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Synaptic dysfunction, memory deficits and
hippocampal atrophy due to ablation of mitochondrial
fission in adult forebrain neurons

B Oettinghaus1, JM Schulz2, LM Restelli1, M Licci1,3, C Savoia4, A Schmidt5, K Schmitt6, A Grimm6, L Morè7, J Hench1, M Tolnay1,
A Eckert6, P D'Adamo7, P Franken8, N Ishihara9, K Mihara9,10, J Bischofberger2, L Scorrano*,4,11 and S Frank*,1

Well-balanced mitochondrial fission and fusion processes are essential for nervous system development. Loss of function of the
main mitochondrial fission mediator, dynamin-related protein 1 (Drp1), is lethal early during embryonic development or around
birth, but the role of mitochondrial fission in adult neurons remains unclear. Here we show that inducible Drp1 ablation in neurons
of the adult mouse forebrain results in progressive, neuronal subtype-specific alterations of mitochondrial morphology in the
hippocampus that are marginally responsive to antioxidant treatment. Furthermore, DRP1 loss affects synaptic transmission and
memory function. Although these changes culminate in hippocampal atrophy, they are not sufficient to cause neuronal cell death
within 10 weeks of genetic Drp1 ablation. Collectively, our in vivo observations clarify the role of mitochondrial fission in neurons,
demonstrating that Drp1 ablation in adult forebrain neurons compromises critical neuronal functions without causing overt
neurodegeneration.
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In addition to their crucial importance in energy conversion,
mitochondria serve many other housekeeping functions,
including calcium buffering, amino-acid and steroid biosynth-
esis as well as fatty acids beta-oxidation and regulation of cell
death. During the past decade, it has become increasingly
clear that processes regulating mitochondrial morphology
and ultrastructure are influenced by specific cellular require-
ments upon which mitochondria, in a precisely regulated
manner, undergo fusion and division events.1 Maintaining
this balance is especially important for highly energy-
consuming, polarized cells such as neurons, where single
organellar units sprouting from the mitochondrial network are
transported along the cytoskeleton into dendrites and spines
to meet local energy requirements.2 In addition, elaborate
quality-control mechanisms also rely on mitochondrial
dynamics: whereas defective organelles are sequestered
by fission, enabling their removal from the mitochondrial
network,3,4 fusion supports qualitative homogeneity of the
syncytium through complementation.5

Mitochondrial fusion and fission are mediated by large
GTPases of the dynamin superfamily.6 The outer

mitochondrial membrane mitofusins 1 (MFN1) and 2 (MFN2)
tether mitochondrial membranes by homodimer or hetero-
dimer formation,7 thereby initiating fusion of the organelles, a
process that also involves the inner mitochondrial membrane-
associated GTPase Optic Atrophy 1.8 In addition, MFN2 also
mediates contacts between mitochondria and endoplasmic
reticulum.9 The only known mammalian mitochondrial fission
protein, Dynamin-Related Protein 1 (Drp1), translocates
upon dephosphorylation by calcineurin10 to fission sites where
it binds to mitochondrial fission factor.11 Drp1 translocation is
preceded byERmembraneswrapping aroundmitochondria to
constrict the organelles,12 thereby facilitating the formation
of multimeric Drp1 complexes that, upon GTP hydrolysis,
further tighten to complete the process of mitochondrial
fission.13

Genetic evidence in mice and humans indicates that
mitochondrial dynamics are crucially important in neurons: in
humans, a sporadic dominant-negativeDRP1mutation causeda
lethal syndromic defect with abnormal brain development;14

similarly, constitutive Drp1 knockout in the mouse brain leads
to lethal neurodevelopmental defects.15,16 Although the
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crucial role of Drp1 during brain development is undisputed,
studies on Drp1 function in postmitotic (adult) neurons are
scarce; likewise, Drp1 ablation studies in primary cultures
have so far failed to yield a conclusive picture. In vitro, Drp1
ablation is reported to lead to a super-elongated neuro-
protective17–24 or an aggregated mitochondrial phenotype
associated with neurodegeneration.15,16,25–27 These discre-
pancies are probably due to different experimental conditions:
neuronal health is indeed influenced by the onset and duration
of Drp1 inhibition, which varies considerably among the cited
reports,28 and different types of neuronal cultures studied
display different sensitivity to Drp1 inhibition. In vivo, Drp1
ablation in Purkinje cells results in oxidative stress and
neurodegeneration,29 demonstrating that Drp1 is essential
for postmitotic neurons’ health. In contrast, transient pharma-
cological Drp1 inhibition is neuroprotective in several mouse
ischemia models, indicating that temporarily blocking mito-
chondrial fission holds therapeutic potential.30–32

To elucidate the consequences of blocked mitochondrial
fission in the central nervous system in vivo, we bypassed the
critical role of Drp1 during brain development by generating
Drp1flx/flx mice15 expressing tamoxifen-inducible Cre recombi-
nase under the control of the CaMKIIα promoter.33 Upon
induced Drp1 deletion in postmitotic adult mouse forebrain
neurons, mice develop progressive, neuronal subtype-specific
alterations in mitochondrial shape and distribution in the
absence of overt neurodegeneration. In addition, respiratory
capacity, ATP content, synaptic reserve pool vesicle recruit-
ment as well as spatial working memory are impaired,
demonstrating that severely dysregulated mitochondrial
dynamics can compromise critical neuronal functions in vivo
without causing neuronal cell death.

Results

Inducible Drp1 ablation in the adult mouse forebrain. In
order to study the effect of mitochondrial fission ablation in
adult neurons, we generated a model of inducible Drp1
ablation in the forebrain by crossing mice with loxP sites
inserted in the Drp1 gene (Drp1flx/flx)15 with mice expressing a
gene for a tamoxifen-inducible Cre recombinase fusion protein
under the control of the CaMKIIα promoter (Figure 1a),33

limiting recombination primarily to the forebrain. Eight-week-
old offspring of these crossings were injected with tamoxifen
on 5 consecutive days (Drp1 inducibly deleted in the brain,
Drp1iΔb/iΔb), resulting in maximum DRP1 depletion in the
hippocampus within 14 days (Figure 1b). Immunohistochem-
ical DRP1 staining in Drp1iΔb/iΔb animals 4 weeks posttamox-
ifen injection (p.t.i.) confirmed that DRP1 was lacking
specifically in hippocampal neurons (Figure 1c) and crosses
of Drp1iΔb/iΔb mice with a reporter strain further confirmed the
recombination following tamoxifen injection (Supplementary
Figure S1A).

Drp1 ablation causes progressive changes in mitochon-
drial morphology. To characterize the consequences of
inducible Drp1 ablation, we turned to an in vitro model of
primary cortical neurons isolated from Drp1flx/flx mice where
we could monitor by confocal microscopy the consequences
of Cre recombinase-induced Drp1 ablation by co-transfecting
it with a mitochondria-targeted yellow fluorescent protein
(mtYFP). Starting at day 3 following in vitro recombination,
mitochondria progressively clustered and aggregated in the
soma. Fewer organelles were found within the neurite
compartment, where mitochondria also appeared larger
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Figure 1 Drp1 ablation in postmitotic forebrain neurons. (a) Drp1flx/flx and Drp1flx/flx CaMKIIα CreERT2− /+mice were crossed, resulting in a Mendelian distribution of alleles.
At 8 weeks of age, animals were injected with tamoxifen for 5 consecutive days to induce recombination of the floxed Drp1 locus. (b) Mice of the indicated genotype were killed at
the indicated time points p.t.i. Hippocampal lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted using the indicated
antibodies. (c) Immmunohistochemical staining (NovaRED (Vectorlabs, Burlingame, CA, USA), counterstain hematoxylin) for Drp1 was performed on hippocampal CA1 formalin-
fixed, paraffin-embedded tissue sections of Drp1iΔb/iΔb mice 4 weeks p.t.i. Arrows indicate unstained hippocampal dendrites. Scale bar, 5 μm
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in comparison to sham-transfected controls (Figure 2).
Comforted by these results, we moved to adult hippocampal
neurons in vivo to study mitochondrial morphology by
immunohistochemistry. At day 10 after Drp1 ablation,
enlarged spherical mitochondria started to aggregate in the
perikarya of hippocampal neurons. Whereas 10 days p.t.i.
enlarged mitochondria clustered in the perikarya of approxi-
mately only 5% of CA1 neurons, in the dentate gyrus (DG)
and CA3 hippocampal neurons, mitochondrial morphology
changes occurred earlier after Drp1 ablation. Conversely,
4 weeks p.t.i., neuronal mitochondrial morphology was
heavily altered in all three neuronal subpopulations, mito-
chondria of CA3 pyramidal neurons appearing considerably
less filamentous and more fragmented compared with CA1
and DG neurons (Figure 3). These findings demonstrate that
blocking fission alters mitochondrial morphology and distribu-
tion in a neuronal subtype-specific manner.

Synaptic transmission is impaired in Drp1-deficient CA1
pyramidal neurons. We next addressed whether the
observed mitochondrial morphological defects resulted in
any functional consequence by behavioral and electrophy-
siological tests. Biocytin filling indicated that dendritic
morphology of hippocampal neurons was not altered 4 weeks
p.t.i. (Figure 4a). Accordingly, whole-cell patch-clamp record-
ings revealed that CA1 pyramidal Drp1iΔb/iΔb neurons display
normal resting membrane potential and action potential peak
amplitudes as well as half-duration (Figures 4b and e). When
we explored excitatory synaptic transmission by performing
field potential recordings in the hippocampal Drp1iΔb/iΔb

CA1 region, we observed that stimulation of the Schaffer
collaterals evoked field excitatory postsynaptic potentials
(fEPSPs) with normal paired-pulse facilitation (143%,
n= 10; Δt= 100ms) similar to those observed in control
mice (151%, n= 6, P=0.52), indicating normal release
probability. However, when synaptic transmission was

challenged by application of 100 stimuli at either 10 or
100 Hz, frequency-dependent fEPSP facilitation was signifi-
cantly reduced in Drp1iΔb/iΔb brain slices, where synaptic
transmission also broke down more rapidly (Figures 5a and c;
Supplementary Figures S1D and E). In addition, when
subjected to a spontaneous alternation task (a behavioral
assay for hippocampus-dependent working memory), short-
term working memory was significantly impaired in Drp1iΔb/iΔb

mice compared with their Drp1flx/flx littermates (Figure 5d), not
because of impaired visual acuity and olfaction (Supple-
mentary Figures S1F and G). These synaptic transmission
deficits are similar to those observed in the neuromuscular
junction of drp1-mutant Drosophila,34 which were attributed to
a lack of synaptic ATP. We therefore measured oxygen
consumption and ATP levels of hippocampal mitochondria
and found oxygen consumption (Figure 5e) as well as ATP
content (Figure 5f) to be reduced in Drp1-deficient samples.
In addition, ultrastructural analysis by transmission electron
microscopy (TEM) revealed a significant reduction in pre-
synaptic mitochondria of hippocampal Drp1iΔb/iΔb neurons
(Figure 5g). The combination of reduced mitochondrial
content in presynaptic terminals and defective ATP produc-
tion can explain the impaired synaptic function observed in
Drp1iΔb/iΔb mice.

Forebrain-specific neuronal Drp1 ablation leads to
hippocampal atrophy. Several previous studies indicate
that Drp1 ablation in vitro causes a reduction in the number of
dendrites, spines, and synapses (reviewed by Oettinghaus
et al.28). However, as no substantial changes in dendritic
morphology were observed early after Drp1 ablation (4 weeks
p.t.i.; Figure 4a), we performed Golgi silver impregnations on
Drp1iΔb/iΔb brain sections 10 weeks p.t.i. Sholl analysis
revealed that, although overall dendritic tree morphometry
was unchanged, dendrites were shorter in Drp1iΔb/iΔb

mice (Figure 6a), which was associated with decreased
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Figure 2 Mitochondrial morphology in primary neuronal cultures after Drp1 ablation. (a) Primary cortical neurons isolated from Drp1flx/flx E17 embryos were co-
electroporated with mtYFP- and Cre-expression constructs prior to seeding. Images were taken at the indicated time points of differentiation
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hippocampal volume (Figure 6b). In contrast, cortical
or midbrain volumes did not change significantly
(Supplementary Figure S1H). To test whether this hippocam-
pal atrophy was associated with loss of spines, we quantified
spine numbers on apical dendritic trees of Golgi-impregnated
pyramidal CA1 neurons but did not find any difference
(Figure 6c). Likewise, the number of synapses, as assessed
by co-localization of fluorescent stains for presynaptic
(VGLUT2) and postsynaptic (PSD95) markers in confocal
Z-stacks, was normal (Figure 6d). Thus, the depletion of
mitochondria from presynaptic hippocampal neuron terminals
can account for the observed synaptic transmission impair-
ments and the specific deficits in spatial working memory
upon Drp1 ablation. Nevertheless, the maintenance of
normal synapse and spine numbers 10 weeks following
Drp1 ablation indicates that mature hippocampal neurons are

able to cope with blocked mitochondrial fission with only mild
functional alterations.

Adult forebrain neurons do not degenerate within
10 weeks of Drp1 ablation. We next verified whether the
above-reported changes caused by Drp1 ablation in the
hippocampus led to neurodegeneration. Hippocampal neu-
rons were qualitatively and quantitatively normal in hematox-
ylin–eosin (H&E)-stained hippocampal tissue sections
(Figures 7a and b), with no signs of condensed eosinophilic
neurons, chromatinolysis or apoptotic bodies. In addition,
in situ TUNEL (TdT-mediated dUTP-biotin nick end labeling)
did not detect any evidence of increased cell death in the
hippocampus 10 weeks p.t.i. (Figures 7c and d). As neurons
are believed to be especially dependent on ATP produced by
oxidative phosphorylation, we wondered how they could
compensate the reduced ATP production (Figure 5f) to avoid
neurodegeneration. Comparative mass spectrometry ana-
lyses revealed that levels of glycolysis-related proteins were
significantly changed, the rate-limiting enzyme Hexokinase 1
being markedly upregulated (4.37-fold; see Supplementary
Table S1). These results indicate that neurons attempt to
cope with the metabolic consequences of Drp1 ablation by
upregulating glycolysis.
AlthoughDrp1 ablation in Purkinje cells29 is accompanied by

macroautophagy inhibition and reactive oxygen species (ROS)
accumulation, extensive TEM analyses did not reveal signifi-
cant autophagosome accumulation in the brain sections from
Drp1iΔb/iΔb mice; of note, these consisted mostly of double-
membrane structures measuring 500 nm (i.e., too small to
accommodate mitochondria; Supplementary Figure S2).
Accordingly, comparative mass spectrometry in hippocampal
neurons did not reveal significant changes in autophagy-related
proteins, including p62 and LC3 (Supplementary Table S2).
Moreover, levels of ROS (measured by dihydrorhodamine and
MitoSox fluorescence on isolated mitochondria), of thiobarbi-
turic acid-reactive substances (TBARS), indicators of lipid
peroxidation, as well as of oxidized (versus total) glutathione,
were unchanged in mouse brain homogenates 4 weeks p.t.i.
(Figures 8a–d). Indeed, our comparative mass spectrometry
analyses revealed that 11 out of the 48 detected oxidative
stress-associated proteins were upregulated in Drp1iΔb/iΔb

brains 10 weeks p.t.i. (Supplementary Table S3). Ten of these
proteins are regulated by the transcription factor nuclear factor
erythroid 2 related factor (NRF2), whose inhibitor KEAP1
(Kelch-like ECH-associated protein 1) was significantly down-
regulated (fold change: 0.38; Q: 0.002; Supplementary Table
S3). Among the upregulated proteins, we identified several
glutathione S-transferases, participating in solubilizing perox-
idized lipids and xenobiotics, and the multidrug resistance
protein 1A capable of removing toxic components from the
cytosol. In contrast, cytosolic and mitochondrial thioredoxins,
NRF2 target genes that help reducing oxidized protein, were
downregulated. These results indicate that Drp1 ablation in
postmitotic neurons leads to a moderate activation of cellular
antioxidant systems, possibly explaining why ROS levels were
not increased but testifying that indeed also in forebrain
neuronsDrp1 ablation leads to ROSproduction. As in Purkinje
cells ROS are involved in the formation of enlarged spherical
mitochondrial bodies (mitobulbs),29 we decided to analyze
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whether treatment of mice with the mitochondrially targeted
antioxidant mitoQ35 for 10 days p.t.i. could counteract the
mitochondrial morphology phenotype. MitoQ significantly
decreased mitobulbs in hippocampal CA1 and granule
neurons of the DG (Figure 8e). However, in CA3 neurons
transformation of mitochondria into mitobulbs is already
complete at day 10 after Drp1 ablation (see Figure 3), and
no mitoQ effect was observed, indicating that antioxidant
treatment can merely delay the formation of mitobulbs but is
not sufficient to suppress it.
In conclusion, unlike Purkinje cells, adult forebrain neurons

respond to the increased ROS formation caused by Drp1
ablation by upregulating the cellular antioxidant defenses that
partly neutralize ROS accumulation.

Discussion

Mitochondrial fragmentation is a hallmark of apoptosis and
accordingly of several neurodegenerative disorders. Conver-
sely, the dynamin-related GTPase Drp1 is indispensable for

neuronal maturation and brain development15,16 and for
cerebellar Purkinje cell survival.29 Our data conversely
demonstrate that adult forebrain and hippocampal neurons
display an increased functional reserve that allows them to
survive Drp1 ablation.
In order to bypass the requirement for balanced mitochon-

drial dynamics during neuronal differentiation and brain
development,15,16 we devised a model of acute, inducible
Drp1 ablation in adult forebrain, including hippocampal
neurons. Upon tamoxifen-induced Drp1 ablation, mitochon-
dria appeared enlarged and perinuclearly confined. These
neurons were unexpectedly able to cope well with Drp1
ablation: changes in neuronal morphology, oxidative stress
and cell death were negligible, whereas the reduction in
localized ATP supply to presynaptic terminals impaired
synaptic transmission, resulting in early memory defects.
The first visible phenotype of Drp1iΔb/iΔbmice, presenting as

early as 4 weeks after tamoxifen administration, was a defect
in spatial working memory, which could be traced back to the
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impairment in synaptic transmission upon sustained stimula-
tion. Accordingly, and in line with the fact that defects in
mitochondrial fission impair mitochondrial transport in neur-
ites, presynaptic mitochondria were decreased. A similar
electrophysiological phenotype associated with abnormal
mitochondrial morphology was observed at neuromuscular
junctions of drp1 mutant flies.34 Although that phenotype has
primarily been attributed to ATP-dependent effects on reserve
pool vesicle recycling owing to the lack of mitochondria at
synaptic boutons and the overall reduction in oxidative
phosphorylation, DRP1 may also be directly involved in
synaptic vesicle formation, as shown more recently in mouse
hippocampal neurons.36 Resting electrophysiological proper-
ties as well as paired-pulse facilitation, which were all
unaffected, argue against a contribution of calcium-buffering
defects to the overall phenotype (recently reviewed in
Williams et al.37).
A predictable consequence of inhibiting mitochondrial

fission was the change in mitochondrial network morphology,

with predominantly enlarged spherical mitochondria that
clustered around the nucleus. Of note, while previous reports
in Purkinje cells29 attributed these ‘mitobulbs’ to oxidative
stress ensuing from defects in autophagy, we did not detect
evidence suggesting a significant blockage of the latter in vivo,
nor the presence of oxidative markers. Therefore, our data
indicate that neurons in vivo are supported by the brain milieu
to keep autophagy at a minimum level, even under stress
conditions. This is consistent with reports that autophagy is an
extremely rare event in neurons in vivo, even after 48 h of
starvation.38 Even so, buffering of oxygen radicals by mitoQ
administration slowed down the formation of ‘mitobulbs’ in our
mice, suggesting that an oxidative stress component is
present in Drp1-ablated neurons, but efficiently managed by
cellular defenses. A possible explanation for this discrepancy
is that Purkinje cells represent an exceptionally large and
extensively connected neuronal subtype, which might entail
very high metabolic activity and associated ROS production
(reviewed in Kern and Jones39), all of which could contribute to
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by dashed circles). Data represent average± S.E.M. of at least 100 neurons. (b) Hippocampal volume was recorded on H&E-stained, serial coronal cross-sections of Drp1iΔb/iΔb

animals 8-weeks p.t.i. applying the Cavalieri principle. For cortical and midbrain volumes, only sections representing the coordinates bregma from 1.1 to − 1.2 mm were
considered. Data represent average± S.E.M. of at least five animals. (c) Number of spines visualized by Golgi staining per μm dendrite length (apical dendritic tree of CA1
pyramidal neurons). Data represent average±S.E.M. of at least 3 animals of which 1000 spines were counted. (d) Coronal cross-sections of Drp1iΔb/iΔb 10 weeks p.t.i. and
control brains co-stained with presynaptic VGLUT2 (green) and postsynaptic marker PSD95 (red). A 150 × 150 × 5 μm3 confocal image stack in the CA1 stratum radiatum was
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selective vulnerability of this neuronal subtype under certain
stress conditions. It is important to note that Purkinje cell death
in vivo started to occur already at around week 9 after Drp1
ablation.29 On the other hand, in line with the absence of
oxidative stress, no neurodegeneration was observed upon
10-week-long Drp1 ablation in the hippocampus, the time
frame when Drp1iΔb/iΔb animals had to be killed due to
profound systemic-level metabolic changes (manuscript in
preparation). Therefore, it cannot be excluded that the

impaired neuronal mitochondrial functions might culminate in
hippocampal neuronal death occurring 3 months beyondDrp1
ablation. Additionally, it is worth noting that murine Purkinje
neuron differentiation continues throughout the first 3 weeks of
life,40 the time when the L7/pcp2 promoter used by Kageyama
et al.29 starts to be active. It may therefore be speculated that
Drp1 ablation in these neurons may still overlap with the final
stages of murine cerebellar development and thus also
contribute to the observed Purkinje cell degeneration.
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We can conversely exclude neurodevelopmental defects
caused by Drp1 ablation in our model, as recombination was
induced at the age of 8 weeks and dendritic tree morphology
as well as synapse and spine numbers were unaffected. Of
note, a recent study reporting neurodegeneration upon Drp1
ablation in postmitotic dopaminergic neurons supports the
notion that sensitivity to Drp1 ablation is neuronal subtype-
dependent.41

Collectively, our results indicate that adult hippocampal
neurons cope with profound impairment of mitochondrial
dynamics and function by activating antioxidant and metabolic
compensatory mechanisms. Predictably, certain neuronal
functions, such as synaptic transmission, can be affected
due to depletion of the organelles from presynaptic terminals,
culminating in memory deficits. Conversely, these compensa-
tory circuits are sufficient to maintain overall neuronal

morphology, synapse and spine numbers and ultimately
viability for as long as 3 months following Drp1 ablation. Our
data therefore indicate that forebrain neurons can resist to
mitochondrial dysmorphology and dysfunction, a critical
feature to protect them and therefore the cognitive functions
of higher mammals from mitochondriotoxic stimuli.

Materials and Methods
Mice. Drp1flx/flx mice15 were crossed with CaMKIIα CreERT2 (Cre+) animals,
obtained from the European Mouse Mutant Archive (EMMA strain 02125).33 At
8 weeks of age, the resulting Drp1flx/flx Cre+ mice were injected i.p. with 1 mg
tamoxifen (Sigma (Buchs, Switzerland); 10 mg/ml tamoxifen dissolved in a 9 : 1 ratio
of sunflower seed oil to ethanol) twice daily on 5 consecutive days to induce
recombination of the Drp1 locus. To check for recombination, Drp1flx/flx Cre+ mice
were crossed with the RCE:loxP reporter mouse strain (Jackson Laboratories, Bar
Harbor, ME, USA; strain 032037-JAX) harboring the R26R CAG-boosted Egfp
(RCE) allele with a floxed STOP cassette upstream of the Egfp gene.
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Histology. Serial coronal cross-sections of formalin-fixed, paraffin-embedded
mouse brains were prepared, and sections representing the coordinates bregma
(−1.34 mm)–(−2.46 mm) were selected and stained for COX subunit 1a (Abcam,
Cambridge, UK, ab14705). Z-stacks were recorded with an inverted Zeiss
(Feldbach, Switzerland) Axiovert 200M LSM 510 Meta confocal microscope with a
× 100/1.4 Oil DIC objective using Enterprise (Zuerich, Switzerland) 405 nm and
Argon 488 nm lasers. Z-stacks were projected onto a single plane using ImageJ
(NIH, Bethesda, MD, USA). Synapse numbers were quantified as described
previously.42 Golgi staining was performed on PBS-perfused, unfixed brains using a
commercial kit (FD Neurotechnologies, Columbia, MD, USA).
Hippocampal volume was calculated from H&E-stained 100-μm-spaced, serial

coronal cross-sections applying the Cavalieri principle. For cortical and midbrain
volume, only sections representing coordinates bregma from 1.1 to − 1.2 mm were
considered, using corpus callosum as reference. TUNEL staining was performed on
frozen, PBS-perfused, fixed brains using a commercial kit (Roche, Basel,
Switzerland). Confocal images were stitched using a Fiji Plugin.43

Transmission electron microscopy. Semithin sections of osmium-
stained hippocampi were prepared in order to identify hippocampal neurons, of
which ultrathin sections were prepared. Imaging was done on a Phillips (Zürich,
Switzerland) CM100 transmission electron microscope. Randomly selected TEM
images were used to quantify presynaptic mitochondria of hippocampal synapses.

Electrophysiology. Transverse 350–400 μm-thick hippocampal brain slices
were cut in a sucrose-based solution. During electrophysiological recordings, slices
were continuously superfused with artificial cerebrospinal fluid maintained at
32–33 °C. During whole-cell patch-clamp recordings, hippocampal CA1 pyramidal
neurons were filled with biocytin for subsequent morphological evaluation. fEPSPs
were recorded with glass pipettes filled with 1 M NaCl placed in the stratum
radiatum of the CA1 region. The stimulating electrode was placed ~ 500 μm away to
stimulate Schaffer collaterals. Data analysis was performed offline using customized
scripts written in python and Stimfit.

Behavioral analyses. Visual performance was tested in a water tank with a
visible platform. Olfaction was checked using the cookie finding test. To score
hippocampus-dependent working memory, the spontaneous alternation task was
employed in an eight-arm radial maze, based on the spontaneous alternation
paradigm.44

Western blotting. Proteins of brain lysates were separated on 4–12% BisTris
SDS-PAGE gels, blotted onto PVDF membranes using the iBlot Dry Blotting System
(Life Technologies, Carlsbad, CA, USA) and probed with the indicated primary
antibodies and isotype-matched secondary antibodies conjugated to horseradish
peroxidase. Signals were detected using ECL (GE Healthcare, Chalfont St Giles, UK).

Tissue culture. Cortical neurons from Drp1flx/flx mice were prepared from
E16.5 embryos by modifying a previously described method.45 Prior to plating, cells
were electroporated using the Neon Electroporation System (Life Technologies). For
complete protocol, please refer to the Supplementary Information.

Quantitative proteomics. Brain tissue samples were lysed in 2%
sodium deoxycholate, 100 mM ammonium bicarbonate buffer, reduced with 5 mM
tris(2-chlorethyl)phosphate and alkylated with 10 mM iodoacetamide. Proteins were
then digested by incubation with sequencing-grade modified trypsin (1/50, w/w;
Promega, Madison, WI, USA) overnight at 37 °C. The digested samples were
subsequently labeled with isobaric tag (TMT 6-plex, Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s instructions. The TMT-labeled
samples were re-solubilized to a final concentration of 1 mg/ml and separated on a
12-cm pH 3–10 IPG strip (GE Healthcare) with a 3100 OFFGEL fractionator
(Agilent, Basel, Switzerland) as previously described.46

The setup of the μRPLC-MS system was as described previously.47

Chromatographic separation of peptides was carried out using an EASY nano-LC
1000 system (Thermo Fisher Scientific), equipped with a heated RP-HPLC column
(75 μm× 50 cm) packed in-house with 1.9 μm C18 resin (Reprosil-AQ Pur, Dr.
Maisch). Mass spectrometry analysis was performed on a dual pressure LTQ-Elite
Orbitrap mass spectrometer equipped with a nanoelectrospray ion source (both
Thermo Fisher Scientific).
Using the MASCOT algorithm (Matrix Science, Version 2.4.0), the resulting mgf

files were searched against a decoy database containing normal and reverse

sequences of the predicted SwissProt entries of Mus musculus (www.ebi.ac.uk,
release date 16/05/2012) and commonly observed contaminants (in total 33 832
sequences for Mus musculus) generated using the SequenceReverser tool from the
MaxQuant software (Version 1.0.13.13; www.maxquant.org). Next, database search
results were imported to the Scaffold Q+ software (version 4.3.3, Proteome Software
Inc., Portland, OR, USA), and the protein false identification rate was set to 1% based
on the number of decoy hits. Protein probabilities were assigned by the Protein
Prophet program.48 Acquired reporter ion intensities in the experiments were
employed for automated quantification and statistically analyzed using a modified
version of our in-house developed SafeQuant R script.47 In brief, reporter ion
intensities were corrected for isotopic impurities according to the manufacturer’s
instructions. Intensities for each peptide and protein ID were summed, globally
normalized across all acquisition runs and employed for ratio calculation and
statistical analysis. For complete mass spectrometry materials and methods, please
refer to the Supplementary Information.

Oxygen consumption and ATP levels. Mitochondria were isolated from
hippocampus as previously described.49 Oxygen consumption rate was measured
in isolated mitochondria from cortex and hippocampus using a Seahorse Bioscience
(North Billerica, MA, USA) XF24Analyzer. ATP content from isolated mitochondria
was determined by a bioluminescence assay (ViaLighTM HT; Cambrex Bio
Science, Lonza, Basel, Switzerland).
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