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Summary

By transiently or stably overexpressing the mitochon-
drial fission factor dynamin-related protein-1 (Drp-1),
we evaluated the role of mitochondrial division in or-
ganelle Ca?** homeostasis and apoptotic signaling.
Quantitative 3D digital microscopy revealed a split mi-
tochondrial network in Drp-1-overexpressing cells
without changes in cell viability. High-speed mito-
chondrial [Ca*'] ([Ca?'].) imaging revealed propagat-
ing intramitochondrial Ca?** waves in intact cells, which
were blocked in the Drp-1-fragmented network, leav-
ing a fraction of individual mitochondria without sub-
stantial [Ca?'],, elevation. Consequently, in Drp-1-
expressing cells the apoptotic efficacy of ceramide,
which causes a Ca*'-dependent perturbation of mito-
chondrial structure and function, was drastically re-
duced. Conversely, the sensitivity to staurosporine-
induced apoptosis, previously shown to be directly
triggered by Drp-1-dependent recruitment of proapo-
ptotic proteins to mitochondria, was enhanced. These
results demonstrate that the regulated process of mi-
tochondrial fusion and fission controls the spatiotem-
poral properties of mitochondrial Ca?* responses and,
thus, physiological and pathological consequences of
cellular Ca?* signals.

Introduction

Two important means have been recently characterized
that might adapt mitochondrial function to various con-
ditions of the living cell: dynamic structural changes of
the mitochondrial network, including continuous remod-
eling by fusion and fission events, and regulation of
mitochondrial [Ca?*] ([Ca?*].). Two groups of proteins
involved in mitochondrial fusion and fission have been
described comprising dynamin-like large GTPases and
anchoring proteins of the outer mitochondrial mem-
brane (OMM) (Yoon and McNiven, 2001; Mozdy and
Shaw, 2003). However, little is known about the conse-
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quences of these frequently occurring dynamic struc-
tural changes. The evolutionarily highly conserved pro-
cess of mitochondrial division is fundamental during cell
division and, together with organelle biogenesis, was
proposed to match the increased energy demand during
cell differentiation and in response to toxin exposure
(Yaffe, 1999). On the other hand, mitochondrial fission
occurs during pathophysiological events, such as neu-
rodegeneration, cellular aging, and apoptosis (Karbow-
ski and Youle, 2003). Accordingly, the large GTPase
dynamin-related protein-1 (Drp-1), driving the mitochon-
drial fission machinery, was shown to be associated
with proapoptotic members of the Bcl-2 family proteins
at mitochondrial scission sites during the apoptotic pro-
cess (Frank et al., 2001; Breckenridge et al., 2003); how-
ever, neither the Drp-1 protein per se nor mitochondrial
scission by itself has been shown to induce cell death.

Intramitochondrial Ca?* seems to play a similar two-
faced role in the regulation of mitochondrial function.
Mitochondria take up Ca?* avidly from the cytoplasm
during agonist-induced Ca?* signals, due to the strong
driving force ensured by the membrane potential via a
channel (Ca?* uniporter, MCU) that was recently shown
to be highly selective for Ca?" and to require high exter-
nal [Ca?*] for its opening (Kirichok et al., 2004). Indeed,
efficient mitochondrial Ca?* uptake in intact cells was
shown to be dependent on the close apposition of mito-
chondria to Ca?" release (endoplasmic reticulum, ER)
and entry sites (plasmamembrane) where microdomains
with high [Ca?*] are formed (Rizzuto et al., 1998; Csordas
et al., 1999). Ca*"-dependent stimulation of NAD(P)H
and consequent ATP production, through activation of
Ca?* sensitive dehydrogenases and metabolite carriers,
serves to adapt energy and substrate production to in-
creased cellular needs (McCormack et al., 1990). In addi-
tion, mitochondria also serve as an intracellular Ca?*
buffer shaping cellular Ca?* signals (Duchen, 2000). Mi-
tochondrial Ca** loading, originating from Ca2* release
from the ER, has also been shown to play a crucial role
in apoptosis induction caused by certain proapoptotic
stimuli, such as C, ceramide (Szalai et al., 1999; Pinton
et al., 2001). C, ceramide was shown to directly induce
Ca?* release from the ER Ca?" store (Pinton et al., 2001)
and also to sensitize mitochondria to Ca?" impulses
from InsP; or ryanodine receptor (InsPs;R, RyR)-medi-
ated Ca?" release, leading to mitochondrial permeability
transition (MPT) and depolarization. This is followed by
the release of proapoptotic factors activating the ef-
fector caspases and, finally, triggering apoptotic cell
death (Orrenius et al., 2003). Importantly, mitochondrial
depolarization in these cases is propagated as a wave
throughout the cells, pointing to a fundamental role of
mitochondrial network integrity in apoptotic signaling
(Pacher and Hajnoczky, 2001).

Here we combine morphological and dynamic Ca2?*
imaging to investigate the effect of forced mitochondrial
division on intramitochondrial Ca?* dynamics with cell
population measurements to assess overall changes of
mitochondrial Ca?* and apoptotic signaling. Our results
show that (1) the morphology of the mitochondrial net-
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Figure 1. Morphological Analysis of the ER
i and Mitochondrial Networks in Drp-1-
Expressing Cells

HelLa cells were transiently transfected with
erGFP (control, open bars) or erGFP and
Drp-1 (Drp-1-overexpressing cells, filled
bars) and loaded with MitoTracker Red (see
Experimental Procedures). Images acquired
by digital microscopy were deconvolved, 3D
reconstructed, and quantitatively analyzed.
(A) Representative 3D reconstructed images
of control (upper panels) and Drp-1-overex-
pressing cells (lower panels) showing Drp-1
induced fragmentation of the mitochondrial
network and preserved ER structure. Insets
(greyscale) show a selected focal plane from
the 3D projection images. Scale bars indicate
10 wm (3D images) and 2 um (insets). (B) Ef-
fect of Drp-1 overexpression on total organ-
elle volume (left; green bars: ER, red bars:
mitochondria) and individual particles of mi-
tochondria (right). Data were obtained from
12 cells examined from three separate experi-
ments (asterisk, p < 0.001). (C) Fluorescence
recovery after photobleaching (FRAP) analy-
sis of the mitochondrial (upper panel) and the

individual organelle
volume (voxel x I(Il)

ER network (lower panel) continuity. Bleaching of GFP fluorescence was applied in an approximately 10 um circle at randomly chosen regions
where indicated (bleach), and fluorescence intensity was normalized to the intensity levels before and after bleaching. Data were obtained

from 18 cells examined from three separate experiments.

work and its contacts with the ER determine the spatial
and quantitative nature of the mitochondrial Ca?* signal,
and (2) the mitochondrial network integrity and division
play an important role in cellular resistance and sensitiv-
ity to apoptosis.

Results

Morphological Changes of the Mitochondrial
Network in Drp-1-Overexpressing Cells

In order to evaluate the role of Drp-1 in determining
mitochondrial morphology and its relationship with the
ER, we used transient and stable/inducible overexpres-
sion models of the protein. In the transient expression
model, quantitative morphological imaging of the mito-
chondrial and ER networks was applied to HelLa cells
transfected with ER-targeted GFP (erGFP, controls), or
erGFP cotransfected with Drp-1, to visualize the ER. In
order to simultaneously reveal mitochondrial structure,
the cells were loaded with MitoTracker Red. After de-
convolution and 3D reconstruction (Figure 1A), the
images were analyzed, evaluating two main aspects,
overall volume and size distribution of individual mito-
chondrial/ER objects. Figure 1B shows that overexpres-
sion of Drp-1 did not affect either the mitochondrial or
the ER total volume but caused fragmentation of the
mitochondrial network, confirmed by the significant re-
duction of the average individual particle size of mito-
chondria. Conversely, the ER was represented by one
large continuous compartment, as previously reported
by Petersen and coworkers (Petersen et al., 2001), and
no difference in organelle continuity was detected be-
tween Drp-1-overexpressing and control cells (an exten-
sive, continuous object contained 91% =+ 6% versus
89% =+ 8% of the total ER volume, respectively). The
fragmentation was thus specific for the mitochondrial

network. Similar changes were observed in the inducible
T-Rex-Drp-1 HelLa cell clone after 48 hr of induction (see
below) or when a mitochondrially targeted GFP chimera
was employed for labeling the organelle (data not
shown). In order to evaluate the functional connectivity
of the mitochondrial and ER networks, we carried out
experiments with the fluorescence recovery after photo-
bleaching (FRAP) technique in Hela cells transiently
expressing mtGFP (controls) or erGFP (Drp-1 cotrans-
fected cells). As shown in Figure 1C, after bleaching
randomly chosen regions in the Drp-1-fragmented mito-
chondrial network, we detected a fast but minor
(9.20% = 2.5%, at 10 s) refilling demonstrating that
diffusion of mtGFP in the mitochondrial matrix occurred
only from a small distance in the nonbleached region.
In contrast, mitochondria in control cells showed in the
same time frame a more than 3-fold recovery of the
fluorescent label, indicating a much larger extent of con-
nectivity of the mitochondrial network. Distinct from mi-
tochondria, the ER network of Drp-1-overexpressing
cells showed no alteration in the refilling pattern after
bleaching different regions in erGFP-expressing cells.

Division of the Mitochondrial Network Interrupts
Intramitochondrial Ca?* Waves and Reduces
Mitochondrial Ca?* Uptake

To examine the effect of mitochondrial fragmentation
on organelle Ca?* signaling, we applied fast imaging of
the ratiometric GFP-based Ca?* probe pericam targeted
to mitochondria (2mtRP; Filippin et al., 2003) in HeLa
cells expressing only 2mtRP (controls) or coexpressing
2mtRP and Drp-1 (Drp-1-overexpressing cells). Time
lapse series of high resolution images were acquired at
5-10 frame(s) and visualized as 2D image series of the
whole mitochondrial network (Figure 2A) or linescan im-
ages (Figure 2B) along individual mitochondrial profiles
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Figure 2. Intramitochondrial Ca?* Waves in

the Interconnected Mitochondrial Network

and Blockade after Drp-1-Dependent Mito-
ionomycin (1 pM) chondrial Division
Hela cells transiently transfected with the mi-
tochondrially targeted Ca?*-sensitive ratio-
metric pericam probe 2mtRP were imaged at
a rate of 5 frame/sec and stimulated with 100
1M histamine. An image mask acquired from
2D image deconvolution was applied to the
image series and relative intensity changes
(dF/F) were calculated (see Experimental Pro-
cedures and Supplemental Data). (A) 2D rep-
resentation of timelapse images showing
Ca*" waves propagating in the whole mito-
chondrial network. Elapsed time is shown on
each image. Histamine (100 M) was applied
at 1s, Ca*" uptake initiated at isolated sites
of the network (see image at 2s), and then the
whole mitochondrial network was gradually
uploaded. Arrowheads indicate the mito-
chondria showed by linescan images (see B).
(B) Linescan representation (time versus dis-
tance in the horizontal and vertical direction,
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respectively, see bars at lower left corner) of
Ca*" waves along mitochondrial profiles (see
arrows in [A]), obtained from the 2D images
(A). (C) Linescan image of mitochondrial Ca?*

uptake after application of the Ca?* iono-
phore ionomycin (1 wM). lonomycin caused

.
.——|:| —

a homogenous increase along the mitochon-
drial profiles. Cells are representative of
10-12 measurements from three separate ex-
periments. (D) 2D (left) and linescan (right)
representation of [Ca?'],, changes in the Drp-

1-fragmented mitochondrial network. Images
are shown before stimulation (0.0 s), at the
initiation of mitochondrial Ca?" uptake (2.4 s),
Z and at the time of maximal response (4.2 s).
. Arrows show a continuous mitochondrial pro-

p_dF &

‘ fiber length |paixe\s)

file (@) and a group of fragmented mitochon-
dria (b), the linescan images of which are dis-
played. Ca*" wave propagation was observed

in (a), but the separate profiles of the fragmented mitochondria in (b) show heterogeneous and spatially limited responses. (E) Quantitative
analysis of the 2mtRP image series of the Drp-1-fragmented mitochondrial network, showing reduction of the average fiber length on the 2D
mitochondrial profiles (top) and an increase of the relative standard deviation of the [Ca?*], response of individual mitochondria in Drp-1-
overexpressing cells (middle). Relative SD was calculated as a ratio between SD before and after stimulation (see Experimental Procedures).
The lower panels shown the relationship between average fiber length and relative SD measured in each cell. Data are calculated and images
are representative of 12 measurements from three separate experiments (asterisk, p < 0.05).

(see Supplemental Data at http://www.molecule.org/
cgi/content/full/16/1/59/DC1/). In control cells after
maximal stimulation with 100 wM histamine, mitochon-
drial Ca®*" uptake initiated at preferential points of the
mitochondrial network, and the [Ca?*] increase traveled
along the mitochondrial profiles, saturating the relatively
high-affinity probe. This pattern was specific for agonist-
stimulated Ca?* signals because application of the ion-
ophore ionomycin led to ahomogeneous increase through
the whole mitochondrial network (Figure 2C). In Drp-1-
overexpressing cells, the hot spots of Ca?" uptake were
also present, but diffusion of Ca?* waves was limited
by the smaller size of mitochondrial particles (Figure
2D). Moreover, even maximal stimulation led to a hetero-
geneous response of individual mitochondria. In order
to quantify the heterogeneity of the [Ca%'],, responses
in controls and Drp-1-overexpressing cells, the standard
deviation of the relative fluorescence changes over indi-
vidual mitochondrial objects was calculated showing a

significantly higher value in Drp-1-overexpressing cells
(1.16 = 0.13 in controls versus 1.87 * 0.37 in Drp-1-
overexpressing cells, p < 0.05; Figure 2E). The heteroge-
neity of the response showed a reverse correlation with
the average fiber length (Figure 2E).

To assess the average mitochondrial Ca?* load of
individual cells during agonist stimulation, we applied
the FRET-based mitochondrially targeted Ca?* sensitive
probe yellow cameleon (2mtYC2.1; Filippin et al., 2003),
which has lower Ca?* affinity than 2mtRP and thus is
more suitable for quantitative assessment of the high
[Ca%**],, responses. As shown in Figure 3, we observed
areduction of the peak responses in Drp-1-overexpress-
ing cells (normalized ratio values: 1.33 = 0.03 in control
versus 1.25 + 0.03 in Drp-1-overexpressing cells, p <
0.05; Figure 3A). Interestingly, most probably due to the
reduced overall volume and increased surface/volume
ratio of the smaller mitochondrial particles in Drp-1-
overexpressing cells, detailed analysis of the Ca?* up-
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Figure 3. Drp-1-Dependent Mitochondrial Division Reduces the Av-
erage Agonist-Induced [Ca*'], Uptake

(A) [Ca**],, response to 100 pM histamine in HeLa cells transfected
with the 2mtYC2.1 Ca?* probe (control) and co-transfected with the
probe and Drp-1 (Drp-1-overexpressing cells). Cells were microper-
fused in an extracellular buffer (KRB/Ca?") in a thermostatted cham-
ber at 37°C and stimulated with 100 .M histamine. Emission ratio
images were obtained at 440 nm excitation and 510/20 nm (YFP)
and 460/20 nm (CFP) emission, and average ratios from whole cells
were normalized to control levels.

(B-D) [Ca*'] measurements of different cellular compartments of
Hela cells transfected with specifically targeted aequorin probes
(IB]: mitochondria, mtAEQmut; [C]: cytosol, cytAEQ; [D]: ER, erAEQ-
mut [Chiesa et al., 2001]). Control cells were transfected only with
the recombinant Ca?" probe of interest (filled circles and bars), or
cotransfected with Drp-1 (open circles and bars). Aequorin lumines-
cence was measured in a population of transfected cells seeded
on coverslips and perfused at 37°C with KRB/Ca?*. Luminescence
data were converted to [Ca?'] (see Experimental Procedures). Cells
were stimulated with 100 wM histamine where indicated. On the
left, representative data of >12 traces obtained from at least three
separate experiments; on the right, mean peak values of the [Ca®*'],,
and [Ca*'], responses and average velocity of ER Ca?* release is
shown on the same ordinate axis.

take kinetics revealed an increased initial uptake rate in
these mitochondria (Supplemental Figure S2). However,
this effect was masked by the heterogeneity of mito-
chondrial Ca?* responses in single cell experiments and
by the lower time resolution applied in population mea-
surements.

To fully assess the change in mitochondrial Ca?* re-
sponses caused by organelle fragmentation, we carried
out a series of experiments with targeted aequorin chi-
meras. Specifically, we employed recombinant aequo-
rins targeted to the mitochondria, cytosol, and ER
(cytAEQ, erAEQmut, and mtAEQmut, respectively;
Chiesa et al., 2001). In agreement with the data obtained
with the 2mtYC2.1 probe, the peak [Ca®'], response
was significantly reduced in Drp-1-overexpressing cells
(91.7 = 6.8 uM in control versus 62.2 = 5.4 pM in Drp-
1-overexpressing cells, p < 0.01) as measured by the
low-affinity mtAEQmut probe (Figure 3B). The reduction
of mitochondrial Ca?* responses was not a conse-
quence of changes in global Ca?" signaling. Indeed,
neither [Ca?*], responses nor [Ca?*],, steady-state level
and Ca?* release kinetics were altered (Figures 3C and
3D). No alteration was detected also in single cell im-
aging experiments in fura-2-loaded control and Drp-1-
overexpressing cells (Supplemental Figure S2).

In order to investigate the possibility that the change
of the average mitochondrial particle size had an effect
in itself on the driving force for mitochondrial Ca?* up-
take (e.g., by changing the surface/volume ratio), we
measured the mitochondrial membrane potential (AV,,)
by estimating the steady-state loading of TMRM into
mitochondria of control and Drp-1-overexpressing cells.
The average AV, of the two groups of cells showed no
difference (Supplemental Figure S3B). Moreover, corre-
lation analysis between mitochondrial particle size and
TMRM loading showed that the reduction of mitochon-
drion size did not alter AV, since the correlation coeffi-
cient between mitochondrial size and TMRM intensity
was very low (r? = 0.072 = 0.04; Supplemental Figure
S3D). Similarly, heterogeneity in AW, did not increase
in Drp-1-expressing cells, as assessed by the analysis
of the average standard deviation of TMRM intensity in
particles of the normal and fragmented mitochondrial
network (Supplemental Figure S3C). Thus, we con-
cluded that the heterogeneity of Ca?* uptake observed
in cells having a fragmented mitochondrial network was
not due to a reduced driving force for Ca?* influx (and
thus inefficient ER/mitochondria contacts), but rather to
the impairment of intramitochondrial Ca?* diffusion.

The Amplitude of the [Ca?'],, Rise Depends

on Intramitochondrial Ca?* Diffusion

and the Number of ER-Mitochondrial

Ca?* Transmission Sites

In view of intramitochondrial diffusion of Ca?* waves,
we envisioned the possibility that stimulation of the cells
with submaximal agonist concentration might lead not
only to decreased average [Ca?*], elevation but also to
heterogeneous [Ca?*],, responses in different areas of
the mitochondrial network. Indeed, as measured by
2mtRP, application of 5 uM histamine led to Ca?" in-
creases at preferential Ca?* uptake sites in control cells,
but the diffusion of Ca?* was limited, and thus the [Ca?'],,
rise did not extend to the whole network. Only the subse-
quent addition of a maximal histamine dose converted
these local Ca*" increases into diffusing Ca?* waves
(Figure 4A). Thus, we concluded that in fragmented mito-
chondrial network of Drp-1-overexpressing cells, show-
ing similar heterogeneity and a lower average [Ca?*],,
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Figure 4. Submaximal Agonist Stimulation Leads to a Heteroge-
neous [Ca**],, Response, which Is Unaffected by Drp-1-Dependent
Mitochondrial Division

(A) HelLa cells were transiently transfected with 2mtRP, and images
were acquired during stimulation with different histamine concentra-
tions and analyzed as described in Figure 2 (see also Experimental
Procedures and Supplemental Data). 2D (left) and linescan (right)
representation of [Ca?*],, changes of the continuous mitochondrial
network in response to subsequent application of 5 uM and 100
wM histamine. Images are shown before stimulation (0.0 s), after
application of 5 uM histamine (5.6 s), and at maximal stimulation
(12.2 s). Arrows show different mitochondrial profiles applied to
linescan analysis (a, b, and c), showing limited response to 5 uM
and spreading of Ca?* at 100 wM histamine stimulation. The cell
shown is representative of ten measurements from three separate
experiments. Scalebar, 5 pm.

(B) [Ca?*"] measurements in the mitochondrial and cytosolic com-
partments of HelLa cells transfected with targeted aequorin probes
(top: mitochondria, mtAEQmut; bottom: cytosol, cytAEQ). Control
cells were transfected only with the aequorin probe (filled circles

mitochondria

== control
—= Drp1

Figure 5. Drp-1-Induced Mitochondrial Fragmentation Does Not
Change the Number of ER-Mitochondria Contacts

Hela cells were transiently transfected with erGFP (control, A and
B) or erGFP and Drp-1 (Drp-1-overexpressing cells, D) and loaded
with MitoTracker Red (see Experimental Procedures and Supple-
mental Data). The two deconvolved image series, acquired by digital
microscopy (see also Figure 1), were superimposed after 3D recon-
struction and colocalization was quantitatively analyzed. (A) Super-
imposed 3D reconstructed images of the ER and mitochondrial
network. (B) and (C) Representation of the mitochondrial surface
showing colocalization with the ER in control (B) and Drp-1-frag-
mented network (D). The mitochondrial network is shown in
grayscale, and only the ER-colocalizing voxels appear in red on top
of the mitochondrial surface. (D) Quantitative colocalization analysis
(for details see Experimental Procedures) reveals no difference be-
tween control (filled bars) and Drp-1-overexpressing cells (open
bars) in the relative colocalizing voxels neither in the ER nor in the
mitochondrial network. Data are obtained from 12 cells examined
from three separate experiments.

elevation even at maximal stimulation, Ca?>" waves could
not reach a number of individual mitochondria due to
the lack of connectivity. Accordingly, at submaximal
stimulation (10 wM histamine), Drp-1 overexpression did
not significantly modify the [Ca?*], peak (29.2 + 2.95
wM in controls versus 26.24 = 2.85 wM in Drp-1-overex-
pressing cells, p > 0.2), as measured in cell population
with the mtAEQmut probe (Figure 4B).

Finally, we needed to rule out another possible expla-
nation for the reduction of [Ca?*],, rises in Drp-1-overex-
pressing cells, i.e., that the number of Ca?* uptake sites
is reduced during the forced division of the mitochon-
drial network. To examine the total number of these
preferential Ca?" uptake sites in the whole cell volume,
we analyzed the colocalization between mitochondria
and ER with 3D reconstructed images of erGFP and
MitoTracker Red in control (transfected only with erGFP)
and Drp-1-overexpressing (cotransfected with erGFP
and Drp-1) cells (Figure 5). We assumed that the colocal-

and bars) or cotransfected with Drp-1 (open circles and bars). Ae-
quorin luminescence was measured and calibrated as in Figure 3
(see also Experimental Procedures). The left panels show represen-
tative data of >12 traces obtained from three separate experiments.
Right panels show the mean peak values of the [Ca*'], and [Ca?'],
responses from the same set of data.
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Figure 6. Dose-Dependent Effect of Drp-1
Overexpression on Mitochondrial Division,
Ca?* Signaling, and Cell Viability

The inducible clone T-Rex-Drp-1 was used with
different induction time and concentration of
doxycycline (1 pg/mL for 24 hr or 2 pg/mL for
48 hr, plus symbol and double plus symbol,
respectively). (A) Effect of different inductions
on the mitochondrial Ca*" signal evoked by
100 pM histamine. Cells were transfected
with mtAEQmut, and 36 hr after transfection,
[Ca*'],, was measured as described in Figure
4 (see also Experimental Procedures). The
mean of peak responses of ten measurements
from three separate experiments is shown. (B)
Morphological analysis of the mitochondrial
network of T-Rex-Drp-1 cells labeled with Mi-
toTracker Red. Images were acquired by digi-
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tal microscopy, deconvolved, and 3D recon-
. . structed (see Figure 1 and Experimental
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Procedures). The result of measurements of
average individual organelle volume from ten

cells for each group with different induction is shown. (C) Western blot analysis of Drp-1 expression in T-Rex-Drp-1 cells after different
inductions. The amount of B-tubulin is shown as control. (D) Effect of strong Drp-1 induction (2 wg/mL, 48 hr) on cell viability. After induction,
cells were loaded with Hoechst and propidium iodide (Pl), and the intensity of nuclear and whole-cell fluorescence was measured in ~2-300
cells/experiment to assess apoptotic nuclear condensation and necrotic plasmamembrane rupture, respectively. The fluorescence values of
Hoechst versus Pl were plotted for each cell, showing equal distribution before and after Drp-1 induction. A representative distribution from

three experiments is shown.

izing ER and mitochondrial spots represent the sites of
the most efficient Ca?* signal transmission between the
two organelles matching the requirements for the activa-
tion of the MCU. Despite the significant fragmentation
of the mitochondrial network in Drp-1-overexpressing
cells, the average number and volume of contact sites
remained unaltered (Figure 5D), also implying that a sig-
nificant number of mitochondrial fragments remained
without direct connection to mitochondrial Ca*" up-
take sites.

Consequences of Drp-1-Induced Mitochondrial
Scission for Ca?*-Mediated
and Ca?*'-Independent Apoptosis
Since Drp-1 was shown to be involved in mitochondrial
translocation of proapoptotic proteins (e.g., Bax [Frank
et al., 2001; Karbowski et al., 2002; Breckenridge et al.,
2003]) at potential scission sites of the mitochondrial
network, we investigated the effect of its overexpression
on cell viability/apoptosis in intact (nontreated) cells. In
these experiments, we used the inducible T-Rex-Drp-1
clone (Karbowski et al., 2002) in which the expression
level of the protein can be regulated by varying the time
of induction by tetracycline/doxycycline (that dere-
presses the synthesis of the protein) as well as by vary-
ing its concentration. As shown in Figure 6, only strong
induction of Drp-1 was accompanied by significant divi-
sion of the network and reduction of the mean mitochon-
drial Ca?* uptake (peak response after 100 wM histamine
stimulation: 128.7 = 10.1 pM in noninduced cells versus
98.1 = 7.0 puM after induction). Remarkably, even the
strong induction of Drp-1 could not increase the number
of cells either with chromatin condensation or Pl accu-
mulation, showing that substantial Drp-1 overexpres-
sion and increased mitochondrial division does not in-
duce, by itself, necrotic or apoptotic cell death (Figure 6D).
To investigate the effect of mitochondrial fragmenta-

tion and thus reduced overall mitochondrial Ca?* uptake
on Ca?"-mediated apoptotic pathways, we used serum
deprivation, exogenously added C, ceramide, or H,0,
treatment, all inducing Ca®" release and mitochondrial
Ca?* overload (Wang et al., 1995; Scorrano et al., 2003).
To investigate the involvement of Ca?*-independent mi-
tochondrial pathways, we used staurosporine treatment
and Bax overexpression, exerting direct effect on OMM
permeability (Scorrano and Korsmeyer, 2003).

While the induction of Drp-1 in the T-Rex-Drp-1 HelLa
cell clone in itself did not modify the basal cytoplasmic
cytochrome c level, it reduced the amount of cyto-
chrome c released by serum deprivation and treatment
of the cells with 500 uM H,O, (Figure 7A). In contrast,
cytochrome c release induced by staurosporine was
slightly increased after induction of Drp-1 expression,
in agreement with previous reports (Frank et al., 2001).
As for late apoptotic events (Figure 7B), Drp-1 induction
caused reduction of caspase 3 activity after C, ceramide
treatment, while caspase 3 activation was potentiated
in staurosporine treated cells.

To study the final outcome of cell death in response
to these two groups of apoptotic stimuli, we assessed
cell survival by combining phase contrast and fluores-
cent microscopy. HeLa cells were transiently trans-
fected with mitochondrially targeted dsRed (mtdsRed)
alone (controls) or in combination with Drp-1 (Drp-1-
overexpressing cells). To evaluate the Ca?*-dependent
pathway, two different concentrations of C, ceramide
(2 M and 10 pM) were directly applied to the cells.
After 12 hr of treatment, the ratio of transfected cells to
the total number of surviving cells was calculated (Figure
7C). In this experimental setup, positive changes in the
percentage of transfected cells indicates protection
against the apoptotic stimulus by the overexpressed
protein, while reduction provides evidence for its pro-
apoptotic effect (Pinton et al., 2001). At low C, ceramide
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Figure 7. Drp-1-Induced Mitochondrial Divi-
sion Protects Selectively against Ca*"-Medi-
ated Apoptosis

(A) Western blot analysis of cytochrome c,

A present in the cytosolic compartment in T-Rex-

Drp-1 Hela cells with and without induction
of Drp-1 expression with doxycycline (2 g/
mL, 48 hr). Cytosolic cytochrome c levels
were analyzed in control (nontreated) cells
e and after staurosporine (6 hr), H,O, (12 hr)
addition, and serum deprivation (16 hr) and
compared to endogenous B-tubulin levels.
(B) Caspase-3-like activity measured by the
production of the rhodamine-labeled Z-DEVD-
R110 compound from cell extracts of the
T-Rex-Drp-1 HelLa clone without (D—) and
with (D+) induction of Drp-1 expression with
doxycycline (2 pg/mL, 48 hr). Control activi-
ties (triangles) were measured in the pres-
ence of the Ac-DEVD-CHO caspase inhibitor;
two other group of cells were treated for 6 hr
with 1 M staurosporine (squares) and 60 uM
C, ceramide (circles).
(C) The sensitivity of control and Drp-1-over-
expressing Hela cells to different apoptotic
stimuli was measured by transiently transfect-
ing them with mitochondrial DsRed (mtDsRed,
control cells) and mtDsRed with Drp-1 and
exposing them to C, ceramide (2 and 10 pM,
12 hr) and staurosporine (1 1M, 5 hr). Repre-
sentative overlays of phase contrast and red
fluorescent images of control (left) and Drp-1-
overexpressing (right) cells without treatment
and after treatment with 2 .M C, ceramide are
shown. The percentage of transfected cells is
written on the image in each condition (num-
ber of cells examined in three separate exper-
iments is shown in parentheses). Note the
increased proportion of surviving Drp-1-trans-
fected cells (lower right) after C, ceramide
treatment.
(D) Relative changes of the percentage of sur-
viving transfected cells after C, ceramide and
staurosporine treatment compared to non-

staurosporine

treated cells. Positive values of Drp-1-overexpressing cells represent protection against C, ceramide-induced apoptosis, while negative values

denote potentiation of the proapoptotic effect of staurosporine.

(E) Model of Ca?* and apoptotic signaling in the connected, tubular mitochondrial network and in the mitochondrial network after forced division.

concentration, we observed a substantial increase in
the proportion of Drp-1-expressing cells (an increase by
34.7% = 7.3%, p < 0.02 in Drp-1-overexpressing cells
versus -2.0% = 0.5% in controls as compared to non-
treated cells), and a smaller protecting effect was also
observed at high C, ceramide concentration (an increase
by 14.1% = 1.0%, p < 0.05 in Drp-1-overexpressing
cells versus 4.15% = 3.3% in controls as compared to
nontreated cells, Figure 7D). As expected, no change in
the percent of fluorescent cells was detected in control
cells (transfected only with mtdsRed), since in this case
the recombinantly expressed protein exerts no protec-
tion from the apoptotic stimulus. These results further
confirmed that mitochondrial division increases the
threshold for apoptosis induction by ER Ca?* release
and mitochondrial overload caused by C, ceramide.
Moreover, this outcome was restricted to this particular
apoptotic pathway, since, in agreement with previous
data (Karbowski et al., 2002), Drp-1 overexpression sig-
nificantly potentiated the effect of staurosporine (a de-
crease of fluorescent cells by 24.1% =+ 8.12% in Drp-

1-overexpressing cells versus 3.6% * 1.7% in controls
as compared to nontreated cells, p < 0.05), a proapo-
ptotic agent that directly targets mitochondria (Figure
7D). Similarly, transfection of the T-Rex-Drp-1 clone with
Bax and mtdsRed and assessment of the transfected
cell proportion showed a decrease of the percentage of
transfected cells after Drp-1 induction (data not shown).
Thus, also in this case a potentiating effect of Drp-1 on
the Ca?*-independent mitochondrial pathway induced
by Bax overexpression can be inferred.

Discussion

The Nature of Intramitochondrial Ca?* Signaling

Recently, the use of targeted recombinant aequorin
probes revealed that upon agonist stimulation an effi-
cient mitochondrial Ca** signal, generally in the 5-100
M range, follows a much lower cytoplasmic [Ca?*] ele-
vation (Rizzuto et al., 1998). The development of GFP-
based Ca?* probes allowed acquisition of spatial infor-
mation about organelle Ca?* signaling (Miyawaki, 2003).
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Here, using both targeted aequorins and GFP-based
probes (2mtRP and 2mtYC2.1), we concluded that the
intramitochondrial Ca?* signal shows an inherent het-
erogeneity, since Ca?* uptake from the extramitochon-
drial space originates from a limited number of sites
in the intact tubular network and intraorganellar Ca?*
diffusion is required for the maximal [Ca?*],, response.
These preferential sites either represent the close appo-
sition of mitochondria to the high [Ca?*] microdomains
formed at the mouth of Ca?" release sites of the InsP;
receptors residing in the ER or may be the consequence
of clustering of MCU, probably at the same sites. Re-
gardless of their nature, they are located at a relatively
long distance, thus division of the mitochondrial net-
work generates individual mitochondrial particles de-
void of connections to Ca?* sources. This, in turn, results
in increased heterogeneity in the [Ca®'], elevation
throughout the mitochondrial network and in overall
reduction of the mitochondrial Ca%* load.

The Role of Drp-1 in Mitochondrial Division

The key role of Drp-1 in mitochondrial division was
shown by morphological and functional studies using
its dominant-negative mutant Drp-1®® (Smirnova et al.,
2001). However, although overexpression of wild-type
Drp-1 increased mitochondrial division in C. elegans
(Labrousse et al., 1999), it did not affect markedly mito-
chondrial morphology in mammalian cells (Legros et
al.,, 2002). Our experiments confirmed this notion by
showing a marked effect on mitochondrial morphology
only at very high expression levels. This may also indi-
cate that the availability of anchoring proteins in the
OMM, such as hFis1 in humans, is a rate-limiting step
for Drp-1 activity (James et al., 2003).

The Role of Drp-1 in Targeting Proapoptotic Members
of the Bcl-2 Family to Mitochondria

Mitochondrial fragmentation, which occurs in several
apoptotic models, has been directly implicated in the
transduction of apoptotic signals involving OMM per-
meabilization (Karbowski et al., 2002; Breckenridge et
al., 2003). Drp-1 was detected in complexes at mito-
chondrial fission sites with Bax, mediating OMM per-
meabilization and cytochrome c¢ release (Harris and
Thompson, 2000). Moreover, Drp-1 overexpression am-
plified Bax-mediated release of cytochrome ¢ induced
by staurosporine (Scorrano and Korsmeyer, 2003). Con-
versely, expression of the GTPase mutant Drp-1¥%* pre-
vented mitochondrial scission and cell death, without
inhibiting Bax translocation to the OMM. It was sug-
gested that morphological alteration induced by Drp-1
leads to OMM permeabilization (Gottlieb et al., 2003).
However, our results demonstrate that even a large over-
production of Drp-1 followed by a significant fragmenta-
tion of the mitochondrial network was not accompanied
by cell death induction, though it clearly increased the
susceptibility to Bax-mediated, staurosporine-induced
apoptosis. Further studies are needed to clarify the role
of additional components (possibly present in complex
with Bax/Drp-1/hFis1) in OMM permeabilization (Kar-
bowski and Youle, 2003).

The Role of Drp-1-Mediated Mitochondrial Division
in Ca%**-Mediated Apoptosis

Recent evidence validated Ca?" as a key effector in the
apoptotic response induced by stimuli like C, ceramide,
H,0,, or arachidonic acid (for review see Hajnoczky et
al. [2003] and Rizzuto et al. [2003]). These stimuli induce
movement of Ca?>" from the endoplasmic reticulum to
mitochondria, leading to Ca?* overload, OMM permea-
bilization, and caspase-mediated cell death (Bernardi,
1999). The oncoprotein Bcl-2, by decreasing the releas-
able ER Ca?* pool, was shown to reduce mitochondrial
Ca?' uptake (Pinton et al., 2000). Conversely, the ER
resident fraction of Bax increased [Ca?*],, thus ampli-
fying Ca®"-mediated cell death (Scorrano et al., 2003;
Zong et al., 2003). Here, we present new evidence from
the mitochondrial side, i.e., an overall reduction of the
[Ca?*], response after ER Ca?* release has an antiapo-
ptotic effect as well. Since mitochondrial Ca?* uptake
sites appear to be spatially dispersed also in cells having
an intact mitochondrial network, an important conse-
quence of the breakdown of the tubular mitochondrial
network is that a substantial number of mitochondrial
fragments apparently remain without direct sources of
Ca?* supply, thus they are not exposed to Ca?* overload
during the apoptotic process. Interestingly, these data
appear to match those of Hajnoczky and coworkers
(Pacher and Hajnoczky, 2001), who showed Ca?*-
dependent waves of mitochondrial depolarization in per-
meabilized cells treated with ceramide. In this case the
waves were slower, suggesting a delay between the
Ca?* rise and depolarization, although other possibili-
ties, such as the loss of a sensitizing factor in permeabil-
ized cells, cannot be excluded.

In conclusion, we propose a model (Figure 7E) in which
Drp-1-mediated division regulates luminal connectivity of
the mitochondrial network, and this regulation serves to
adapt mitochondria to cell stress by modifying mitochon-
drial Ca?* uptake. The efficiency of mitochondrial Ca**
accumulation depends on propagation of Ca?* waves
in the mitochondrial matrix, since primary Ca?* uptake
occurs at separate and distant sites of the network and
filling of the whole network is ensured by lateral Ca*"
diffusion. Division of the mitochondrial network leads
to the positioning of mitochondrial particles far from
sources of Ca** release (ER), thus reducing the average
Ca?* uptake efficiency. This reduction may still ensure
Ca?"-dependent homeostatic functions of mitochon-
dria, as it does not confer reduction of cell viability but
also serves as a protection in stress responses involving
ER/mitochondrial Ca?* crosstalk, mitochondrial Ca?*
overload, and consequent cell death induction. In this
scenario, the process of mitochondrial fusion/fission
emerges as an important regulator of mitochondrial sig-
naling properties and of the broadly different intracellu-
lar effects of physiological and pathological stimuli.

Experimental Procedures

Cell Culture and Transfection

HelLa cells were cultured in DMEM supplemented with 10% FCS.
For aequorin measurements, cells were cotransfected with Drp-1/
pcDNAS3.1 (Smirnova et al., 1998; Frank et al., 2001) and cytAEQ/
VR1012, erAEQmut/pcDNA1, or mtAEQmut/VR1012 as previously
described (Chiesa et al., 2001). For imaging experiments, cells were
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cotransfected with Drp-1/pcDNA3.1 and 2mtYC2.1, 2mtRP (Filippin
et al., 2003), erGFP/VR1012 (Chiesa et al., 2001), or mitochondrially
targeted dsRed (mtdsRed, Clontech, Palo Alto, CA). Transient trans-
fection was done by the Ca?*-phosphate precipitation technique.
Experiments were carried out 24-36 hr after transfection. The T-Rex-
Drp-1 HelLa clone (Karbowski et al., 2002) was cultured in MEM
containing 10% FCS, and imaging and aequorin measurements were
carried out as in wild-type HeLa cells. Drp-1 induction was achieved
by supplementing the culture medium with doxycycline (1 png/mL
for 24 hr or 2 wg/mL for 48 hr).

Aequorin Measurements

CytAEQ-, mtAEQmut-, or erAEQmut-expressing cells were reconsti-
tuted with coelenterazine and transferred to the perfusion chamber.
The light signal was collected in a purpose-built luminometer and
calibrated into [Ca?*] values as previously described (Chiesa et al.,
2001). All aequorin measurements were carried out in KRB-con-
taining 1 mM CacCl, (KRB/Ca?*, Krebs-Ringer modified buffer: 135
mM NaCl, 5 mM KCI, 1 mM MgSO,, 0.4 mM K;HPO,, 1 mM CacCl,,
5.5 mM glucose, and 20 mM HEPES [pH 7.4]).

Imaging Procedures

For mitochondrial and cytosolic [Ca®*'] imaging, HelLa cells were
transfected with 2mtYC2.1 or 2mtRP =+ Drp-1/pcDNA3.1 and/or
loaded with 4 uM fura-2 AM. For measurement of AV, cells were
loaded with 10 nM tetramethylrhodamine methyl ester (TMRM). For
3D morphological image acquisition, the cells were transfected with
erGFP/VR1012 and loaded with 40 nM MitoTracker Red 580 (all
dyes were from Molecular Probes, Leiden, Netherlands). All imaging
experiments were carried out on Zeiss Axiovert 200 inverted micro-
scopes equipped either with cooled CCD digital cameras or as part
of the Zeiss LSM 510 confocal microscope (Carl Zeiss, Jena, Ger-
many). For details of the imaging systems and the applied protocols
for image acquisition and processing, see the Supplemental Data.

Apoptosis Detection

For combined detection of apoptotic and necrotic cell death, T-Rex-
Drp-1 cells were loaded simultaneously with Hoechst 33342 (Molec-
ular Probes, Leiden, Netherlands) and propidium iodide for 5 min.
Z-series images of labeled cells were acquired by digital imaging
(see above), and the intensity of the two dyes in each cell was
quantified on maximal projection images. Caspase-3-like activity
was evaluated with the EnzChek caspase-3 assay kit 2 (Molecular
Probes) according to the recommended protocol; the amount of
assayed proteins was quantified by standard Bradford assay. Enzy-
matic activity was determined spectrofluorimetrically (L550B Perkin
Elmer spectrometer) by measuring the kinetics of fluorescence in-
crease at excitation/emission wavelengths of 496/520 nm.

Western Blot Analysis
T-Rex-Drp-1 cells were plated in 10 cm Petri dishes. After Drp-1
induction, cells were washed twice in PBS, scraped, centrifuged
(1,000 rpm, 5 min, room temperature), resuspended, and homoge-
nized (10 mM NaCl, 10 mM Tris-HCI, 1 mM EDTA, 1 mM EGTA,
1 mM DTT, and protease inhibitor cocktail [pH 7.4; Sigma-Aldrich]).
Subcellular fractionation was performed as previously described
(Chami et al., 2003). The proteins were separated by SDS-PAGE on
a 10% gel, and the amount of Drp-1, cytochrome c, and B-tubulin
was estimated by Western blotting with mouse anti-DLP1 (1:5,000;
BD Biosciences, Pharmingen), mouse anti-cytochrome ¢, mouse
anti-B-tubulin (1:5,000; Santa Cruz Biotechnology), primary antibod-
ies, and anti-mouse IgG HRP-labeled secondary antibodies
(1:10,000; Santa Cruz Biotechnology), according to standard pro-
tocols.

Statistical data are presented as mean *+ S.E.M., significance was
calculated by Student’s t test, and correlation analysis was done
with the SigmaPlot 5.0 software (SPSS Inc.).
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