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Decline in mitochondrial morphology and function is a hallmark of
neuronal aging. Here we report that progressive mitochondrial
fragmentation is a commonmanifestation of aging Caenorhabditis
elegans neurons and body wall muscles. We show that sensory-
evoked activity was essential for maintaining neuronal mitochon-
drial morphology, and this activity-dependent mechanism required
the Degenerin/ENaC sodium channel MEC-4, the L-type voltage-
gated calcium channel EGL-19, and the Ca/calmodulin-dependent
kinase II (CaMKII) UNC-43. Importantly, UNC-43 phosphorylated and
inhibited the dynamin-related protein (DRP)-1, which was responsi-
ble for excessive mitochondrial fragmentation in neurons that lacked
sensory-evoked activity. Moreover, enhanced activity in the aged
neurons ameliorated mitochondrial fragmentation. These findings
provide a detailed description of mitochondrial behavior in aging
neurons and identify activity-dependent DRP-1 phosphorylation by
CaMKII as a key mechanism in neuronal mitochondrial maintenance.
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The role of mitochondria in cellular senescence is complex in
that they could be the target of aging process, or they directly

contribute to the progression of cellular aging (1). Mitochondria
undergo dynamic transition between more connected network-
like patterns and smaller, isolated forms (2). In yeast and fungi,
mitochondrial fragmentation emerged early during aging (3, 4). By
contrast, swollen or “giant” mitochondria had been documented
in aging mouse hepatocytes or Caenorhabditis elegans muscles (5,
6). These studies suggest that altered mitochondrial morphology
is a core component of eukaryotic cellular aging, but they also
highlight the heterogeneity of age-dependent mitochondrial
morphological defects.
Excessive mitochondrial fragmentation may result from an im-

balance between fusion and fission, which are mediated primarily
by two classes of GTPases structurally related to dynamins: Mito-
fusins (MFNs)/Fzo1/FZO-1 and Drp1/DRP-1, respectively (2).
Mitofusins and Drp1 are both targets of regulation by a wide range
of physiological and stress signals, such as genotoxic stress-induced
MFN2 degradation or inflammation-dependent Drp1 activation
(7). The identity of physiological signals that maintain mitochon-
drial morphology during neuronal aging is largely unknown.
Electrical activity is crucial for several developmental events in

the nervous system, including axon pathfinding, synaptic remod-
eling, and specification of the neurochemical phenotype of neu-
rons (8). Altered membrane excitability and intracellular calcium
dynamics could be found in mammalian neurons at old age (9, 10).
In C. elegans neurons, evoked activity is essential to prevent pre-
mature deterioration of neuronal structures during aging (11). It
had been shown that mitochondria in the cultured mammalian
neurons underwent fragmentation upon forced membrane de-
polarization or inhibition of protein kinase A (PKA) (12, 13).
Because PKA could also be regulated through neuronal activa-
tion, these observations raise the possibility that neural activity
maintains neuronal structures during aging at least in part by
regulating mitochondrial morphology and functions. In the current

study, we directly address this possibility and demonstrate that
sensory-evoked activity is essential to counteract age-dependent
mitochondrial fragmentation in C. elegans neurons, likely by
inhibiting the mitochondrial fission protein DRP-1.

Results
Mitochondria Were Progressively Fragmented in Aging C. elegans
Neurons. We visualized mitochondria in C. elegans by express-
ing TOMM20::mCherry (“mito::mCherry”), which targets mito-
chondrial outer membrane, in the touch mechanosensory neurons
(Fig. 1 A and B) or the thermosensory neuron AFD (Fig. S1 A and
B). In the neurons of L4 and young adult animals, mitochondria in
the cell body showed networked morphology, which became
progressively fragmented with age (Fig. 1 A and B and S1). Similar
changes were documented in the body wall muscles (Fig. S1 C and
D). It is possible that background, nonmitochondrial mCherry
produces the illusion of connected mitochondria, or that mito-
chondria are still connected in those seemingly isolated mito::
mCherry puncta, but somehow those connections are below the
detection sensitivity. To rule out these possibilities, we assayed
fluorescence recovery after photobleaching (FRAP) (Fig. 1 C and
D). Because mito::mCherry was inserted into the mitochondrial
outer membrane, FRAP in a region of interest (ROI) of the
networked mitochondrion depended on diffusion of unbleached
mito::mCherry through membrane continuity. By contrast, FRAP
in the ROIs of isolated mitochondria depended on new mito::
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mCherry synthesis and insertion into mitochondrial outer
membrane, or on fusion with nearby, unbleached mitochondria.
In D4 animals, we observed significantly greater FRAP for
ROIs in networked mitochondria than that for ROIs on iso-
lated mitochondria (Fig. 1 C and D). These findings confirm
the use of mito::mCherry as a faithful reporter for the con-
nectivity of mitochondrial outer membrane and suggest that
progressive mitochondrial fragmentation is a hallmark of neu-
ronal aging in C. elegans.
We previously reported that the processes of touch neurons

developed age-dependent defects, including bubble-like lesions
or beading (11). It had been shown that neurite beadings in old
C. elegans-contained mitochondria (14). We confirmed this find-
ing and additionally observed that large bubble-like lesions tended
to accumulate mitochondria at the ends, rather than in the center,
of the lesion (Fig. S2A). By quantitative time-lapse imaging, we
found no significant changes in the movement patterns of mito-
chondria in the old touch neurons (Fig. S2 B and C). Therefore,
for subsequent analysis, we focused on mitochondria in the cell
body of the touch neurons.

Fragmented Mitochondria Were More Oxidized and Were Targeted to
Lysosomes. To understand whether altered mitochondrial mor-
phology implicates functional deterioration, we measured the
oxidation-reduction status of mitochondrial matrix with roGFP,
a GFP variant that increases brightness in a more oxidized en-
vironment (15). We targeted roGFP to the mitochondrial matrix
in the touch neurons (Fig. 2A), and found that compared with that
in the young neurons, roGFP signals were significantly increased in
the old neurons, suggesting more oxidized mitochondrial matrices
(Fig. 2 A and B). Together with the morphological analysis, these
results indicate that mitochondria in C. elegans neurons deteri-
orate, both in morphology and function, during aging.
Mitochondrial fragments were often targeted for lysosomal

degradation (16). To test whether mitochondrial fragments in
aged neurons were recruited to lysosomes, we monitored the

colocalization of mitochondria with lysosomes, using the lysosomal
reporter LMP-1/LAMP::GFP (Fig. 2C). In young neurons where
mitochondria were mostly networked, LMP-1::GFP signal occa-
sionally colocalized with mito::mCherry (Fig. 2C). By contrast,
extensive colocalization between LMP-1::GFP and mito::mCherry
signal was observed in aged touch neurons (Fig. 2C). No such
colocalization was found between mitochondria and the Golgi
apparatus in young or old neurons (Fig. S2D). These results show
that fragmented mitochondria in aged C. elegans touch neurons
were recruited to lysosomes for degradation.

Longevity Mutations Altered Mitochondrial Morphology in Accordance
with Life Span Changes. Neuronal aging in C. elegans could be reg-
ulated both by signaling pathways that regulate organismal life
span and influence tissue aging cell nonautonomously (17). To
understand how life span influences mitochondrial during neu-
ronal aging, we studied mitochondrial morphology in mutant
strains with altered life span. Mutations in the heat shock tran-
scription factor gene hsf-1 reduce life span and trigger premature
neuronal aging (11, 18, 19). We found that in the hsf-1 mutant,
mitochondrial fragmentation progressed rapidly compared with
the wild type (Fig. 3). By contrast, mutations in daf-2, which
encodes the sole insulin-like growth factor-1 (IGF1) receptor in
C. elegans, increase life span and slow neuronal aging (11, 14, 20–
22). daf-2 mutations also significantly attenuated mitochondrial
fragmentation in the aged touch neurons (Fig. 3). Together these
observations indicate that neuronal mitochondrial morphology is
under the systemic influence of longevity genes.

Sensory-Evoked Activity Maintains Mitochondrial Morphology Through
the L-Type VGCC and CaMKII. We had previously reported that
neural activity contributed to neuronal maintenance during aging
(11). We found that sensitivity to light touch, a function that
requires intact touch neurons, decreased in the aged wild-type
animals before obvious locomotion defects were observed (Fig.
S3A). This observation prompted us to test whether sensory-evoked
activity also maintains mitochondria in the touch neurons. Mutations
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Fig. 1. Age-dependent mitochondrial fragmentation in C. elegans touch neurons. (A) Projected confocal z-stack images of mitochondria in the ALM touch
neurons visualized with mito::mCherry. (B) Quantification of neurons with highly fragmented (>50%) mitochondria in the touch neuron soma. n = numbers
of neurons scored. See SI Materials and Methods for detail of data analysis. (C) Representative images of FRAP from D4 ALM neurons. Regions subjected to
photobleaching were boxed. (D) Quantification of FRAP from D4 ALM neurons. n = 10 and 12 regions of interest (ROIs) on mitochondria for the networked or
fragmented categories, respectively. *P < 0.05, **P < 0.01, Mann–Whitney u test. (Scale bars: A, 5 μm; C, 1 μm.)
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in mec-4, which encodes a Degenerin/epithelial sodium chan-
nel (DEG/ENaC) protein essential for touch neuron activation
(23), resulted in accelerated mitochondrial fragmentation in
these cells (Fig. 4A). Touch neuron-specific expression of the
human voltage-gated potassium channel, hKv1.1, rendered the
animal touch-insensitive and resulted in premature mito-
chondrial fragmentation and neuronal aging (Fig. 4A and Fig.
S3 B–D). Expression of hKv1.1 in the touch neurons of the
mec-4 mutant did not further increase mitochondrial fragmen-
tation (Fig. 4A), suggesting that sensory-evoked activity is the
predominant component of neural activity that maintains mito-
chondria in the touch neurons. By contrast, mec-4 expression in
the touch neurons rescued mitochondrial fragmentation, touch
sensitivity, and neuronal morphology of the mec-4 mutant (Fig.
4A and Fig. S3 B–D). Moreover, it also significantly improved
touch sensitivity and mitochondrial morphology of the aged wild-
type animals (Fig. 4A and Fig. S3A). These experiments indicate

that sensory-evoked activity acts cell-autonomously to maintain
mitochondrial morphology in the aging touch neurons.
The C. elegans L-type voltage-gated calcium channel (L-VGCC)

EGL-19 is required for normal sensory-evoked calcium influx in
the touch neuronal soma (24, 25). We found that in the egl-19
reduction-of-function mutant, mitochondria in the touch neu-
rons were prematurely fragmented in a way similar to that in the
mec-4 mutant (Fig. 4B). Moreover, mitochondrial fragmentation
in the egl-19; mec-4 double mutant was comparable to that in
either mec-4 or egl-19 single mutant, suggesting that MEC-4 and
EGL-19 function in a common pathway (Fig. 4B).
One of the major targets of evoked calcium influx in the

neurons are Ca2+/calcmodulin-dependent kinases (CaMK), and
CaMKI had been reported to regulate mitochondrial dynamics
in cultured mammalian neurons (13). Of the C. elegans CaMKs,
both the CaMKI/IV cmk-1 and the CaMKII unc-43 were ro-
bustly expressed in the nervous system, including the touch
neurons (26, 27). We found that mitochondrial fragmentation
was increased in the touch neurons of the unc-43 mutant but not
the cmk-1 mutant (Fig. 4C and Fig. S4A). Mitochondrial defects
were not further worsened in the unc-43; mec-4 double mutant,
compared with those of the mec-4 or the unc-43 single mutant
(Fig. 4C). To confirm that UNC-43 acts downstream of mem-
brane activity in mitochondrial maintenance, we expressed a
gain-of-function UNC-43, UNC-43(E108K/GF), whose activity
was largely calcium-independent. Expression of UNC-43(GF) in
the touch neurons rescued mitochondrial morphology of the mec-
4mutant (Fig. 4C). Moreover, many young neurons that expressed
UNC-43(GF) contained mitochondria of elongated tubular mor-
phology (Fig. 4D). Together these experiments suggest that sen-
sory-evoked activity maintains mitochondrial morphology in
C. elegans neurons through L-type VGCC and CaMKII. By contrast,
touch insensitivity of the mec-4 mutant was not improved by UNC-
43(GF) (Fig. S3B). These results indicate that touch responses and
mitochondrial regulation represent two distinct physiological pro-
cesses controlled by sensory-evoked activity in the touch neurons,
and they could be genetically uncoupled.

DRP-1–Mediated Mitochondrial Defects in Activity-Deficient Neurons.
Mitochondrial morphology is regulated by genes encoding
dynamin-related GTPases, the profission Drp1 and the profusion
Mfn2 and Opa1 (2). Their C. elegans homologs are drp-1, fzo-1,
and eat-3, respectively (28–30). We examined mitochondrial mor-
phology in the drp-1 null mutant, and found that age-dependent
mitochondrial fragmentation in the drp-1 mutant was similar to
that of the wild type (Fig. 5A and Fig. S4B). This result suggests
that age-dependent mitochondrial fragmentation is not caused by
inadvertent DRP-1 activity. Mitochondria were almost completely
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fragmented in the fzo-1 deletion mutant since day 1 of adulthood
(Fig. S4C), precluding us from testing genetically the alternative
hypothesis that age-dependent loss of FZO-1 function drives
progressive mitochondrial fragmentation in aging neurons.
Surprisingly, the drp-1 mutation significantly reduced excessive

mitochondrial fragmentation in the touch neurons of the mec-4
mutant (Fig. 5A), suggesting that increased DRP-1 activity ac-
counts for exaggerated mitochondrial fragmentation in electri-
cally silenced neurons. Of note, the drp-1 mutation did not improve
touch insensitivity of the mec-4 mutant (Fig. S3B). An N terminus-
tagged GFP::DRP-1 fusion protein caused excessive mitochondrial
fragmentation when expressed in the touch neurons at low level
(Fig. 5 A and B). Discrete GFP::DRP-1 puncta could be found both
in the neurite and the cytosol (Fig. 5 B and C), and some GFP::
DRP-1 puncta were associated with the ends of mitochondria in the
neurite (Fig. 5C).

UNC-43/CaMKII Inactivates DRP-1 by Phosphorylation. We speculate
that neural activity inhibits DRP-1 function, likely through
CaMKII-dependent DRP-1 phosphorylation. Two potential
motifs for CaMK phosphorylation, centering on threonine 613
and serine 590, could be found in DRP-1 (Fig. 5D). T613, which is
equivalent to serine 637 (S637) of human Drp1, is also a phos-
phorylation target of protein kinase A, and S637 phosphorylation
inhibits mammalian Drp1 activity (12). By contrast, the mammalian
serine 616, equivalent to S590 of DRP-1, was phosphorylated by
CaMKI in an activity-dependent manner, and this phosphorylation-
activated Drp1 (13, 31). To test whether C. elegans DRP-1 is a
substrate for UNC-43/CaMKII, we performed in vitro kinase assay
with purified HA-tagged UNC-43 and GFP::DRP-1 (Fig. 5E and

Fig. S5). We found that UNC-43 was able to phosphorylate DRP-1
in vitro (Fig. 5E and Fig. S5). Phosphorylation was reduced but not
abolished with DRP-1(T613A), suggesting that UNC-43 phos-
phorylates T613 and also additional residues of DRP-1 (Fig. 5E
and Fig. S5).
Next, we tested whether T613 phosphorylation inhibits DRP-1

biological activity. Expression of the phosphomimetic DRP-1
(T613D) failed to modify the mitochondrial phenotypes of the
drp-1; mec-4 mutant (Fig. 5A). By contrast, the phosphorylation-
resistant DRP-1(T613A) significantly increased mitochondrial
fragmentation in the drp-1; mec-4 mutant (Fig. 5A). We also
tested DRP-1(S590D) and DRP-1(S590A) and found that both
were functional because they complemented the loss of drp-1 in
the drp-1; mec-4 double mutant (Fig. 5A). This result implies that
T613 phosphorylation inhibits DRP-1 activity. Together these
data indicate that phosphorylation of C. elegans DRP-1 at T613,
by the action of UNC-43/CaMKII, reduces its biological activity
and protects neuronal mitochondria from excessive fragmenta-
tion in C. elegans.

Discussion
Our previous work showed that neural activity maintains neu-
ronal structures during C. elegans aging (11), but the molecular
pathways that interpret membrane activation as a neuroprotective
signal for aging are largely unclear. Compromised mitochondrial
morphology and function had been implicated in aging, but
physiological signals that maintain mitochondrial integrity in this
context are incompletely understood. Here, we demonstrated that
sensory-evoked activity maintains mitochondrial morphology by
inhibiting DRP-1, via CaMKII-dependent DRP-1 phosphorylation
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**P < 0.01, two-proportion z test. (D) Elongated mitochondria in the ALM neurons of the mec-4 mutants overexpressing UNC-43(GF). Epifluorescence images
were shown, with arrows and asterisks indicating mitochondria and the ALM soma, respectively. (Scale bars: 5 μm.)

Jiang et al. PNAS | July 14, 2015 | vol. 112 | no. 28 | 8771

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
13

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501831112/-/DCSupplemental/pnas.201501831SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501831112/-/DCSupplemental/pnas.201501831SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501831112/-/DCSupplemental/pnas.201501831SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501831112/-/DCSupplemental/pnas.201501831SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1501831112/-/DCSupplemental/pnas.201501831SI.pdf?targetid=nameddest=SF5


www.manaraa.com

(Fig. 5F). These findings link sensory-evoked activity to the
maintenance of mitochondrial morphology. Our data suggest
that UNC-43/CaMKII phosphorylates DRP-1 at T613 (S637 of
human Drp1) and inhibits DRP-1. While the current study was
under review, a study in brain tumor cells revealed a similar role
for CaMKII in phosphorylating and inhibiting Drp1 (32). S637
phosphorylation of mammalian Drp1 by PKA inhibits DRP-1
activity and protects neurons from apoptosis induced by mito-
chondrial respiratory inhibition (12). Taken together, these
findings indicate that S637/T613 phosphorylation of Drp1/DRP-1
is likely a conserved neuroprotective mechanism. It is important
to note that in an earlier study using mammalian neurons, Han
et al. found that forced membrane depolarization triggered mi-
tochondrial fragmentation by S616 phosphorylation of Drp1
(equivalent to S590 in C. elegans DRP-1b) via CaMKIα (13).
Consistent with this observation, we found that the phosphomimetic
DRP-1(S590D) was functional and complemented drp-1 loss in
the drp-1; mec-4 double mutant. These observations indicate that
diverse physiological signals, including neural activity of distinct

spatial and temporal patterns, promote or inhibit Drp1 activity
by differential phosphorylation at specific residues.
In an earlier study, elimination of the Drp1 homolog in Neu-

rospora rescued age-dependent mitochondrial fragmentation and
extended longevity (3). However, we found that age-dependent
mitochondrial fragmentation in the wild-type neurons was not
significantly ameliorated by removing drp-1 activity, suggesting
that factors other than drp-1 are responsible for deteriorated
mitochondrial morphology in the wild type. Although response
to light touch decreased with aging, it was far less severe than
that in animals lacking the mechanosensory transduction channel
MEC-4. This finding indicates that residual neural activity in middle-
aged neurons is sufficient to inhibit DRP-1 activity. One interesting
candidate that maintains mitochondrial integrity in the wild type is
Mitofusin/MFN, which had been implicated in maintaining longevity
in Neurospora (33). The progressive fragmentation of mitochondria
in aging tissues is also consistent with age-dependent loss of MFN
level or activity. Important issues in the future are how endogenous
MFN level and activity change in the course of neuronal aging, and
whether neural activity promotes MFN functions to maintain mito-
chondrial morphology.

Materials and Methods
Microscopy, Mitochondrial Scoring, and Quantification of Fluorescence Signals.
Animals cultured at 20 °C (and 15 °C for cmk-1, for cmk-1 showed life span
deficits at 20 °C) were anesthetized with 1 mM levamisole and mounted on
5% (wt/vol) agarose pad. For mitochondrial scoring, epifluorescence or con-
focal images were acquired by using the 63x Carl Zeiss Apochromat objective
(Zeiss AxioImager M2 or LSM700 Confocal System). Mitochondrial mor-
phology in the neuronal soma was classified as: grade 0, no fragmentation;
grade 1, < 50% (area) fragmentation; grade 2, > 50% fragmentation; grade
3, 100% fragmentation, and diffuse mito::mCherry signal. Highly fragmented
mitochondria refer to the sum of grade 2, grade 3, and the diffuse category.
Data collected from two to four smaller cohorts of animals at indicated ages
were pooled and presented as a single collection in the figures. Thus, for most
of the percentile data in this work, the number of biological replica, for the
practical purpose, is one. To avoid the possibility of spurious, singular obser-
vations, we assayed independent biological replica for mitochondrial mor-
phology and touch sensitivity in the wild-type and the mec-4 mutant. The
results of analysis, available in Fig. S6, confirmed that data presented in this
work were consistent and reproducible. To quantify roGFP signal intensity,
projected z-stack confocal optical sections were taken, and mean roGFP pixel
density was calculated by using ImageJ.

Molecular Biology and Plasmid Construction. Cloning and construction of
plasmids were performed with standard molecular biology techniques. All
expression constructs in the twnEx series transgenes were in the pPD95.77 Fire
vector backbone, which contains the unc-54 3′-UTR for optimized expression in
C. elegans. Primer sequence information is available upon request.

Protein Purification and in Vitro Kinase Assay. For purifying DRP-1 and UNC-43
proteins, 6xHis::GFP::DRP-1 or 6xHis::HA::UNC-43 were cloned into pIEx6
vector and were transfected by liposome into Sf9 cells. Cells were grown at
28 °C for 48 h and harvested by centrifugation at 100 × g for 10 min. After
freezing by liquid nitrogen and stored at −80 °C overnight, cells were
thawed and resuspended by 1/20 volume of lysis buffer (50 mM Tris·HCl,
300 mM NaCl, 10 mM imidazole) with 0.5% Triton X-100 (1% Triton X-100
for purifying UNC-43) and protease inhibitor mixture, without EDTA. This
treatment was followed by homogenization with Dounce homogenizer and
centrifugation 16,000 × g for 30 min at 4 °C, with additional sonication for
UNC-43 purification. The supernatant was loaded onto Ni-NTA resin
(Thermo), preequilibrated in the lysis buffer, and washed with 10× resin-bed
volumes of wash buffer (50 mM Tris·HCl, 300 mM NaCl, 50 mM imidazole) to
remove impurities. The protein was eluted with 500 μL of elution buffer
(50 mM Tris·HCl, 300 mM NaCl, 500 mM imidazole).

To assay DRP-1 phosphorylation by UNC-43, 3 μg of purified GFP::DRP-1
(WT and T613A) and 1 μg of HA::UNC-43 (WT and E108K) proteins were
incubated in 50 μL of kinase assay buffer containing 50 mM Hepes (pH 7.5),
8 mM MgCl2, 2 mM MnCl2, 0.1 mg/mL BSA, 1 μM recombinant calmodulin
(Sigma), 0.5 mM CaCl2, 50 μM ATP, and 10 μCi γ-[32P] ATP at 25 °C for 10 min.
Following kinase reaction, proteins were resolved by SDS/PAGE and sub-
strate phosphorylation was detected by autoradiography.
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Fig. 5. CaMKII maintains mitochondrial morphology by phosphorylating and
inhibiting DRP-1. (A) Quantification of highly fragmented mitochondria in the
touch neurons. *P < 0.05; *P < 0.01, two-proportion z test; #P < 0.05, Fisher’s
exact test, wild type vs. wild type with GFP::DRP-1. n = numbers of neurons
scored. (B) Epifluorescence images of touch neurons expressing mito::mCherry
and GFP::DRP-1. (C) GFP::DRP-1 in the PLM neurite. Select DRP-1 puncta were
enlarged to show the close association of GFP::DRP-1 with mitochondria.
(D) DRP-1 sequence alignment of various species. For C. elegans, DRP-1b is
shown. (E) In vitro kinase assay of DRP-1 by UNC-43. (F) Schematic model of
mitochondrial maintenance by activity-dependent Drp1/DRP-1 inhibition. Un-
known, age-dependent factors contribute to mitochondrial fragmentation
independently of Drp1 in wild-type neurons. (Scale bars: B, 5 μm; C, 10 μm.)
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