method) (nm)

Mitochondrial
network volume (pl)

Insulinoma INS-1E cells
11 mM glucose
1st instr. 262±26 nm (5) 245±42 nm (5) 0.09; 0.034
2nd instr. 280±27 nm (5) 270±38 nm (5) 0.038
All data 270±28 nm (10) 266±39 nm (10) –

25 mM glucose
1st instr. 277±27 nm (4) 269±40 nm (4) 0.028
2nd instr. 295±34 nm (6) 261±37 nm (6) 0.10; 0.05
All data 287±32 nm (10) 259±41 nm (10) –

5 mM glucose,
1st instr.

311±36 nm (4) 313±43 nm (4) 0.038; 0.043; 0.035;
0.039

11 mM glucose,
rotenone

330±34 nm (4) 308±50 nm (4) 0.037; 0.038; 0.049

11 mM glucose,
FCCP

289±25 nm (3) 283±45 nm (3) 0.027; 0.037; 0.043

11 mM glucose,
rotenone
and FCCP

303±30 nm (3) 287±47 nm (3) 0.032; 0.037; 0.046

Hepatocellular carcinoma HEP-G2 cells
5 mM glucose 284±38 nm (4) 265±50 nm (4) 0.035⁎
25 mM glucose 417±107 nm (5) 338±68 nm (5) n.d.
5 mM glucose,
rotenone

338±56 nm (2) 310±50 nm (2) n.d.

5 mM glucose,
FCCP

311±60 nm (2) 279±58 nm (2) n.d.

Diameters and volumes evaluated as described in Materials and methods are listed for
imaging by two instruments (“1st instr.” at The Jackson Laboratory; “2nd instr.” at Leica
Microsystems, Mannheim, Germany). Numbers of imaged cells are indicated in
parentheses. A typical number of diameter estimates was 10 for PST method and 70
for ruler method. Note, ⁎ points out to the fact that not the whole cell was imaged, but
the same spatial region as for INS-1E cells.
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not affected by this treatment [53]. Possible explanations involve ob-
vious reasons such as the use of different cell lines as well as different
concentration and times of rotenone treatment but it could also be the
result of the lowermicroscope resolution used in the past. Note that the
rightmost 3D projection of 4Pi microscopy data as displayed in Fig. 6b,
shows, if viewed in 2D a similar image as obtained by the conventional
confocal microscope (see e.g. Fig. 6e).

We conclude that at the Complex I respiratory inhibition, lowering
substantially OXPHOS and hence ATP export to the cytosol, the fission/
fusion equilibrium is obviously shifted to fission, perhaps due to DRP1
activation.With an antioxidant, mitochondria-targeted quinone, MitoQ,
that prevents the rotenone-induced oxidative stress (Plecitá-Hlavatá
et al., unpublished), similar morphology changes were observed. More-
over, KCN, which inhibits mitochondrial respiration completely, caused
also disintegration of mitochondrial network (not shown). Conse-
quently, the cause for the increasedfission frequencywas thereforemost
likely de-energization due to respiratory inhibition and not the mild
oxidative stress.

3.5. Disintegration of mitochondrial network due to uncoupling

We have further studied effects of de-energization of mitochondria
caused by uncoupling, which sets a zero protonmotive force (Δp; and
nearly zeromembrane potential and zero OXPHOS). Uncoupler-induced
changes in mitochondrial network morphology have been reported
already in the pioneer observations [31,32,34,35,41,59,60]. Conventional
confocal 2D images showed uncoupler-induced changes as a complete
mitochondrial network disintegration resulting in numerous small cir-
cular spots, which were interpreted to be small spherical solitary mito-
chondria [31,32,34,35,41,59,60] or doughnut-like shapes [51,52]. In case
of our two cell lines we now reveal much subtle fission by 4Pi micro-
scopy (Figs. 4c, d, 5b, 6c, d, 8a, b, 9a, b, Table 1) as compared to con-
ventional confocal microscopy (Figs. 4e and 6f, h).

For INS-1E cells treated with FCCP the single mitoreticulum
disintegrated into two to six main reticula. The number of small
morphological units increased to 20 to 40 (n=3) (e.g. Fig. 5b). The
solitary circles observed in 2D can be explained to some degree by
small ~300 nm spheres found also by 4Pi microscopy (8 to 23 per cell,
n=3). Another fraction could result from projections of short,
maximum 2 μm segments of unchanged (~300 nm) diameter (9 to
15 per cell, n=3) oriented predominantly in the z-direction. Larger
spots observed in 2D may result from projections of ~1 μm bulky
spherical or flat cisternae (16 to 24 per cell, n=3) found by 4Pi micro-
scopy. The doughnut shapes previously observed in 2D are confirmed
by ~700–2000 nm diameter rings imaged by high resolution 3D 4Pi
microscopy. Since they show unchanged tubule diameters compared
to the orginal tubules, they are probably formed by fused short tubule
segments. In the three completely evaluated whole cells, five to eight
rings integrated within the reticulum and two to three separate rings
were found per cell. Formation of rings appears to be a hallmark of the



Fig. 8. Charts of tubule diameter/object size variance for HEP-G2 cells. a) PST method:
The data of four and five cells (7 to 10 estimates for each) were evaluated for HEP-G2
cells cultivated at 5 mM glucose (black squares) and 25 mM glucose (black circles),
respectively, and of two cells (7 to 10 estimates for each) cultivated at 5mM glucose and
treated with 1 μM FCCP (grey squares) or 20 μM rotenone (grey diamonds) for 30 min;
measured on the 2nd instrument (see Fig. 7 legend). b) Ruler method: The data of five
cells (50 to 60 estimates for each) were evaluated for HEP-G2 cells cultivated at 5 mM
glucose (black bars), 25 mM glucose (grey bars), and at 5 mM glucose treated with 1 μM
FCCP (grey squares) or 20 μM rotenone (grey diamonds) for 30 min. Points in variance
distribution represent all data.

Fig. 9. Charts of tubule diameter/object size variance for disintegration of reticulum in
INS-1E cells. a) PST method: The data of three to four cells (8 to 10 estimates for each)
were evaluated for INS-1E cells cultivated at 11 mM glucose (black squares), and cells
to which 20 μM rotenone (grey diamonds), or 1 μM FCPP (grey squares), or both, 20 μM
rotenone plus 1 μM FCPP (black circles), were added for 20 min prior to fixation and
imaging. Cells were imaged on the 1st instrument (see Fig. 7 legend). Diameters were
derived from point-spread functions of the measured original data stacks analyzing
minima and maxima of the axial intensity profile through tubules (PST method, see
Ref. [74]). b) Ruler method: Symbols as in a). The data of three to four cells (70
estimates for each) are shown at points in variance distribution which represent
averages within a “channel of magnitudes” of three to four cells.

844 L. Plecitá-Hlavatá et al. / Biochimica et Biophysica Acta 1777 (2008) 834–846
uncoupler-induced changes in INS-1E cells (Figs. 4c, d and 5b;Movie IV
of Supplemental information). The average tubule (object) diameter
slightly increased by ~20 nm (Fig. 9a, b, Table 1). Note, however, this
variance does not include large cisternae or rings. The number of
branching points decreased to 15 to 25 per cell.

In conclusion, FCCP induced a morphological pattern composed of
four types of units instead of a practically singlemitochondrion found in
intact INS-1E cells. Besides the remaining single or a few portions of the
original single mitoreticulum, short tubules and spheres of the same
diameter as reticulum tubules, aswell as rings formedmost probably by
fused short tubules of equal diameter were observed. The established
morphology of rings probably results from an imbalance of fission/
fusion equilibrium so that fission at collapsed Δp occurs initially in two
points 2 to 6 μm apart on tubule and either the resulting short segment
remains or is fused into a ring. Certain tubules are fused into cisternae.
The rings or new cisternae may hypothetically arise from the elevated
fusion due to a local increase in GTP concentration and concomitant
activation of mitodynamin GTPases, since faster uncoupled respiration
accelerates GTP formationwithin the Krebs cycle and the sudden lack of
matrix ATP might lead to GTP export via the ADP/ATP carrier. We may
even speculate that despite the reported cleavage of a subset of pro-
fusion OPA1 isoforms into an inactive short form [31–34], other OPA1
isoforms in concertwith other pro-fusionmitodynaminshelp to fuse the
segments into the rings or cisternae. We speculate that namely low-
strength tethering MFN2 might participate in the fusion required to
merge segments to rings as well as a specific subset of OPA1 isoforms
providing such fusion at zeroΔp [34].Wemayexpect that a cytoskeleton
movement brings the two opposite ends of a short segment together.

For HEP-2G cells with FCCP the number of mitochondrial elements
increased up to over 30 (Fig. 6c, d). Again new shapes were formed
such as plain rings or bowl-like shapes (e.g. two separate and four
integrated, Fig. 6c, d). Fig. 8a, b shows a statistically insignificant
increase in tubule diameter (see also Table 1). Larger objects such as
flat cisternae integratedwithin the remaining reticulum or separate or
integrated rings (Fig. 6c, d, not counted in the variance plots) were
visible also in conventional confocal 2D or 3D images (Fig. 6f, h).

3.6. Mitochondrial network morphology upon addition of both rotenone
and uncoupler

Combined addition of rotenone and uncoupler simulates certain
pathological states. Note that general de-energization is even more
severe under these conditions, since at Δp zero also a substantial
inhibition of respiration caused by rotenone is superimposed and
OXPHOS is zero. We can exclude oxidative stress as a cause of the
resulting changes, since rotenone-induced superoxide production is
abolished by uncoupler [85]. The responses for the combination of
these two agents were, however, different with INS-1E and HEP-G2
cells. For INS-1E cells the inhibition of respiration at Complex I and
simultaneous uncoupling have a synergic effect (Figs. 4e, f, 5c, 9a,b;
Movie V of Supplemental information). The main reticulum disinte-
grated into three to four parts and smallmorphological units increased
up to 40 (n=3) (e.g. Fig. 5c); up to 18 small spheres and between four
and 11 short segments were observed plus three to nine bowl-like
objects (shell-like objects or very bulky rings) and up to three open
plain rings. The bowl-like objects were a hallmark of this sample.
Literally, a mixed regime of fusion/fission occurred. We speculate that
evenmore active fusion thanwith FCCP alone caused super positioning
of membranes onto rings, which resulted in bowl-like objects (shell-
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like shapes or red-blood-cell-like shapes) of 0.7 to 2 μm size. Three
to nine bowl-like objects were separated from the main reticulum,
between two and 16 were integrated in the reticulum (n=3). The
number of integrated flat cisternae decreased to 15 to 20 and number
of branching points decreased to 10 to 25. In some cells also three
to eight integrated rings were observed. Despite of this, fission was
ongoing, at least initially, since the original nearly-single mitochon-
drion or single continuous reticulum disintegrated into few reticula.
The diameter of remaining tubules or minimum dimensions of other
objects (Fig. 9a, b) rose by ~30 nm (Table 1). In conclusion, even more
pronounced fusion acting simultaneously or shortly after fission was
now established and facilitated transformation of original tubules into
the observed specific shapes. Analogously to uncoupling alone, we
speculate that, some pro-fusionmachinery is retained or recruited that
ensures more pronounced fusion forming these specific shapes. We
speculate that also strongly-tethering MFN1 might participate in this
fusion.

Surprisingly, for HEP-G2 cells FCCP delayed rotenone-induced
fission and vice versa so that it was incomplete after 30 min (Fig. 6g).
Nevertheless, ring formation was still apparent even if at less abun-
dance. Further analysis of participation of various mitodynamins and
responses to de-energization and/or oxidative status is required to
explain these results.
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