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Mitochondrial fragmentation enables localized
signaling required for cell repair
Adam Horn1, Shreya Raavicharla1, Sonna Shah1, Dan Cox2, and Jyoti K. Jaiswal1,3

Plasma membrane injury can cause lethal influx of calcium, but cells survive by mounting a polarized repair response targeted
to the wound site. Mitochondrial signaling within seconds after injury enables this response. However, as mitochondria are
distributed throughout the cell in an interconnected network, it is unclear how they generate a spatially restricted signal to
repair the plasma membrane wound. Here we show that calcium influx and Drp1-mediated, rapid mitochondrial fission at the
injury site help polarize the repair response. Fission of injury-proximal mitochondria allows for greater amplitude and duration
of calcium increase in these mitochondria, allowing them to generate local redox signaling required for plasma membrane
repair. Drp1 knockout cells and patient cells lacking the Drp1 adaptor protein MiD49 fail to undergo injury-triggered
mitochondrial fission, preventing polarized mitochondrial calcium increase and plasma membrane repair. Although
mitochondrial fission is considered to be an indicator of cell damage and death, our findings identify that mitochondrial
fission generates localized signaling required for cell survival.

Introduction
Plasma membrane (PM), the physical barrier that contains all of
the cell’s vital processes, is susceptible to injury. To successfully
repair the PM, a cell must determine the location and size of the
injury and mount a localized and coordinated repair response
(Horn and Jaiswal, 2018). While our understanding of the ma-
chinery of plasma membrane repair (PMR) is growing, less is
known about the origin and control of signals that localize and
coordinate the repair response. Previously, we identified that
mitochondria play a critical role in PMR by uptake of calcium
entering the injured cell and generation of redox signaling to
activate localized assembly of F-actin (Horn et al., 2017), a pro-
cess known to help with the repair of PM injuries (DeKraker
et al., 2019; Demonbreun et al., 2016; Horn et al., 2017; Jaiswal
et al., 2014; McDade et al., 2014).

As the cell’s energy hub, mitochondria receive metabolic
signals from the cellular environment and respond by regulating
ATP production. However, mitochondria can also produce sig-
nals that help maintain cellular homeostasis during growth and
stress responses (Chandel, 2015). Mitochondria are distributed
throughout the entire cell and behave as an interconnected
network while simultaneously maintaining contact with other
organelles (Glancy et al., 2015; Murley and Nunnari, 2016). This
cell-wide distribution ofmitochondria is conducive for responding

to perturbations that require global responses such as increased
energy production (Chandel, 2015; Mishra and Chan, 2014).
However, it is unclear how this interconnected mitochondrial
network could respond to local perturbations, such as focal PM
damage, that require producing and maintaining localized signals
(Horn et al., 2017).

Fusion and fission enable mitochondria to behave as isolated
organelles or as an interconnected network (Mishra and Chan,
2014). These morphological changes are intimately related to
mitochondrial function, including regulation of metabolism and
signaling (Szabadkai et al., 2006; Westermann, 2012). Fusion of
mitochondria is facilitated by Mitofusins 1 and 2 (Mfn1 and
Mfn2), located at the outer mitochondrial membrane (OMM)
and optic atrophy 1 (Opa1) at the inner mitochondrial membrane
(Ban et al., 2017; Tilokani et al., 2018). In contrast, mitochondrial
fission (fragmentation) is enabled by Dynamin-related protein
1 (Drp1). Drp1 adaptor proteins such as mitochondrial dynamics
protein 49 (MiD49), MiD51, mitochondrial fission 1, and mito-
chondrial fission factor are located on the OMM and help recruit
Drp1 to mitochondria (Kraus and Ryan, 2017; Pagliuso et al.,
2018; Tilokani et al., 2018). During stress, mitochondrial fusion
increases connectivity and functional efficiency of the network,
while fragmentation helps remove damagedmitochondria and is
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associated with cell death and degeneration (Bossy-Wetzel et al.,
2003; Brooks et al., 2007; Frank et al., 2001; Youle and van der
Bliek, 2012).

Mitochondria help repair and regenerate cells following PM
injury, and defects in this process result in degenerative disease
(Boehler et al., 2019; Debattisti et al., 2019; Han et al., 2016; Horn
et al., 2017; Sharma et al., 2012; Vila et al., 2017; Xu and
Chisholm, 2014). PM injury in neurons and skeletal myofibers
leads to mitochondrial traffic to the injury site, but even in cell
types where mitochondria do not traffic to the injury site, mi-
tochondrial signaling is required for repair (Cheng et al., 2015;
Han et al., 2016; Horn et al., 2017; Sharma et al., 2012; Vila et al.,
2017; Xu and Chisholm, 2014; Zhou et al., 2016). Here, we in-
vestigated how the mitochondrial network produces localized
signaling to repair focal membrane injury. We found that injury
triggers local fragmentation of the mitochondrial network at the
injury site. The fragmented mitochondria then focally generate
redox signaling that facilitates local polymerization of F-actin,
which aids in wound closure. This process is disrupted in cells
lacking Drp1 and in patient cells lacking a Drp1 receptor protein,
MiD49, both of which prevent mitochondrial fragmentation.
This identifies a new role for mitochondrial fragmentation in
mediating acute and focal signaling, which is necessary for cell
survival.

Results and discussion
To assess the mitochondrial network response to PM injury, we
monitored mitochondria in WT primary mouse embryonic fi-
broblasts (MEFs) following focal PM injury. Within a few sec-
onds after injury, mitochondria proximal to the injury site
fragmented away from the network (Fig. 1 A and Video 1). This
continued for 30 s after injury but did not involve distal mito-
chondria. Mitochondria in nearly one third of the cell area
proximal to the injury site responded by retracting away from
the injury site (Fig. 1 B, dotted box) and 25.8 ± 3.8% of these
responsive mitochondria fragmented following injury. Similar
to focal laser injury, mechanical injury by glass beads also caused
the mitochondria at the site of injury to fragment (Fig. S1 A).

Because of the general association of mitochondrial frag-
mentation with cell damage, mitochondrial dysfunction, and
apoptosis, we hypothesized that the observed mitochondrial
fragmentation during the first 30 s of PMR was indicative of
injury-induced mitochondrial damage. To test this, we asked
whether inhibiting membrane repair increases mitochondrial
fragmentation. As cytosolic calcium ([Ca2+]c) increase by the
entry of extracellular calcium is required for PMR (Steinhardt
et al., 1994), we inhibited PMR by depleting extracellular calci-
um. Tomonitor PMR, we usedmembrane-impermeable dye, FM
1-43, which increases in fluorescence upon entering the cell.
Successful PMR closes the wound and prevents continued in-
crease in dye fluorescence, causing it to plateau, while PMR
failure is evident by unabated dye uptake (Fig. 1 C). Injury in the
absence of extracellular calcium prevented most (87.3 ± 6.39%)
of the injured cells from repairing (Fig. 1 D). Failed PMR due to
the absence of Ca2+ reduced (not increased) mitochondrial
fragmentation by 50-fold (0.49 ± 0.24% fragmentation compared

with 25.8 ± 3.8%; Fig. 1 E). These results indicated that mito-
chondrial fragmentation is not just an outcome of PM damage, but
rather, is part of a Ca2+-triggered repair response.

We previously identified that injury-triggered mitochondrial
calcium ([Ca2+]m) uptake is needed for PMR (Horn et al., 2017).
[Ca2+]m overload can depolarize mitochondria, leading to their
fragmentation (Cereghetti et al., 2008; Duchen et al., 1998). We
have described that [Ca2+]m increases within seconds of PM
injury and returns to baseline within the next minute as the cell
repairs (Horn et al., 2017). We investigated if this [Ca2+]m uptake
affects mitochondrial membrane potential after injury and
found that, similar to Ca2+ increase, injury proximal (but not
distal) mitochondria immediately depolarized and did so before
fragmentation (Fig. 1, F–H). This suggested that Ca2+ uptake may
drive mitochondrial fragmentation through mitochondrial de-
polarization and mitochondrial reactive oxygen species (mROS)
production. Using drugs that we previously found to inhibit
injury-triggered [Ca2+]m uptake (ruthenium red) and mROS
production (mitoTEMPO), we found that, unlike blocking ex-
tracellular Ca2+ entry (Fig. 1 E), preventing increased [Ca2+]m or
mROS did not prevent mitochondrial fragmentation (Fig. 1, I and
J). Depolarization of mitochondria was transient, as they repo-
larized within a minute after injury (Fig. 1, G and H), with a time
course concomitant with the return of [Ca2+]m to preinjury
baseline (Horn et al., 2017). Despite being repolarized, these
mitochondria remained isolated from the rest of the network,
indicating that mitochondrial function is restored to the pre-
injury state independently of their integration into the mito-
chondrial network. These results identify that injury triggers
mitochondrial fragmentation by increase in [Ca2+]c, indepen-
dent of increase in [Ca2+]m, mROS, or depolarization.

Next, we manipulated mitochondrial shape without simul-
taneously inhibiting calcium-dependent repair pathways by
using fibroblasts from Mfn1 and Mfn2 double-knockout (DKO)
mice (MFN DKO). Absence of the Mfns prevents mitochondrial
fusion and disassembles the mitochondrial network due to un-
checked mitochondrial fragmentation (Chen et al., 2005). We
confirmed that mitochondria inMFN DKO cells were completely
fragmented even before PM injury, and we observed no further
fragmentation following focal injury (Fig. 2 A). However, these
cells underwent efficient PMR, causing the kinetics of FM 1-43
dye uptake and the proportion of cells that failed to repair to be
similar to the WT cells (Fig. 2, B and C). To ensure that the
prefragmented mitochondria in MFN DKO cells supported the
local signaling needed for successful PMR, we assessed F-actin
accumulation at the repair site, the downstream effect of local-
ized mitochondrial signaling. F-actin accumulated with the same
kinetics and amplitude as the WT MEFs (Fig. 2, D and E),
identifying that mitochondrial fragmentation is supportive, not
detrimental, for PMR.

In contrast to lack of mitochondrial fusion resulting in a
fragmented mitochondrial network, lack of mitochondrial fis-
sion results in a hyperelongated mitochondrial network de-
scribed in cells lacking the Drp1 adaptor protein MiD49
(Bartsakoulia et al., 2018; Palmer et al., 2011). Patients lacking
MiD49 suffer from a neuromuscular disease characterized by
high serum creatine kinase levels and presence of degenerated
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Figure 1. Rapid and localizedmitochondrial fragmentation occurs in response to PM injury. (A)WTMEF showing mitochondria labeled withMitoTracker
Green before and after PM injury. Red box indicates the area magnified on the right. (B) Schematic showing mitochondrial fragmentation analysis. Cells were
injured by pulsed laser (left); dotted box (right) marks the mitochondria that responded in the injured cell. Extent of fragmentation 30 s after injury was
calculated by dividing the area of injured cells with fragmented (green) mitochondria by the area of cells containing the responding mitochondria (dotted box).
(C) FM 1-43 dye intensity after injury of untreated (n = 17) or EGTA-treated (n = 21) WT MEFs. (D) Percentage of cells that failed to repair (n = 3 experiments).
(E) Images showing mitochondrial shape in response to PM injury in EGTA-treated WT MEFs. (F) Images showing injury-induced change in mitochondrial
membrane potential in a mitochondrion labeled with TMRE and TOM20-YFP (Mito). Arrows indicate sites of fragmentation. (G) Heat map images showing
change in TMRE fluorescence intensity after injury. (H) Plot showing the ratio of TMRE/TOM20-YFP fluorescence intensity of cell shown in G. (I) Images
showing shape of injury-proximal mitochondria during PMR in WTMEFs treated with ruthenium red or mitoTEMPO. (J) Extent of mitochondrial fragmentation
at injury site (n = 3 experiments). Unless otherwise noted, arrowsmark the site of injury. Scale bar = 10 µm (A, E, and G) or 5 µm (A inset and I) or 1 μm (F). *, P <
0.05 by unpaired t test. Error bars represent SEM.
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myofibers (Bartsakoulia et al., 2018). These are signs of muscle
damage common in muscle diseases associated with poor PMR
(Defour et al., 2017; Vila et al., 2017; Wu and Perryman, 1992),
which suggests that reduced mitochondrial fission in the
MiD49-deficient patients may cause poor muscle cell PMR. We
confirmed that MiD49-deficient patient cells exhibit a hyper-
elongated mitochondrial network (Fig. S1 B). Upon focal mem-
brane injury, 21.1 ± 4.3% of injury-proximal mitochondria
fragmented in healthy donor cells, which was reduced to 6.3 ±
2.4% in the patient cells (Fig. 2, F and G; Videos 2 and 3). This
reduction in injury-triggered mitochondrial fragmentation cor-
related with poor PMR of these patient cells (Fig. 2 H). Compared
with 19.3 ± 3.4% of healthy cells, 40.7 ± 4.9% of patient cells failed
to repair (Fig. 2 I). In contrast to the robust accumulation of
F-actin in control cells, F-actin failed to accumulate following

injury inMiD49 patient cells (Fig. 2 J). These results indicate that
injury-triggered mitochondrial fragmentation is a facilitator of
the PMR response.

MiD49, along with other adaptor proteins, recruits Drp1 to
mitochondria to enable fragmentation (Kamerkar et al., 2018;
Kraus and Ryan, 2017). Therefore, we examined whether Drp1 is
recruited to mitochondria following injury. PM injury induced a
rapid and localized accumulation of Drp1 on the injury-proximal
mitochondria (Fig. 3 A and Video 4). To test if Drp1-mediated
mitochondrial fragmentation is required for PMR, we used
MEFs with targeted Drp1 deletion (DRP1 KO; Salka et al., 2017;
Wakabayashi et al., 2009). These cells have a highly connected
mitochondrial network (Fig. S1 C) and, upon injury, showed 10-
fold lower injury-triggered mitochondrial fragmentation (Fig. 3,
B and C; and Video 5). This reduction in mitochondrial

Figure 2. Mitochondrial fragmentation is required for PMR. (A) Images showing mitochondrial shape before and after PM injury in MFN DKO MEFs.
Dotted red box marks the magnified region on the right. (B) FM 1-43 dye intensity after injury to WT (n = 56) and MFN DKO MEFs (n = 37). (C) Percentage of
cells that failed to repair in independent experiments (n = 6 experiments). (D) Kinetics of Lifeact-mCherry at injury site in MFN DKO MEFs (n = 4). (E)Maximal
Lifeact-mCherry intensity after injury in WT (n = 3) and MFN DKO (n = 4) MEFs. (F) Images showing mitochondria near the site of PM injury in healthy control
and MiD49 patient fibroblasts. (G) Plot quantifying mitochondrial fragmentation after injury in control (n = 21) and MiD49 patient fibroblasts (n = 28 cells).
(H) FM 1-43 dye intensity after injury in control (n = 50) and MiD49 patient fibroblasts (n = 48 cells). (I) Percentage of cells that failed to repair (n = 5 ex-
periments). (J) Lifeact-mCherry intensity after PM injury in control and MiD49 patient fibroblasts (n = 13 control and 19 MiD49 patient cells). Mitochondria are
marked by MitoTracker Green. Arrows mark the site of injury. Scale bar = 10 µm (whole cell, A) and 5 µm (zoom, A and F). *, P < 0.05 by unpaired t test. #, P < 0.05
by Mann–Whitney U test. Error bars represent SEM.
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fragmentation was coincident with excessive FM dye uptake and
reduced ability of DRP1 KO MEFs to repair (Fig. 3, D and E). To
determine if poor PMR is also a feature of Drp1-deficient human
cells, we monitored injury-triggered mitochondrial fragmentation
in Drp1 KO HeLa cells (Otera et al., 2016). Similar to the MEFs,
Drp1 and extracellular calcium were also required for injury-
triggered mitochondrial fragmentation in the HeLa cells (Fig. S2,
A–C), and lack of Drp1 compromised F-actin accumulation and
PMR in these human cells (Fig. S2, D–F).

Injury-triggered [Ca2+]m increase causes mROS signaling
required for F-actin polymerization at the site of damage (Horn
et al., 2017). Therefore, we used the mitochondria-localized
calcium sensor mCAR-GECO1 (Wu et al., 2013) to test whether
Drp1 deficit affects [Ca2+]m dynamics following injury. Injury to
WTMEFs caused a rapid increase in [Ca2+]m throughout the cell;
however, this increase was both higher and slower to return to
baseline in the injury-proximal (fragmented) mitochondria
compared with the distal (tubular) mitochondria (Fig. 4, A and
D). Lack of Drp1 abrogated the differences in amplitude and
kinetics of [Ca2+]m uptake between injury-proximal and -distal
mitochondria (Fig. 4, B and D). While the [Ca2+]m in the injury-
proximal mitochondria increased by 2.9-fold in WT cells, this
increased to only 1.7-fold in DRP1 KO cells (Fig. 4 E). Further,
[Ca2+]m in the injury-proximal mitochondria returned to half its
maximum value twice as fast in the DRP1 KO MEFs compared
with the WT MEFs (Fig. 4 F). Areas under the curve for mCAR-
GECO1 intensity traces showed fivefold lower [Ca2+]m load in
injury-proximal mitochondria in DRP1 KO MEFs (59.6 ± 9.6)
compared with WT MEFs (255.9 ± 46.6). Measurement of
[Ca2+]m throughout the whole cell (including distal mitochon-
dria) showed that DRP1 KO MEFs took up significantly less Ca2+

overall, but that kinetics of Ca2+ increase were unchanged
(Fig. S3, A–E). These findings show that failure of injury-
proximal mitochondria to fragment significantly reduces local
injury-triggered Ca2+ increase. To further test the effect of
fragmented mitochondria on [Ca2+]m uptake after injury, we
next examinedMFN DKO cells. These cells showed no difference
from WT MEFs in polarization of [Ca2+]m increase (higher in
injury-proximal versus injury-distal mitochondria), the ampli-
tude of [Ca2+]m uptake, and the time for [Ca2+]m to return to its
half-maximal value (Fig. 4, C–F). Given this, we asked whether
lack of injury-triggered mitochondrial fragmentation observed
in MiD49-deficient patient cells would produce a [Ca2+]m re-
sponse similar to DRP1 KO MEFs. Similar to DRP1 KO MEFs,
MiD49-deficienct cells lacked differential [Ca2+]m uptake be-
tween injury-proximal and -distal mitochondria and trended
toward a reduced uptake and retention of Ca2+ in injury-
proximal mitochondria (Fig. S3, F–H). Together, the results
above show that fragmented mitochondria at the injury site are
essential for polarized [Ca2+]m homeostasis following injury.

Increase in [Ca2+]m promotes mROS production (Brookes
et al., 2004), which enables PMR by Ras homology family
member A (RhoA)-dependent F-actin accumulation at the
wound site (Horn et al., 2017). With mitochondrial fragmen-
tation enhancing the [Ca2+]m response in the injury-proximal
mitochondria, we examined if this process regulates polarized
redox signaling during PMR. Direct visualization of active RhoA
using the Forster resonance energy transfer (FRET)-based
biosensor RhoA-FLARE confirmed selective activation of RhoA
in the injury-proximal region (Fig. 5 A). Similarly, production
of local mROS and local F-actin accumulation, which are re-
quired for PMR, were also high in the injury-proximal regions

Figure 3. DRP1 facilitates injury-triggered mitochondrial fragmentation. (A) DRP1 recruitment to mitochondria in response to PM injury. Mitochondria
are labeled by OMM protein TOM20, and dotted line indicates cell boundary. (B) Response of MitoTracker Green–labeled mitochondria (arrow) in DRP1 KO
MEFs to PM injury. (C) Plot quantifying mitochondrial fragmentation after injury inWT (n = 16 cells) DRP1 KO cells (n = 27 cells). (D) FM 1-43 dye intensity after
injury of WT (n = 56 cells) and DRP1 KOMEFs (n = 43 cells). (E) Plot showing percentage of cells that failed to repair (n = 6 experiments). Arrows mark the site
of injury. Scale bar = 10 µm (A) and 5 µm (B). *, P < 0.05 by unpaired t test. #, P < 0.05 by Mann–Whitney U test. Error bars represent SEM.
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Figure 4. Fragmented mitochondria sustain high mitochondrial calcium levels at the injury site. (A–C) Time series of mitochondrial calcium uptake
(mCAR-GECO1) in WT (A), DRP1 KO (B), and MFN DKO (C) MEFs after PM injury. Dotted boxes illustrate representative injury proximal and injury distal regions
used for measurements. Solid box indicates magnified area at right. Arrowmarks the site of injury. Scale bar = 10 µm (whole cell) and 5 µm (zoom). (D)mCAR-
GECO1 intensity after PM injury (n = 12 WT, 16 DRP1 KO, and 16 MFN DKO cells). (E)Maximal [Ca2+]m uptake in injury-proximal and injury-distal mitochondria
(n = 12 WT, 16 DRP1 KO, and 16 MFN DKO cells). (F) Time for [Ca2+]m to decrease to half peak (n = 12 WT, 16 DRP1 KO, and 16 MFN DKO cells). *, P < 0.05 by
unpaired t test; n.s., not significant. Error bars represent SEM.
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Figure 5. Mitochondrial fragmentation is required for redox signaling during repair. (A) RhoA activity (RhoA-FLARE) in an injured WT MEF. (B) Plot
showing mROS (MitoSOX) increase in response to PM injury in WT MEFs (n = 12 cells). (C) Lifeact-mCherry kinetics after PM injury in WT MEFs (n = 12 cells).
(D) Images of MEFs costained with MitoTracker Green (left) and MitoSOX Red (right). MitoSOX images are shown before and 30 s after PM injury. (E) Basal
mitochondrial ROS level in the absence of injury (n = 16 WT, 20 untreated DRP1 KO, and 14 rotenone-treated DRP1 KO MEFs). (F)Mitochondrial ROS increase
in response to PM injury (n = 12 WT, 18 untreated DRP1 KO, and 11 rotenone treated DRP1 KO cells). (G) F-actin (Lifeact-mCherry) response to PM injury.
Dotted box indicates injury-proximal region used for quantification. (H) Change in Lifeact-mCherry intensity after PM injury in WT (n = 12), DRP1 KO (n = 46),
and rotenone-treated DRP1 KO MEFs (n = 37 cells). (I) Percentage of untreated and rotenone-treated DRP1 KO cells that failed to repair (n = 5 experiments).
Arrows mark the site of injury. Scale bar = 5 µm (D) and 10 µm (A and G). *, P < 0.05 by unpaired t test. #, P < 0.05 by Mann–Whitney U test. Error bars
represent SEM.

Horn et al. Journal of Cell Biology 7 of 11

Localized signaling by mitochondria https://doi.org/10.1083/jcb.201909154

https://doi.org/10.1083/jcb.201909154


(Fig. 5, B and C). To test whether lack of mitochondrial frag-
mentation prevents polarized PMR signaling, we quantified
mROS in DRP1 KO cells and found that, compared with the WT
MEFs, mROS levels were lower at baseline in DRP1 KO cells and
were reduced by threefold following injury (6.45 ± 0.76% in-
crease in DRP1 KO MEFs and 18.7 ± 2.18% in WT MEFs; Fig. 5,
D–F). This deficit is not due to the inability of DRP1 KO mito-
chondria to produce ROS, as treatment with a known mROS
agonist, rotenone (Li et al., 2003), increased basal mROS to a
level comparable to WT MEFs (Fig. 5, D and E).

We next tested whether inefficient mROS production also
affects F-actin dynamics during repair and found this to be the
case in DRP1 KO MEFs and DRP1 KO HeLa cells (Fig. 5, G and H;
and Fig. S2 F). As acute rotenone treatment of healthy cells
enhances injury-induced ROS production and improves mem-
brane repair (Horn et al., 2017), and rotenone increased basal
ROS level in DRP1 KO cells (Fig. 5, D and E), we next assessed
whether this would improve mROS production and increase
F-actin accumulation in DRP1 KO cells. Rotenone did not en-
hance injury-proximal mROS production, nor did it improve
local F-actin accumulation or the ability of DRP1 KO cells to re-
pair (Fig. 5, D–I). This highlights the importance of mitochon-
drial fragmentation in the precise spatial and temporal control of
mitochondrial signaling at the injury site. This also demon-
strated that a global increase in [Ca2+]m and mROS production
cannot compensate for the lack of localized mROS production
during repair.

Our work here adds to the role of mitochondria, extending it
beyond bioenergetics and metabolism to being a signaling hub
for regulating cellular and organismal functions (Chandel, 2015;
Yun and Finkel, 2014). Mitochondrial signaling is known to be
mediated by the metabolic byproducts of mitochondrial re-
actions (Chandel, 2015; Chin et al., 2014; Katewa et al., 2014).
mROS is one such byproduct that activates adaptive signaling
and antioxidant gene expression at low levels (Hamanaka and
Chandel, 2010; Yun and Finkel, 2014). However, high levels of
ROS can cause irreversible damage to cellular components and
lead to apoptosis (Hamanaka and Chandel, 2010). Therefore,
tight control over the amount and timing of ROS production is
critical for signaling. Previous studies have identified that repair
of cell injury requires mitochondrial calcium uptake and redox
signaling to facilitate RhoA-mediated F-actin polymerization
(Cheng et al., 2015; Horn et al., 2017; Xu and Chisholm, 2014).
Here, we show that extracellular calcium influx due to cell in-
jury activates Drp1-mediated fragmentation of mitochondria at
the site of injury. The fragmentation of mitochondria at the
injury site enables modulation of the amplitude and duration of
[Ca2+]m increase, which in turn allows polarized mROS signaling
at the wound site. Fragmentation of mitochondria during cell
stress protects the mitochondrial network from calcium over-
load and apoptotic cell death (Szabadkai et al., 2006). We show
that in the context of cell injury, mitochondrial fragmentation
increases the Ca2+ load of injury-proximal mitochondria, which
is disrupted by the lack of MiD49 or Drp1. Thus, the role of
mitochondrial fragmentation extends beyond a protective effect
to support localized signaling required for the survival of
injured cells.

Failure to efficiently repair PM damage is associated with
degenerative diseases affecting mechanically active tissues, such
as skeletal muscle, that are exposed to frequent injury (Boehler
et al., 2019; Vila et al., 2017). Recent studies in skeletal muscle
have also demonstrated that postnatal dysregulation of mito-
chondrial fragmentation due to Drp1 KO (Favaro et al., 2019),
or of mitochondrial calcium homeostasis due to MICU1 KO
(Debattisti et al., 2019), results in progressive muscle wasting
disorders similar to those caused by the inability of myofibers
to repair PM damage (Bansal et al., 2003; Defour et al., 2017;
Vila et al., 2017). While the calcium imbalance due to MICU1
deficit leads to poor myofiber repair (Debattisti et al., 2019),
poor PMR has not been examined in Drp1-deficient mice. Our
work here identifies MiD49 deficiency as another muscle dis-
ease in which failed PMR may contribute to pathogenesis. Our
finding of poor PMR due to the lack of MiD49 provides an ex-
planation for the observed exercise intolerance, signs of my-
ofiber death, and resulting muscle weakness seen in patients
(Bartsakoulia et al., 2018).

Although mitochondrial function is often viewed as a feature
of the globally integrated mitochondrial network, fission and
fusion enable mitochondria to maintain the ability to respond to
highly localized cellular events. While mitochondrial fission is
conventionally viewed as a detriment to cell health and is as-
sociated with cell damage and apoptosis, our work highlights the
need for a more nuanced view of mitochondrial form and
function even under conditions of cell stress and damage.
Through rapid fission, mitochondria are able to act as signaling
hubs, enabling cells to mount a polarized repair response to a
focal PM injury. This opens an avenue for further exploration
into additional roles for mitochondria in which highly localized
cellular needs must be met through polarized mitochondrial
signaling.

Materials and methods
Cell culture and reagents
MEFs and HeLa cells were routinely cultured in DMEM with
Glutamax, high glucose, and 110 mg/L sodium pyruvate (In-
vitrogen) supplemented with 10% FBS (Hyclone, Thermo Fisher
Scientific) and with 100 mg/ml penicillin and 100 mg/ml
streptomycin (Invitrogen) at 37°C and 5% CO2. MEFs knocked
out for Drp1 (Wakabayashi et al., 2009) and Mfn 1/2 (Chen et al.,
2005), as well as Drp1 KO HeLa cells (Otera et al., 2016) and
MiD49 patient cells (Bartsakoulia et al., 2018), were cultured as
previously described. MitoTracker Green (Thermo Fisher Sci-
entific) was incubated with cells at a working concentration of
150 nM at 37°C for 15 min. Cells were transfected with the in-
dicated plasmid using Lipofectamine 2000 (Life Technologies)
per manufacturer’s instructions. Expression was allowed for
18–24 h before imaging. EGTA, mitoTEMPO, and rotenone were
purchased from Sigma-Aldrich. Ruthenium red was purchased
from Santa Cruz Biotechnology. All pharmacological treatments,
unless stated otherwise, were performed in Cellular Imaging
Medium (CIM; HBSS with 10 mMHepes and 2 mM Ca2+, pH 7.4)
at 37°C. All cells were injured in the presence of the indicated
drug. The plasmids used in this study were obtained from
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Addgene or were gifts from an investigator: Dr. Robert Campbell
(University of Alberta, Alberta, Canada; CMV-mito-CAR-GECO1;
Addgene plasmid 46022; Wu et al., 2013), Dr. Michael Davidson
(Florida State University, Tallahassee, FL; mCherry-Lifeact;
Addgene Plasmid 54491; Riedl et al., 2010), Dr. Gia Voeltz
(University of Colorado Boulder, Boulder, CO; DRP1-mCherry;
Addgene Plasmid 49152; Friedman et al., 2011), and Dr. Klaus
Hahn (University of North Carolina at Chapel Hill, Chapel Hill,
NC; pTriEx-RhoA FLARE; Addgene Plasmid 12150; Pertz et al.,
2006).

PMR assay
The details of the laser injury assay are as previously described
(Defour et al., 2014) and outlined as follows. Cells cultured on
coverslips were transferred to CIM and placed in a stage-top
incubator maintained at 37°C. For laser injury, a 1–2-µm2 area
was irradiated for 10 ms with a pulsed laser. For quantification
of PM repair, cells were preincubated with the indicated treat-
ment before 1 mg/ml FM 1-43 dye (Life Technologies) was added
to CIM before injury. FM dye intensity (F/F0, where F0 repre-
sents baseline fluorescence) was used to calculate the kinetics of
repair. Successful repair was determined by the entry of FM dye
into the cell interior, where a plateau in FM dye increase indi-
cated successful repair. Failure to repair was indicated by con-
tinued FM dye increase in cells out to 4 min after injury.

Glass bead injury was performed by rolling glass beads
(Sigma-Aldrich) over cells cultured on coverslips as previously
described (Defour et al., 2014). Cells were treated with Mito-
Tracker Green as described above to label mitochondria
and injured in the presence of lysine-fixable TRITC-dextran
(2 mg/ml; Life Technologies) to mark injured cells. After in-
jury, cells were allowed to heal at 37°C for 5 min, followed by
fixation using 4% PFA.

Mitochondrial fragmentation analysis
Mitochondrial fragmentation was quantified using MetaMorph
image analysis software (Molecular Devices). First, mitochon-
dria responding to cell injury were identified by physical be-
havior, indicated by retraction after laser injury. Responding
mitochondria, now defined as injury proximal, comprised less
than one third of the total mitochondria in all cells. Integrated
morphometry analysis was used to identify the total area of
injury-proximal mitochondria before injury. 30 s after injury,
the area of mitochondria that underwent fragmentation was
quantified and used to calculate the percentage of injury-
proximal mitochondria that fragmented in response to injury.
A time gate of 30 s was chosen because of our observation that
all WT cells had undergone fragmentation by this time after
injury. Successful fragmentation was determined by the absence
of fluorescence signal between two mitochondria that were
previously present as one.

Quantification of mitochondrial membrane potential, calcium
increase, and ROS production
Mitochondrial calcium was measured using the mitochondria-
localized CAR-GECO1 calcium sensor. Cells were transfected
with mito-CAR-GECO1 as described above, and fluorescence

increase is presented as F/F0. Calcium increase in mitochondria,
both proximal and distal to the site of injury, was determined as
described above. Mitochondrial membrane potential was as-
sessed using tetramethylrhodamine ethyl ester (TMRE; Thermo
Fisher Scientific). Change in membrane potential was quantified
as the ratio of TMRE fluorescence to the fluorescence of mito-
chondrial structural marker TOM20-YFP. To detect mROS, cells
were incubated in 2.5 µM MitoSOX (Thermo Fisher Scientific)
for 15 min at 37°C. After washing with prewarmed CIM, cells
were injured by pulsed laser as described above, and the change
in fluorescence over the initial mitoSOX fluorescence (F/F0) was
quantified.

Quantification of RhoA activity and F-actin dynamics
To detect active RhoA, cells were transfected with the FRET-
based RhoA-FLARE biosensor. Three-channel FRET imaging
was performed by monitoring the donor (445-nm laser excita-
tion), acceptor (515-nm laser excitation), and transfer (FRET)
channels being imaged. To generate a corrected FRET image,
the emission for each channel was corrected for bleed-through
and used to measure corrected FRET (FC = transfer − corrected
acceptor − corrected donor). For measurement of actin dynam-
ics, cells were transfected with the F-actin binding peptide
Lifeact-mCherry. In each case, transfection was performed as
described above, and fluorescence intensity is presented as F/F0.

Microscopy and image acquisition
Cells were imaged using an inverted IX81 Olympus microscope
(Olympus America) custom-equipped with a CSUX1 spinning
disc confocal unit (Yokogawa Electric Corp.). Images were col-
lected using a 60× objective (1.45 NA). Images were acquired
using an Evolve 512 EMCCD (Photometrics) at 1 Hz. Image ac-
quisition and laser injury was controlled using Slidebook 6.0
(Intelligent Imaging Innovations). Live imaging experiments
were performed in a Tokai Hit microscopy stage-top ZILCS in-
cubator (Tokai Hit Co.) maintained at 37°C. Cells were imaged in
CIM. For laser injury, a 1–2-µm2 area was irradiated for 10 ms
with a pulsed laser (Ablate!; 3i Intelligent Imaging Innovations).

Statistical analysis
Image acquisition and analysis was performed using Slidebook
6.0. Statistical analysis was performed using Prism (GraphPad).
Statistical outliers were removed using the ROUT method in
Prism (Motulsky and Brown, 2006). For all kinetic trace data,
individual time points were compared across all cells in a given
treatment to determine significance by unpaired t test. For all
data, the D’Agostino and Pearson omnibus normality test was
performed before determining the appropriate statistical test.
Unpaired t tests were used for all normally distributed data
(indicated by *), and Mann–Whitney U tests were used for
nonparametric data (indicated by #). All comparisons were two
sided. In all cases, data not indicated as significant should be
considered not statistically different unless otherwise stated. All
data are presented as mean ± SEM, with P < 0.05 considered
statistically significant. At least three independent experiments
were performed for all data shown. Images are representative of
≥10 cells observed in each case.
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Online supplemental material
Fig. S1 showsmitochondrial morphology after injury and genetic
KO of fission regulators MiD49 and Drp1. Fig. S2 shows that
injury-triggered mitochondrial fragmentation is conserved in
HeLa cells. Fig. S3 shows mitochondrial calcium uptake after PM
injury in DRP1 KO and MiD49 patient cells. Video 1 shows that
PM injury causes rapid fragmentation of mitochondria. Video
2 shows injury-triggered mitochondrial fragmentation in a
healthy human fibroblast. Video 3 shows that MiD49 is required
for injury-triggered mitochondrial fragmentation. Video 4
shows Drp1 recruitment to injury-proximal mitochondria fol-
lowing PM injury. Video 5 shows that Drp1 is required for
injury-triggered mitochondrial fragmentation
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Massberg, A. Aszodi, M. Sixt, and R. Wedlich-Söldner. 2010. Lifeact
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Supplemental material

Figure S1. Mitochondrial morphology after injury and genetic KO of fission regulators MiD49 and Drp1. (A) Images showing WT MEF injured by glass
bead. Injured cells are marked by presence of TRITC-dextran (red). Mitochondria are marked by MitoTracker Green (green). Magnified regions show area of
mitochondrial fragmentation near injury site (Region 1) and area containing tubular mitochondria distal to injury site (Region 2). (B) Images showing mito-
chondria in healthy control and MiD49 patient fibroblasts. (C) Images showing mitochondrial shape in WT and DRP1 KO MEFs. In all cases, mitochondria are
marked by MitoTracker Green. Scale bar = 10 µm or 5 µm (A, zoom).
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Figure S2. Injury-triggered mitochondrial fragmentation is conserved in HeLa cells. (A–C) Images showing mitochondrial shape in response to PM injury
in WT (A), EGTA-treated WT (B), and DRP1 KO (C) HeLa cells. In all cases, mitochondria are marked by TOM20, a structural protein of the OMM. Arrows mark
the site of injury. Boxes indicate the area of zoom shown below. Scale bar = 10 µm (whole cell) and 5 µm (zoom). (D) Plot showing FM 1-43 dye intensity after
injury in WT (n = 31) and DRP1 KO (n = 44) HeLa cells. (E) Plot showing percentage of cells that failed to repair in independent experiments (n = 3). (F) Plot
showing Lifeact-mCherry intensity after PM injury in WT (n = 5) and DRP1 KO (n = 7) HeLa cells. *, P < 0.05 by unpaired t test. Error bars represent SEM.
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Video 1. PM injury causes rapid fragmentation of mitochondria. WT MEF labeled with MitoTracker Green was focally injured and imaged at 2 frames/s.
The video shows the portion of the cell proximal to the injury site, demonstrating that injury-induced mitochondrial fragmentation occurs within seconds after
injury.

Video 2. Injury-triggered mitochondrial fragmentation in a healthy human fibroblast. Primary human fibroblast labeled with MitoTracker Green was
focally injured and imaged at 2 frames/s. The video shows the portion of the cell proximal to the injury site, demonstrating that injury-induced mitochondrial
fragmentation occurs within seconds after injury.

Video 3. MiD49 is required for injury-triggeredmitochondrial fragmentation. Primary fibroblast fromMid49 patient labeled with MitoTracker Green was
focally injured and imaged at 2 frames/s. The video shows the portion of the cell proximal to the injury site, demonstrating that injury fails to induce mi-
tochondrial fragmentation.

Video 4. Drp1 recruitment to injury-proximal mitochondria following PM injury. Mitochondria in WT MEF were colabeled by transient expression of
TOM20-YFP (green) and Drp1-mCherry (red). The video shows the portion of the cell proximal to the injury site imaged every 2 s, demonstrating rapid, focal
PM injury-triggered accumulation of Drp1 on the fragmenting mitochondria.

Figure S3. Mitochondrial calcium uptake after PM injury in DRP1 KO andMiD49 patient cells. (A) Plot showing mCAR-GECO1 intensity after PM injury in
WT (n = 12) and DRP1 KO MEFs (n = 14 cells). Calcium uptake was quantified over the entire cell, including both injury proximal and distal mitochondria.
(B–E) Quantification of mitochondrial calcium uptake in WT and DRP1 KO cells after injury showing peak mitochondrial calcium (B), time to reach peak
mitochondrial calcium (C), time for mitochondrial calcium to decrease to half peak (D), and area under the curve (E), illustrating mitochondrial calcium load
from time of injury until calcium returned to baseline (n = 12 WT and 14 DRP1 KO cells for each). (F) Peak calcium uptake in injury-proximal and distal mi-
tochondria of MiD49 patient cells (n = 6 cells). (G) Peak calcium uptake in injury-proximal mitochondria from healthy control and MiD49 patient cells (n = 9
control and 6 patient cells). (H)Quantification of time for calcium to reach half peak in control and MiD49 patient cells (n = 9 control and 6 patient cells). *, P < 0.05
by unpaired t test. #, P < 0.05 by Mann–Whitney U test. Error bars represent SEM.
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Video 5. Drp1 is required for injury-triggered mitochondrial fragmentation. DRP1 KO MEF was labeled with MitoTracker Green, focally injured, and
imaged at 1 frame/s. The video shows the portion of the cell proximal to the injury site, demonstrating failure of the mitochondria to fragment in response to
PM injury.
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