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Altered fusion dynamics underlie unique morphological
changes in mitochondria during
hypoxia-reoxygenation stress

X Liu' and G Hajnéczky*"

Functional states of mitochondria are often reflected in characteristic mitochondrial morphology. One of the most fundamental
stress conditions, hypoxia-reoxygenation has been known to cause impaired mitochondrial function accompanied by structural
abnormalities, but the underlying mechanisms need further investigation. Here, we monitored bioenergetics and mitochondrial
fusion-fission in real time to determine how changes in mitochondrial dynamics contribute to structural abnormalities during
hypoxia-reoxygenation. Hypoxia-reoxygenation resulted in the appearance of shorter mitochondria and a decrease in fusion
activity. This fusion inhibition was a result of impaired ATP synthesis rather than Opa1 cleavage. A striking feature that appeared
during hypoxia in glucose-free and during reoxygenation in glucose-containing medium was the formation of donut-shaped
(toroidal) mitochondria. Donut formation was triggered by opening of the permeability transition pore or K™ channels, which in
turn caused mitochondrial swelling and partial detachment from the cytoskeleton. This then favored anomalous fusion events
(autofusion and fusion at several sites among 2-3 mitochondria) to produce the characteristic donuts. Donuts effectively tolerate
matrix volume increases and give rise to offspring that can regain AW,. Thus, the metabolic stress during hypoxia-
reoxygenation alters mitochondrial morphology by inducing distinct patterns of mitochondrial dynamics, which includes

processes that could aid mitochondrial adaptation and functional recovery.
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Physiological and pathophysiological conditions of mitochon-
drial metabolism are thought to evoke changes in the
mechanisms of mitochondrial dynamics to control mitochon-
drial structure. Among the pathophysiological conditions,
cellular hypoxia and reoxygenation are of particular interest
as these represent two essential elements of ischemia—
reperfusion injury. The hypoxia—reoxygenation-induced
abnormalities in mitochondrial metabolic function and the
ensuing changes in mitochondrial structure are widely
believed to be important pathogenic factors that underlie
ischemic cell injury in various tissues, including the brain,
heart, kidney and liver.'”™ Furthermore, mitochondrial
function serves as a key effector in the pathways that mediate
the protective effect that short periods of hypoxia—reoxygena-
tion and some drugs provide against tissue injury caused by
subsequent prolonged hypoxia—reoxygenation (precondition-
ing)."> Thus, it is important to determine the hypoxia—
reoxygenation-induced changes in mitochondrial dynamics
and the underlying mechanisms.

Mitochondria use O, as a substrate, so their respiration is
inhibited during hypoxia. During reoxygenation, rapid restora-
tion of respiration results in increased mitochondrial reactive
oxygen species (ROS) production.®® On the basis of
ultrastructural studies, the mitochondrial morphology changes

include some swelling in dog heart,'® no detectable changes

in rabbit heart during ischemia'' and both shrinkage and
swelling in rabbit kidney tubules during hypoxia.'? However,
mitochondrial swelling is apparent in all these tissues during
reoxygenation/reperfusion.''='® Mitochondrial swelling during
reoxygenation results, at least in part, from opening of the
permeability transition pore (PTP), a high conductance
channel in the inner mitochondrial membrane (IMM).
Increased ROS production and calcium dysregulation are
likely to contribute to PTP opening." Increased K* conduc-
tance of the IMM is an alternative mechanism for matrix
volume increase. Several studies have claimed that ATP-
activated K* channels (Karp) and the Ca®*-activated K+
channels (Kc,) are present in the IMM'* and display changes
in activity during hypoxia—reoxygenation.”'>:'® Furthermore,
both PTP and Katp have been implicated as major factors in
the mechanisms of protection against cell death.®®
Repetitive cycles of fusion and fission are central to
mitochondrial dynamics. Fusion is supported by mitofusins
(Mfn1 and 2) and optic atrophy 1 (Opal) in the outer
mitochondrial membrane (OMM) and IMM, respectively.
Mitochondrial fusion is an effector of several signaling
pathways and might play a role in disease mechanisms.!”
Recent studies have indicated that ischemic cardiomyopathy
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and treatment with mitochondrial inhibitors lead to a decrease
in Opat and in mitochondrial fusion activity,'®2° raising the
possibility that mitochondrial fusion is altered during hypoxia—
reoxygenation and might also contribute to the change in
mitochondrial structure. In addition, inhibition of mitochondrial
fission was reported to protect hearts against ischemia/
reperfusion injury.?' Here, we monitored mitochondrial
fusion—fission dynamics in real time simultaneously with the
measurements of A¥,,, ATP and Opaf levels during hypoxia—
reoxygenation. Our study provides evidence that hypoxia
causes progressive loss of mitochondrial fusion activity and
the appearance of novel processes of mitochondrial
dynamics, including donut formation. The results also shed
some light on the mechanisms of these changes and on their
possible role in the mitochondrial adaptation to hypoxia—
reoxygenation-induced cellular stress.

Results and Discussion

Effect of hypoxia-reoxygenation, FCCP on AY¥, and
mitochondrial morphology. H9c2 cells were exposed to
hypoxia and reoxygenation in glucose-containing (+ G)
medium or glucose-free, methyl succinate-containing (—G)
medium. In —G medium, the cells are forced to rely
predominantly on oxidative phosphorylation for ATP
synthesis, given the shortage of carbon source to feed the
glycolytic pathway. Thus, —G medium might enhance the
hypoxia-induced ATP deficit.

In + G medium, AY¥,, gradually decreased during 60 min of
hypoxia (n= 35, P<0.001), completely recovered in the first
30 min reoxygenation and decreased with longer reoxygena-
tion (Figures 1a and b). As for the morphology, mitochondrial
shortening and perinuclear redistribution were observed
during hypoxia (Figures 1a and b). However, the most striking
mitochondrial morphological change was the appearance of
donut-shaped mitochondria with AY,, dissipation (Figure 1a).
Donuts were observed during 60 min hypoxia in the majority of
the cells (Figure 1b) and during 30—60 min of reoxygenation in
100% of cells. In —G medium, A¥,, responses to hypoxia—
reoxygenation were similar to that in + G medium, with more
decrease (n=29, P<0.001) during hypoxia and less recovery
during reoxygenation (Figure 1b). Mitochondrial redistribution
and shortening were similar to that in +G medium
(Figure 1b). However, donut-shaped mitochondria appeared
during hypoxia and were maintained during reoxygenation
(Figure 1b). Mitochondrial uncoupling by carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP) (5 uM, tested in
+ G medium), which induced collapse of A¥,,, also elicited
donut formation (Supplementary Figure 1B).222% Notably,
donut formation involved only a fraction of the mitochondria
during both hypoxia—reoxygenation and FCCP exposure
(10-30%). Thus, during hypoxia—reoxygenation, mitochon-
drial depolarization, a consequence of respiratory inhibition, is
associated with mitochondrial redistribution, shortening and
donut formation. Decreased O, consumption is not required
for donut formation, as uncoupling by FCCP also induced
donuts. It is notable that donut formation is an early response
to uncoupler, whereas mitochondrial fragmentation, a sign of
enhanced fission or inhibition of fusion, occurs after 3—4 h
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uncoupling.'®24 Hypoxia and reoxygenation might induce less
donuts than FCCP because of the early mitochondrial
shortening that does not favor donut formation (see below).

In addition to H9c2 cells, hypoxia- and/or FCCP-induced
donut formation was observed in other cell types, including
primary rat neonatal cardiomyocytes (Supplementary
Figure 2), RBL-2H3 cells (Figure 6b), mouse embryonic
fibroblasts (Supplementary Figure 5) and Hela cells (data not
shown). Thus, transition to donut-shaped mitochondria is not
a cell-type-specific response and occurs in both primary cells
and cell lines.

Effect of hypoxia—reoxygenation, FCCP and oligomycin
on mitochondrial fusion. To visualize the exchange of
matrix contents between individual mitochondria in real time,
we have used mitochondrial matrix-targeted photoactivatable
green fluorescence protein (MtPAGFP) in combination with
mitochondrial matrix-targeted red fluorescent protein
(mtDsRed) or TMRE. Using high-resolution confocal
imaging with region of interest (ROI) scanning, we were
able to achieve an irreversible photoactivation of mtPAGFP
within subsets of the mitochondria. Monitoring cells for 7 min
after photoactivation revealed interactions during which
photoactivated PAGFP was transferred from one
mitochondrion to another (Figure 2a). The interactions
involved both complete fusion and transient fusion
events.2%26

In + G medium, mitochondrial fusion activity decreased to
65% of basal during hypoxia and to 58% during reoxygena-
tion. In —G medium, mitochondrial fusion activity decreased to
34% during hypoxia and to 10% during reoxygenation
(Figure 2). Both complete and transient fusion events became
less frequent. Recent studies have shown various experi-
mental conditions of AW, loss leading to the cleavage of Opa1
and fusion inhibition,?®2® and also heart failure and 10h
ischemia being associated with reduction of Opal level.®
However, Opa1l levels did not change during 1h hypoxia—
reoxygenation (Figure 2b), indicating fusion inhibition was not
because of Opal depletion. On the other hand, the FCCP-
induced mitochondrial fusion activity decrease (to 20% in
0—15min and 1% in 15-30 min), closely followed the Opal
cleavage (Figure 2b, see also ref. 26) Furthermore, over-
expression of Opa1l attenuated the FCCP-induced inhibition
of mitochondrial fusion (Figure 2b).

An alternative mechanism for the hypoxia—reoxygenation-
induced fusion inhibition might be ATP depletion (though
fusion was detected during significant ATP depletion in HelLa
cells, ref. 18). ATP is required to support the production of
GTP, which is needed for both outer and inner membrane
fusion.?® Indeed, rapid ATP depletion evoked by an F1FO-
ATPase inhibitor, oligomycin, induced a decrease in mito-
chondrial fusion activity to 21% in 15min without Opa1
cleavage (Figure 2b). Table 1 shows a similar decrease in
cellular ATP levels during 60min hypoxia and 15min
treatment with oligomycin, suggesting that mitochondrial
ATP synthesis inhibition can account for mitochondrial fusion
inhibition during hypoxia. Notably, stress-induced mitochon-
drial hyperfusion has been observed in association with
increased mitochondrial ATP levels,2®° indicating a direct
relationship between mitochondrial ATP and fusion.
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Figure 1  Effect of hypoxia—reoxygenation on AW, and mitochondrial morphology. (a) Images of two H9¢2 cells transfected with mtYFP (green) and loaded with TMRE
(red) acquired before (left) and during hypoxia (H) (60 min: left middle) and during reoxygenation (R) (30 min: right middle; 60 min: right). (b) Cumulative results for TMRE
fluorescence in -+ G medium (upper left, n=35) and in —G medium (upper right, n=29) for mitochondrial morphology and distribution (middle left and right, + G medium:
n=35, —G medium: n=>56) and for the amount of donuts (lower left and right, -+ G medium: n= 35, —G medium: n=29). *P<0.001
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Figure 2 Effect of hypoxia-reoxygenation, FCCP and oligomycin on mitochondrial fusion and Opa1 cleavage. (a) Images showing the spread of photoactivated mtPAGFP
in three subsets of mitochondria in naive, hypoxia (H) in —G medium or FCCP-pretreated H9c2 cells. (b) In the graphs, the total number of mitochondrial fusion events per cell
per 7min is shown in each condition (n=4-6 cells, *P<0.01), whereas the immunoblots show the Opa1 levels. The higher molecular weight band is unaffected by H,

reoxygenation (R), oligomycin, but gradually disappears during FCCP treatment

Table 1 Effect of hypoxia (H), FCCP and oligomycin on cellular ATP levels

Percent of H FCCP Oligomycin  Oligomycin
control 60min  30min 5min 15 min
+G medium 71+2* 905 89+ 3" 70 5%
—G medium 53+4* 134"

*P<0.05

Donut formation is not induced by fusion inhibition or
ATP depletion. To test the role of mitochondrial fusion
inhibiton and fission activity in donut formation,
overexpression of Opal and a dominant-negative form of
the mitochondrial fission protein Drp1, Drp1K38A were used,
respectively. Opal overexpression did not induce donut
formation and did not alter the hypoxia-induced donut
formation (Supplementary Figure 3). FCCP-induced donut-
shaped mitochondria also appeared in cells overexpressing
Drp1K38A or Opal (Supplementary Figure 1B), which
conditions have been shown to inhibit mitochondrial fission
and to increase fusion, respectively.26 To discriminate
between the respective roles of depolarization and loss of
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mitochondrial ATP production, oligomycin was used to inhibit
ATP synthesis without causing depolarization. Oligomycin
treatment (5 ug/ml) did not induce donut formation (data not
shown). On the basis of the results with Drp1K38A- or Opa1-
overexpressing cells, donut formation is not dependent on
Drp1 activity or Opal depletion. Furthermore, as ATP
depletion was not sufficient to trigger donut formation,
distinct consequences of hypoxia and reoxygenation are
relevant to inhibition of fusion versus the formation of donuts.

Dependence of donut formation on PTP or K™ channel
opening and matrix swelling. Donut-shaped mitochondria
were found in cells exposed to reoxygenation in +G
medium, hypoxia in —G medium or FCCP (Figure 1 and
Supplementary Figure 1). Reoxygenation in + G medium
and FCCP have been linked to facilitation of PTP
opening.>3" Indeed, donut formation during reoxygenation
or FCCP treatment always occurred after dissipation of the
AY.,. The depolarization events during reoxygenation were
abrupt (Supplementary Figure 4A), which is often a sign of
PTP opening. Indeed, depolarization during reoxygenation
was suppressed in cells pretreated with cyclosporin A (CSA),
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Figure 3 Role of PTP opening in donut formation. (a) Effect of mastoparan (Mas, 5 M) on A¥,, mitochondrial morphology and Opa1 cleavage. (b) Effect of CSA,
Me-Val-CSA (mCSA) and FK506 on the FCCP-induced donut formation and Opa1 cleavage. (c) Effect of CSA on the hypoxia—reoxygenation (H-R) induced donut formation

(*P<0.001)

an inhibitor of PTP (Supplementary Figure 4B). Further along
this line, mastoparan, a potent facilitator of PTP,3 could also
induce donut-shaped mitochondria with AW, decrease,
whereas Opal remained uncleaved during the 30min
treatment (Figure 3a, n=16). CSA alone did not cause a
change in mitochondrial morphology but exerted protection
against the FCCP-induced donut formation (Figure 3b).
Similar to CSA, Me-Val-CSA, which binds mitochondrial
cyclophilin but fails to inhibit calcineurin, could prevent the
FCCP-induced donut formation, whereas FK506 that inhibits
calcineurin without affecting the PTP did not exert protection
(Figure 3b). Notably, CSA could not prevent FCCP-induced
proteolytic processing of Opal (Figure 3b). Therefore, PTP
opening seems to be involved in donut formation
independent of uncoupler-induced Opal cleavage. CSA
also prevented the appearance of donuts during
reoxygenation, providing further evidence for the role of
PTP opening (Figure 3c). However, CSA failed to affect
donut formation during hypoxia in —G medium (Figures 3c
and d).

PTP opening commonly leads to mitochondrial swelling.
Consistent with previous work,®33* valinomycin, a K*
ionophore, also induced mitochondrial swelling, leading to
the appearance of ball-shaped mitochondria (Figure 4a).

Swelling was paralleled by A¥,, loss and Opal cleavage
when 5-500nM valinomycin was used. However, lower
concentrations of the drug, 0.25-0.5nM, induced only
moderate swelling, while A¥,, was maintained and Opa1l
remained uncleaved (Figures 4b and c). Under these
conditions, donut-shaped mitochondria were induced, indicat-
ing that donuts can be formed under conditions of moderate
swelling (Figures 4d and e, n=9). Neither the large-scale
swelling nor the donut formation evoked by valinomycin was
sensitive to CSA (Figures 4a and d). Thus, mitochondrial
swelling induced by two distinct mechanisms (PTP opening
and increased K™ flux) can lead to donut formation.

We speculated that the CSA-insensitive donut formation
evoked by hypoxia in —G medium might be mediated by an
increase in K™ flux. Alteration of mitochondrial K™ flux has
been reported in hypoxia and has been targeted by K*
channel drugs.” 63 These drugs were employed here to test
the possible role of K flux in hypoxia-induced mitochondrial
donut formation. None of the drugs caused an apparent
change in mitochondrial morphology by itself (data not
shown). However, donuts evoked by hypoxia in —G medium
were prevented by either 5-hydroxydecanoate (5HD) or
paxilline, inhibitors of the Karp and the Kg,, respectively
(Figure 4f). In addition, K™ channel agonists, diazoxide (for
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Katp) and NS1619 (for Kca), could facilitate donut formation
during hypoxia in both + G and —G buffers (Figures 4f and g).
Thus, the appearance of donut-shaped mitochondria, ob-
served during hypoxia and reoxygenation, seems to be
mediated through matrix swelling, which is dependent on
either PTP opening during reoxygenation or K* channel
activity during hypoxia.

During hypoxia, increased activity of mitochondrial Kc, has
been reported'® and mitochondrial Karp was also suggested
to be activated.®® The PTP remains closed during ischemia,
but opens upon reperfusion.”3” These results complement
our observations that donut formation depends on K*
channels and PTP opening in hypoxia and reoxygenation,
respectively. In addition, electron microscopy studies have
shown both mitochondrial matrix condensation and swelling in
response to hypoxia (60 min) and more mitochondrial swelling
during reoxygenation.'? Importantly, high concentrations of
valinomycin (>1nM) induced ball-shaped mitochondria
reflecting a rapid and robust increase in matrix volume. By
contrast, donuts appeared at low levels of valinomycin, when
the swelling is moderate. K™ channel opening and the early
period following PTP opening are also believed to cause
moderate swelling.

Mechanism of mitochondrial donut formation. Time-
lapse microscopy revealed that toroid formation resulted
from end-to-end autofusion (Figures 5a and b), end-to-side
autofusion (Figure 5c) or fusion between separate, elongated
mitochondria (Figure 5d). During end-to-end (Figures 5a
and b) or end-to-side (Figure 5c) autofusion, the
mitochondrion first crooked at one end, eventually bending
around to fuse with its side or opposite end, leading to the
formation of a donut with or without a tail, respectively. When
two different mitochondria came together to form a donut, the
adjacent ends contacted and fused with the other
mitochondrion’s side, creating a hole (Figure 5d). Although
many of the donuts maintained their shape, in several cases
reopening of the ring occurred. These results would indicate
that both complete and transient fusions are involved in
donut formation. However, transient fusion could not be
totally confirmed as it was difficult to determine whether
reopening occurs at the exact site where the ends fused
before. If donut formation involves mitochondrial fusion, it is
expected to depend on the availability of the fusion proteins.
FCCP induced donut formation in wild-type MEFs, but did not
in Mfn17/2" cells (Supplementary Figure 5). Furthermore,
donut formation was confined to the initial minutes of FCCP
treatment, before Opal cleavage took place (n=22).
Thus, both OMM and IMM fusion proteins are required for
donut formation. Focal photoactivation of mtPAGFP in a
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donut was followed by rapid spreading of the green
fluorescence throughout its entirety, indicating continuity of
the matrix (Figure 5e, upper donut). Matrix continuity
also included the donuts’ tails (Figure 5e). To assess
whether the integrity of the OMM was maintained during
donut formation cells were transfected with cytochrome
c-GFP that resides in the mitochondrial intermembrane
space. No release of GFP to the cytoplasm was observed
(Supplementary Figure 6), indicating that the OMM barrier
was sustained.

As we have shown previously that mitochondria were
aligned with and attached to straight microtubules® and
donuts usually formed after mitochondrial bending, a predic-
tion was made that mitochondrial detachment from the
cytoskeleton is necessary for donut formation. Simultaneous
labeling of the microtubules with tubulin-GFP and the
mitochondria with mtDsRed allowed us to visualize detach-
ment of one end of straight mitochondria before bending and
autofusion during uncoupler treatment (n=15, Figure 6a).
Detachment from the microtubules was observed in 89 + 1%
of donut formation (n=18 cells). However, only partial
appeared, parts of the donuts’ surface remained closely
associated with the microtubules (Figures 6a-c). Notably,
dissociation of mitochondria induced by the microtubule
disrupting agent, nocodazol, could not induce donut formation
by itself. Three-dimensional (3D) reconstruction of the xyz
image series also clarified that the rings observed in the two-
dimensional images in fact correspond to toroidal mitochon-
dria. In summary, partial detachment from the microtubules
sets up the condition for mitochondrial bending and autofusion
or inter-fusion at multiple sites. Interestingly, these fusion
events could still occur despite the decrease in overall fusion
activity during hypoxia—reoxygenation and uncoupler treat-
ment. We propose that the force needed for mitochondrial
detachment results from the mitochondrial volume change
induced by PTP or K% channel opening. As large-scale
swelling per se precludes mitochondrial bending, donut
formation can only be triggered by submaximal K* fluxes
(hypoxia, low-dose valinomycin) or during the initial phase of
PTP opening (reoxygenation, FCCP, mastoparan). It is of
significance that the mitochondrial donuts formed in different
conditions have similar size. Their average diameters are as
follows: 1.30+0.05um (reoxygenation in +G medium,
n=63), 1.33+0.05um (hypoxia in —G medium, n=64),
1.32 £0.04 um (mastoparan, n=71), 1.33+ 0.04 um (valino-
mycin, n=71) and 1.33+ 0.04 um (FCCP, n=71).

Fate and function of donut-shaped mitochondria. What
happens to the mitochondrial donuts when the condition of
their induction is discontinued? We examined the fate of the

<

Figure 4 Role of K™ channel activity in donut formation. (a) Images of mtDsRed-transfected H9c2 cells show that a high concentration valinomycin (Val) causes
mitochondria swelling (middle) that is insensitive to CSA (right). (b) Effect of various doses of valinomycin on Opa1 cleavage (b) and on AWy, (c). Hollow circles show the H9c2
cells treated with valinomycin, whereas the filled symbols show the corresponding time control. (d) Images of mtYFP-expressing (green) and TMRE-loaded H9c2 cells show
donut formation by a low concentration valinomycin (0.5 nM) that did not evoke AW, loss, Opa1 cleavage and massive matrix swelling. (e) Lack of protection by CSA against
valinomycin-induced donut formation. (f and g) Dependence of donut formation during H-R on K™ channel opening. The concentrations of drugs were as follows: diazoxide
(Katp agonist, 100 xM), NS1619 (K¢, agonist, 30 M), 5HD (Katp inhibitor, 500 M), paxilline (Pax, Kg, inhibitor, 10 .M). H9c2 cells were pretreated with drugs for 20 min

before hypoxia (H) (*P<0.004)
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Figure 5 Distinct mechanisms of donut formation. (a-d) Time-lapse images show formation of individual donuts in H9c2 cells exposed to hypoxia (H) (45-60 min in —G
medium) (@) or to FCCP (0-15min) (b-d). (e) Matrix continuity is indicated by rapid spreading of photoactivated mtPAGFP throughout two donuts formed during FCCP
treatment (30-40 min). In each image sequence, the first image shown is labeled as 0s

donuts after FCCP washout. Following FCCP washout, the
donuts rapidly broke into pieces which subsequently
recovered AY,, (Figures 7a and b). However, rotenone
(25min) and oligomycin (5min) added before uncoupler
washout to avoid the recovery of mitochondrial metabolism
also prevented donut fragmentation during washout
(Figure 7b, Supplementary Figure 7A). Most donut-shaped
mitochondria grew several branches, forming complex,
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flower shapes (Figure 7b). Only rotenone or oligomycin
added before uncoupler washout could slow the AW,
recovery and donut fragmentation (Figure 7c). Thus, at
least partial restoration of energy metabolism is needed to
allow donut fragmentation. To test the role of Drp1 in donut
opening and fragmentation, FCCP treatment and washout
were performed in Drp1K38A-overexpressing cells.
Drp1K38A could not prevent disappearance of the ring or
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Figure 6 Spatial relationship between microtubules and mitochondria during donut formation. (a and b) Time-lapse images of RBL cells expressing tubulin-GFP (green)
and mtDsRed (red) treated with FCCP (5 «M for 0—15 min). The first image shown is labeled as 0's. (c) 3D reconstruction of a z-series

AVY,, recovery, but abolished donut fragmentation (Figure 7c,
Supplementary Figure 7B), indicating that donut fragmen-
tation is dependent on Drp1-mediated fission. Thus, both
donut formation and breakdown illuminate novel aspects of
fusion—fission dynamics: mitochondria form donuts by auto-
or inter-fusion, while partly detached from the cytoskeleton,
and give rise to several offspring by Drp1-independent and,
presumably, ATP-dependent break of the ring and Drp1-
mediated fragmentation. The fate of the donuts during
prolonged hypoxia is unclear. Mitophagy has been reported
after 24-48h hypoxia.®® It remains to be solved if donuts
undergo mitophagy.

As the donuts were formed during mitochondrial swelling, it
is of interest to evaluate their tolerance to matrix expansion.
The surface of a mitochondrion has been shown by 3D
reconstruction of deconvolved confocal volumes to remain
constant during swelling.®® We set up models to determine the
surface—volume relationships for linear mitochondria and
donut mitochondria of various diameters (Figure 7d). The
calculation showed that a donut can accommodate a larger
volume than linear mitochondria, and this difference is more
obvious with the increase of d (Figure 7e). On the other hand,
the smaller donut diameter at any given volume provides a
favorable condition for the recruitment of and scission ring
formation by Drp1.%° Fission has been suggested to govern
mitochondrial segregation and elimination through generating
uneven units.*'

To evaluate the metabolic capacity of the donuts, TMRE
uptake was measured during FCCP washout (Figures 7f

and g). Descendents of the donuts showed very quick TMRE
uptake similar to linear mitochondria. Furthermore, when
rotenone was included during FCCP washout to delay the
AY,, recovery, it was possible to visualize that the descen-
dents of the donuts accumulated TMRE more quickly than the
linear mitochondria (>4 um) (Figures 7f and g). Thus, some
components of the mitochondrial metabolic machinery were
better preserved in the donuts than in the mitochondria that
retained linear shape.

Conclusions

This study uncovered that metabolic inhibition induces a novel
pattern of mitochondrial dynamics and delineated the under-
lying mechanisms (scheme in Figure7h). Hypoxia was shown
to yield a pattern that includes (1) mitochondrial retention in
the perinuclear area, (2) partial dissociation from the micro-
tubules and anomalous fusion activity, which lead to the
formation of toroidal mitochondria and (3) suppression of
overall fusion activity leading to mitochondrial shortening. A
key trigger for this response is suppression of mitochondrial
ATP production and cellular ATP depletion. On the basis of
the slower and lesser response in the presence of glycolytic
substrates, cytoplasmic ATP production can partially com-
pensate for the mitochondrial metabolic impairments. ATP is
needed for the mechanisms of both mitochondrial movements
and fusion. In addition, ATP depletion affects ion fluxes such
as Ca®" removal from the cytoplasm by plasma membrane
and by sarco-endoplasmic reticulum Ca®* ATPases and K™*
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flux mediated by Katp. Initiation of donut formation is likely to
be determined by a chemico-mechanical switch that involves
increased K™ and/or K¢, activity or PTP opening to increase
mitochondrial matrix volume. During hypoxia in —G medium,
severe ATP depletion seems to be sufficient to enhance K™
fluxes and to cause some swelling. During hypoxia in + G
medium, the lesser ATP depletion fails to activate this
process, but PTP opening during the subsequent reoxygena-
tion provides an alternative inducer for swelling. Notably, the
relevance of mitochondrial Katp and K¢, remain a subject of
debate (e.g. ref. 14) However, the present results with Katp
and Kc, drugs and K™ ionophores are most consistent with
the regulation of mitochondrial matrix volume by mitochondrial
Katp and Kc,. PTP induction during R and during FCCP
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treatment is likely to be facilitated by the combined effect of
AW, loss, ROS production and mitochondrial Ca®2* seques-
tration. Thus, different mechanisms (hypoxia in —G medium:
K™ influx; reoxygenation in +G medium: solute influx)
converge on water retention and ensuing matrix volume
expansion to force partial dissociation of the mitochondria
from the microtubules. Partial detachment permits bending of
the mitochondria and anomalous fusion that produces donut-
shaped mitochondria. As the overall mitochondrial fusion
activity is decreased, the particular physical properties of the
parent organelle are likely to promote fusion. These include
the mobility of the free mitochondrial end and the increased
association between IMM and OMM that might optimize the
interaction between Mfns and Opa1. In addition to promoting



anomalous fusion, partial detachment of the mitochondria
from the microtubular tracks will also affect the movements of
the mitochondria and might contribute to the retention of the
organelles in the perinuclear region.

These results also show that donuts have some advantage
over linear structures in tolerating a matrix volume increase.
Donut formation eliminates the ends, which because of the
high curvature and preferential Mfn localization are important
for fusion and, in turn, for recycling of mitochondria by
autophagy.*' Although donuts display loss of the A¥,, during
hypoxia and reoxygenation, they are competent to quickly
regain A¥,. Importantly, donuts fall to several linear
structures, when the metabolic stress condition is terminated.
Thus, reshaping of mitochondria to donuts might be a
component of a protective mechanism that helps to preserve
the organelles under conditions of metabolic stress. As K+
channel activators support ischemic preconditioning in many
tissues and promote donut formation during hypoxia, it is
intriguing to speculate that donut formation might also have a
role in preconditioning. Donuts have been documented in both
primary cells and several cell lines, suggesting their formation
in various tissues upon metabolic stress. However, in cardiac
or skeletal muscle, a large fraction of mitochondria is located
in the narrow interfibrillar space and so it remains to be seen
whether these mitochondria can undergo donut formation like
mitochondria of the brain, kidney or the subplasmalemmal
space of the muscle.

Experimental Procedures

Cells. H9c2 cells and RBL-2H3 mucosal mast cells were cultured and plated for
experiments as described previously.*4 For most measurements, the cells were
incubated in an extracellular medium containing 0.25% BSA at 35 °C.% For hypoxia
and reoxygenation conditions, cells were mounted in an air-tight sealed perfusion
chamber on the confocal stage and were perfused with + G medium (glucose
10mM, n=35) or —G medium (methylsuccinate 1 mM n = 29) solutions saturated
with air or N, (100%) (for hypoxia) at 35 °C.

Transient expression. Transfection was performed using electroporation
(2-3 % 10° cells and 4-20 ug of each plasmid DNA per 250 ul). All mtFP vectors
(GFP, YFP, DsRed, PAGFP) have the targeting sequence of cytochrome ¢ oxidase
subunit VIII to achieve mitochondrial matrix localization. Vectors encoding
mtPAGFP, Opal, Drp1K38A and a dominant-negative mutant of calcineurin
devoid of the CaM binding and the autoinhibitory domains and harboring an
inactivating His-151 to Gin point mutation (ACnA"'%'9) were kindly provided by
Jennifer Lippincott-Schwartz (NIH), Richard J Youle (NIH), Alex van der Bliek
(UCLA) and Luca Scorrano (Venetian Institute of Molecular Medicine, ltaly),
respectively. Transfected cells were further incubated in the culture for 24-72h
before the imaging experiments. Neonatal cardiomyocytes were transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

Live cell microscopic imaging. To assess AWy, H9c2 cells were loaded with
TMRE (25 nM for 15 min). During the recording, TMRE (5 nM) was also added in buffer.

Most experiments were performed using a Bio-Rad Radiance system (Bio-Rad,
Hercules, CA, USA) fitted to an Olympus IX70 microscope (Olympus, Tokyo, Japan)
using a x 40 objective (Uapo340, NA 1.35; Olympus) recording 512 x 512 pixel
image pairs or triplicates at 0.25-1s. The HeCd laser (442nm) was used for
photoactivation of PAGFP. PAGFP was photoactivated using the ROl scanning
option in the LaserSharp2000 software (Bio-Rad). Three 25 um? areas were chosen
per cell and illuminated with maximum power at 442 nm excitation, respectively, for
eight consecutive images to achieve irreversible photoactivation. Every run, each
cell is monitored for 8 min. The dual-line Kr/Ar ion laser source was used for imaging
of GFP and YFP at 488 nm excitation, and TMRE was used for DsRed at 568 nm.
To create 3D-like reconstructions, a sequence of images was collected from below
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the adherent surface up in 0.25 um steps (z-series) using the focus motor driven by
the Lasersharp software.

Donuts were manually counted in each cell. We only considered structures that
showed a central hole. Acquisition of zseries and 3D image reconstruction
confirmed that these structures were real toroids (Figure 6). Although the pixel size
was < 140nm, it is possible that we failed to detect some small donuts with this
approach.

TMRE imaging was also performed using a CCD camera.?5*® Image analysis
was carried out using custom-designed imaging software. For quantitation of TMRE
fluorescence, the whole-cell area was masked, excluding nuclei, and the
background fluorescence obtained in the cell-free areas was subtracted. Complete
depolarization evoked by FCCP caused approx. 90% decrease in TMRE
fluorescence in confocal imaging and 60% decrease in CCD imaging.

3D rendering of the z image stacks was carried out using the Voxx software from
Indiana University, Bloomington, IN, USA.

Western blot analysis. Equal amounts of cell lysates were run on 10%
polyacrylamide gels and transferred to nitrocellulose filters. Filters were blocked
overnight, followed by incubation with an anti-Opa1 antibody at dilution 1:500 (BD
Biosciences, San Jose, CA, USA). After incubation with the primary antibody, bound
antibodies were visualized using horseradish peroxidase-coupled secondary
antibody and Dura Signal chemiluminescence-developing kit (Pierce, Rockford,
IL, USA).

Drug treatment. FCCP (5uM, 7min, n=14; 15min, n=19); mastoparan
(5uM, 30min, n=16); valinomycin (0.05-500nM, 15min, n=9). These
treatments were also performed in the presence of CSA (5 uM), Me-Val-CSA
(10 M), FK506 (10 uM), diazoxide (100 p:M), NS1619 (30 M), 5HD (500 M) and
paxilline (10 uM). For FCCP washout, cells (control or Drp1K38A-expressing cells)
were treated with FCCP for 30 min, or together with rotenone (10 xM, 25 min) and
oligomycin (5 zig/ml, 5 min), and then FCCP was washed out with 2% BSA once and
0.25% BSA twice (n=86).

Cellular ATP measurement. ATP levels were determined using the
Bioluminescence Detection Kit for ATP (Promega, Madison, WI, USA). Briefly,
H9c2 cells were extracted with 2.5% trichloroacetic acid, the sample was neutralized
and diluted in 10mM Tris-acetate (pH 7.75), and ATP levels were measured
using the Luciferase/Luciferin reagent according to the manufacturer’s protocol
(n=4-12).

Model mitochondria. Linear mitochondria were drawn as | — length,
d - diameter cylinders capped with d — diameter half-spheres at both ends. The
following equations were used to describe the surface and volume of model
mitochondria:

Surface :S = nd?4ndL
Volume :V = nd®/6 + nd®L/4
Volume/Surface = d/4 — d?/(12(d + L))
Donut mitochondria were drawn as m — middle line length and d — diameter

donut. The following equations are used to describe the surface and volume of
model mitochondria:

Surface :S = ndm
Volume :V = nmad?/4

Volume/Surface = d/4

Surface of individual mitochondria has been shown to be constant during
swelling,® so S was kept constant during swelling here: S= S,
Linear mitochondria swelling:

V(d) =dS/4 — nd®/12
Range of d:

(. (8/p)"?)
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Donut-shaped mitochondria swelling:
V(d)=dS/4
Range of d:
(dy,S"2/m)

Statistics. The data are shown as meantS.E. (n>3). Significance of
differences from the relevant controls was calculated by Student’s ttest.
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