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Background: The mitochondrial fission enzyme dynamin-related protein 1 (Drp1) is regulated via reversible phosphory-
lation of Ser-656.
Results: The Drp1 LXVP motif mediates dephosphorylation and activation by calcineurin (CaN), which influences mitochon-
drial morphology and survival post-injury in neurons.
Conclusion: The CaN-Drp1 signaling axis can be detrimental to injured neurons.
Significance: The CaN-Drp1 complex may be a target for neuroprotective therapeutic intervention.

Fission and fusion events dynamically control the shape and
function of mitochondria. The activity of the mitochondrial fis-
sion enzymedynamin-related protein 1 (Drp1) is finely tuned by
several post-translational modifications. Phosphorylation of
Ser-656 by cAMP-dependent protein kinase (PKA) inhibits
Drp1, whereas dephosphorylation by a mitochondrial protein
phosphatase 2A isoform and the calcium-calmodulin-depen-
dent phosphatase calcineurin (CaN) activates Drp1. Here, we
identify a conserved CaN docking site on Drp1, an LXVPmotif,
which mediates the interaction between the phosphatase and
mechanoenzyme.Wemutated the LXVPmotif inDrp1 to either
increase or decrease similarity to the prototypical LXVPmotif in
the transcription factor NFAT, and assessed stability of the
mutant Drp1-CaN complexes by affinity precipitation and iso-
thermal titration calorimetry. Furthermore, we quantified
effects of LXVP mutations on Drp1 dephosphorylation kinetics
in vitro and in intact cells.With tools for bidirectional control of
the CaN-Drp1 signaling axis in hand, we demonstrate that the
Drp1 LXVP motif shapes mitochondria in neuronal and non-
neuronal cells, and thatCaN-mediatedDrp1dephosphorylation
promotes neuronal death following oxygen-glucose depriva-
tion.These results point to theCaN-Drp1 complex as a potential
target for neuroprotective therapy of ischemic stroke.

Mitochondria exist in a spectrum ofmorphologies with indi-
vidual spheres and highly interconnected networks at the
extremes. Mitochondrial shape influences rates of respiration
(1–4), calcium homeostasis (5–7), and transport of the organ-
elle especially in highly polarized cells such as neurons (8). In
addition, mitochondrial fission contributes to efficient cellular
execution by apoptosis (9).Mitochondrialmorphology is estab-
lished by the opposing processes of mitochondrial fission and

fusion, both of which are catalyzed by large GTPases of the
dynamin family. The mechanoenzyme dynamin-related pro-
tein 1 (Drp1)2 catalyzesmitochondrial fission and this activity is
dynamically regulated by several post-translational modifica-
tions (10).
As the best characterized post-translational modification,

reversible phosphorylation of Drp1 at a conserved serine resi-
due in the GTPase effector domain, Ser-656 (also notated as
residue 617 or 637 depending on the Drp1 splice variant and
species of origin),modulatesmitochondrial fission activity with
phosphorylation inhibiting fission. Phosphorylation of Ser-656
is catalyzed by the cAMP-dependent protein kinase (PKA) (11,
12) and has been shown to influence many interconnected fac-
ets of Drp1 activity including intermolecular assembly of larger
Drp1 oligomers (13, 14), GTPase activity (12), and transloca-
tion to the outer mitochondrial membrane (15). Two phospha-
tases have been identified to be active at Drp1 Ser-656, protein
phosphatase 2A in complex with its regulatory subunit B�2
(PP2A/B�2) (16), and calcineurin (CaN) (11, 15). In neurons,
PP2A/B�2-mediated dephosphorylation of Drp1 regulates
neuronal maturation (4) and survival following injury (16, 17).
In cardiac tissue, expression of CaN negatively correlates with
phosphorylation of Drp1 Ser-656 and survival of cardiomyo-
cytes following ischemic injury (18).
CaN is a Ca2�/calmodulin (CaM)-dependent protein phos-

phatase ubiquitously expressed, but found at high levels in the
mammalian central nervous system (19). CaN is composed of
two subunits, a catalytic calcineurin A subunit (CNA) and a
calcium-sensitive regulatory calcineurin B subunit (CNB) (20).
Upon binding of Ca2� to the EF hands of CNB and Ca2�/CaM
to CNA, CNA undergoes a conformational change that dis-
lodges its autoinhibitory domain from the catalytic cleft (21–
23). This conformational change also exposes a composite
hydrophobic docking surface made of the interface between
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ing an LXVP motif (24, 25). Signaling by CaN has long been
recognized as contributing to the response of neurons to injury
(26, 27). A number of pro-apoptotic and pro-survival targets of
CaN-mediated phosphatase activity following neuronal injury
have been described and include: the Bcl-2 family member Bad
(28), the delayed rectifying K� channel Kv2.1 (29), and the
NMDA receptor (30). The activity of another pro-apoptotic
Bcl-2 family member, Bax, was recently found to intersect with
Drp1-mediated mitochondrial fission (31, 32). The possibility
therefore exists that activation of Drp1 by CaNmay be an inte-
gral part of a larger cellular response to injury.
Here, we tested the hypothesis that Ca2�/CaN signaling to

Drp1 is partially responsible for neuronal death following ische-
mic injury. To this end, we developed methodologies to specif-
ically disrupt or strengthen the CaN-Drp1 signaling axis while
preserving other functions of the phosphatase andmechanoen-
zyme.We identified a conserved region onDrp1, a LXVPmotif,
similar to knownCaNdocking sites present in the transcription
factor family NFAT (24, 33), the RII� subunit of PKA (34), and
the yeast protein regulator of calcineurin 1 (35). Throughmod-
ification of the Drp1 LXVP motif we achieved bidirectional
control of the enzyme-substrate interaction andCaN-mediated
Drp1 dephosphorylation at Ser-656. Our results show that
gain- and loss-of-function mutations of the LXVP motif influ-
encemitochondrialmorphology inHeLa cells and primary hip-
pocampal neurons. Finally, we demonstrate that disruption of
theCaN-Drp1 complex promotes survival of hippocampal neu-
rons in amodel of ischemic injury. Collectively these data show
that Ser-656 dephosphorylation and activation of Drp1 by CaN
participates in ischemic neuronal injury.

EXPERIMENTAL PROCEDURES

Antibodies andReagents—The following commercially avail-
able antibodies were used: rabbit anti-calcineurin A (Cell Sig-
naling), mouse anti-PP2A catalytic subunit (BD Transduction
Laboratories), rabbit anti-ERK1/2 (Santa Cruz Biotechnology),
mouse anti-DLP1/Drp1 (BD Transduction Laboratories), rab-
bit anti-GFP (ab290, Abcam), mouse anti-MTCO2 (cyto-
chrome oxidase II, NeoMarkers), mouse anti-MAP2B (BD
Transduction Laboratories), Alexa fluorophore-coupled sec-
ondary antibodies (Invitrogen), and infrared fluorophore-cou-
pled secondary antibodies (Licor). Rabbit anti-GST was a kind
gift of Dr. J. Hell (University of California at Davis, CA) (36),
whereas the chicken anti-PP1 antibody was a generous gift of
David Brautigan (University of Virginia). The mouse antibody
specific for Drp1 phosphorylated at Ser-656 (pDrp1) was pre-
viously described (11). Hoechst 33342 was from Invitrogen.
H89 and tautomycetin were from Tocris, calyculin A was from
Calbiochem, and okadaic acid was from Axxora. Unless other-
wise indicated all other reagents were purchased from Sigma.
Vectors—Drp1 replacement plasmids that allows for simul-

taneous knockdown of endogenous Drp1 by shRNA and
expression of shRNA-resistant GFP-tagged, wild-type (WT)
and Ser-656-mutant Drp1 were previously described (11). The
Rattus norvegicus-derived Drp1 cDNA is the neuron-enriched
splice variant containing all three alternatively spliced exons
(GenBankTM accession number AF019043). Residues 585–662
were from the variable domain andGEDwas amplified from the

above plasmid by PCR and fused to the C terminus of GST via
BamHI and EcoRI restriction sites in the pGEX-2T plasmid
(Amersham Biosciences). Mutations of the Drp1 LXVP motif
were introduced by site-directed mutagenesis following the
QuikChange protocol (Stratagene). The pGEX-4T2-based vec-
tor for recombinant expression of the GST-tagged tyrosine
hydroxylase regulatory domain (residues 31–164) was a kind
gift of Li-Huei Tsai (Harvard) (37). pDsRed2/mito was from
Clontech.A vector for simultaneous expression of recombinant
calcineurin A� (CNA) and calcineurin B1 (CNB) from Homo
sapiens was obtained from Addgene, Inc. (38). A vector for
recombinant expression of CaM from R. norvegicus was a kind
gift fromMadeline Shea (University of Iowa) (39).
Expression and Purification of Recombinant Proteins—To

prepare GST, GST-TH-(31-164), GST-Drp1-(585-662)WT, or
LXVPmotifmutants, and recombinantCNA/CNB,Escherichia
coli BL21(DE3) (Invitrogen) were clonally grown in 1 liter of
SOB (ampicillin) at 37 °C while shaking; A600 was monitored
periodically. AtA600 � 0.6, isopropyl�-D-1-thiogalactoside and
lactose were added to final concentrations of 0.5 mM and 5
g/liter, respectively, and growth was continued for an addi-
tional 8 h followed by isolation by centrifugation. Cells were
resuspended in 50 ml of buffer containing 50 mM Tris, pH 7.5,
150 mM NaCl, 0.1 mM PMSF, 2 mM benzamidine, 2 mM CaCl2,
sonicated, centrifuged, and subjected to affinity purification
with glutathione-agarose or CalmodulinAffinity Resin (Agilent
Technologies) in Interaction Buffer (20 mM Tris, pH 8.0, 100
mMNaCl, 6 mMMgCl2, 1.5 mM CaCl2). When necessary, GST-
Drp1-(585–662) was eluted from the glutathione-agarose with
Interaction Buffer � 10 mM glutathione. CNA/CNB was eluted
with 20 mM Tris, pH 8.0, 100 mM NaCl, 10 mM EGTA. Protein
purity was assessed by SDS-PAGE and protein concentration
was determined by BCA analysis (Pierce, Thermo Scientific).
Recombinant CaM was prepared exactly as previously
described (39).
Recombinant Drp1 Dephosphorylation Assays—The contri-

bution of all major Ser/Thr protein phosphatases to turnover of
phosphorylated Drp1 Ser-656 was assessed using GST-Drp1-
(585–662) as a model substrate. Recombinant GST-Drp1-
(585–662) constructs immobilized on glutathione-agarose
were prepared as described above and phosphorylated on Ser-
656 with [�-32P]ATP and recombinant PKA (gift of Susan Tay-
lor, University of California, San Diego) and used for phospha-
tase reactions as previously described (16).
Soluble proteins from adult Sprague-Dawley rat (Harlan)

brain and heart were used as a source of the major Ser/Thr
protein phosphatase families. Tissue samples were surgically
isolated, homogenized in Tissue Lysis Buffer (0.5 mg/ml of dig-
itonin, 100 mM KCl, 20 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM

EGTA, 1 mM benzamidine, 5 �g/�l of leupeptin, 1 mM DTT, 1
mM PMSF) at 4 °C with 10 ml of Tissue Lysis Buffer per 1 g of
tissue followed by centrifugation and the supernatant was buf-
fer-exchanged using a Zeba Spin Column (Pierce, Thermo Sci-
entific) into Reaction Buffer (50mMTris, pH 7.5, 100mMNaCl,
0.2 mM EGTA, 2 mg/ml of BSA, 1 mM benzamidine, 0.1% (v/v)
�-mercaptoethanol). The activities of the major Ser/Thr pro-
tein phosphatase families in the tissue samples were isolated by
the addition of specific activators or inhibitors as follows (40):
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all Ser/Thr phosphatases (Reaction Buffer � 2 mM CaCl2, 20
mM MgCl2), no Ser/Thr phosphatases (Reaction Buffer � 2 mM

EDTA � 10 nM tautomycetin � 20 nM calyculin A), PP2A (Reac-
tion Buffer � 10 nM tautomycetin), CaN (Reaction Buffer � 10
nM tautomycetin � 2 mM CaCl2 � 20 nM calyculin A), PP2C
(Reaction Buffer � 10 nM tautomycetin � 20 mM MgCl2 � 20
nM calyculin A), and PP1 (Reaction Buffer � 2.5 nM okadaic
acid).
Phosphopeptide Dephosphorylation Assays—To quantita-

tively describe the effect of the Drp1 LXVP motif on the CaN
catalytic cycle we performed kinetic studies using small phos-
phopeptides fromSelleckChemicals asmodel substrates. Phos-
phopeptides were dissolved in buffer containing 100 mM Tris,
pH7.5, 100mMNaCl, 0.5mMDTT, 1mMMnCl2, 0.4mMCaCl2,
100 �g/ml of BSA and concentrations were determined from
mass. Phospho-Drp1 turnover by 25 nM CNA/CNB (prepared
as described above) and 250 nM CaM (Sigma) after 1–30 min
following addition of enzyme was measured using the PiColor-
LockGold kit (Innova Biosciences) and a Synergy 4 plate reader
(BioTek) equipped with a monochromator unit. Initial velocity
data from three independent experiments were pooled and fit
to the Michaelis-Menten equation using the NLStools package
for the statistical software R (41).
Calcineurin Affinity Precipitation—To qualitatively assess

the interaction between Drp1 and CaN, the GST-Drp1-(585–
662) proteins described above were used to pull down CaN
from crude brain lysate prepared in 0.5% Triton X-100, 25 mM

Tris, pH 7.5, 50 mM NaCl, 2 mM DTT, 0.5 mM EDTA, 1 mM

PMSF,�2mM EGTA,�2mMCaCl2. CaN bound to the immo-
bilized protein was detected by Western blot analysis.
Isothermal Titration Calorimetry—To quantitatively describe

the interaction between Drp1 and CaN, the dissociation con-
stants (Kd) for the CaN-Drp1 complexes were determined by
isothermal titration calorimetry (ITC). Free GST-Drp1-(585–
662), CNA/CNB, and CaM were prepared as described above,
concentrated with Amicon Ultra-15 Centrifugal Units (EMD
Millipore), buffer exchanged into Interaction Buffer with Zeba
Spin Columns, and co-dialyzed with 2 � 4 liters of Interaction
Buffer for 24 h at 4 °C. Final protein concentrations were
adjusted with filtered dialysate. Trimeric complexes of CNA-
CNB-CaM were prepared by co-incubating CNA-CNB with
CaM at a 20% molar excess. Protein samples were degassed
prior to experimentation. ITC measurements were conducted
in a VP-ITC (Micro-Cal) in Interaction Buffer at 25 °C with
GST-Drp1-(585–662) constructs as the injector sample and
CNA-CNB-CaM as the cell sample. A small, but not insignifi-
cant, heat of dilution was observed upon injection of the GST-
Drp1-(582–662) into Interaction Buffer alone and was
removed by subtraction. The observed integrated heats of
interaction were fit to a single-site model of interaction and the
Kd was determined using the ORIGIN software package
(MicroCal). The averageKd and standard deviation were deter-
mined from three independent experiments.
Drp1 Dephosphorylation in Intact Cells—To assess the effect

of the LXVP motif mutations on the phosphorylation state of
Drp1 Ser-656 in intact cellswe performedWestern blot analysis
to directly measure phospho-Drp1 in a cell line model system.
COS1 cells were transfected with the indicated GFP-Drp1 con-

struct using Lipofectamine 2000 (Invitrogen) (0.8%, 2 �g/ml of
total DNA). 24 h later cells were treated with the adenylate
cyclase agonist forskolin (10 �M) and the phosphodiesterase IV
inhibitor rolipram (2 �M) to stimulate PKA-dependent phos-
phorylation of Drp1 at Ser-656. Drp1 Ser-656 phosphorylation
was then assessed as previously described (16).
To assess the decay of phospho-Ser-656, COS1 cells trans-

fected as above were pretreated with forskolin/rolipram (10/2
�M) for 30 min followed by treatment with the PKA inhibitor
H89 (20 �M) for 5–120 min. Cells were lysed in SDS sample
buffer 2.5 h after the initial forskolin/rolipram treatment and
Drp1 Ser-656 phosphorylationwas assessed as described above.
Phosphorylation was expressed as the ratio of pDrp1 to total

Drp1 by densitometry using the gel analysis plug-in for ImageJ
(National Institutes of Health). Time-dependent decay of the
pDrp1 signal data was fit to a generalized four parameter logis-
tic function (Equation 1) first described by David Rodbard of
the NIH (42) and the area under the normalized and scaled
curves was determined by integration.

y � d �
�a � d�

1 � �x

c�
b (Eq. 1)

For analysis of the initial Drp1 Ser-656 phosphorylation state
after forskolin/rolipram treatment the resultswere pooled from
six independent experiments. For analysis of the time-depen-
dent decay of the Drp1 Ser-656 phosphorylation signal the area
under the normalized and scaled curves from four independent
experiments was pooled.
Mitochondrial Morphology—To investigate the conse-

quences of modification of the CaN-Drp1 signaling axis by
mutation of the Drp1 LXVP motif we assessed mitochondrial
morphology in a heterologous cell line model system and cul-
tured primary hippocampal neurons. HeLa cells were trans-
fected with the indicated GFP-Drp1 construct using Lipo-
fectamine 2000 (0.6%, 2 �g/ml of total DNA). 24–48 h after
transfection cells were fixedwith 4%paraformaldehyde, labeled
for immunofluorescence microscopy as previously described
(14), and imaged with a Leica DMI4000B epifluorescence
microscope with a �100 oil-immersion objective.

Rat primary hippocampal neurons were cultured as previ-
ously described (4) and on day in vitro (DIV) 10 neurons were
transfected with Lipofectamine 2000 (0.1%, 1 �g/ml of total
DNA) containing 75% of the indicated GFP-Drp1 plasmid and
25% pDsRed2/mito, bymass. Three days later neurons were fixed
with 4% paraformaldehyde, nuclei were stained with Hoechst
33342 (1 �g/ml), and imaged with a Leica DMI4000B epifluores-
cencemicroscope with a �40 oil-immersion objective.
Images were pre-processed and analyzed for mitochondrial

morphology as described (14). The morphology of mitochon-
dria was assessed using a previously described macro (43) for
ImageJ (NIH) and expressed in terms the average form factor
(ff � perimeter2/(4 � 	 � area)), aspect ratio (ar � major axis/
minor axis), or length of the mitochondria in each imaged cell.
For analysis of the mitochondrial morphology in neurons, only
mitochondria within neuronal processes were analyzed after
masking out-of-focus soma fluorescence. In all experiments,
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cells were imaged, processed, and analyzed by an observer
blinded to the experimental conditions.
Neuronal Survival—To investigate the effect of disrupting

the CaN-Drp1 signaling axis on the survival of cultured neu-
rons following injury we used oxygen-glucose deprivation
(OGD) as a model of ischemic injury. Hippocampal neurons
were prepared, maintained, and transfected with GFP-Drp1
constructs as described above. On DIV 13 neurons were chal-
lenged with OGD by replacement of the growth medium with
Neurobasal medium without glucose (formula 05–0128DJ,
Invitrogen) supplemented with B27, glutamine (0.5 mM), and
HEPES (10mM) andmaintained in a Billups-Rothenberg cham-
ber with 95% N2 and 5% CO2 for 20 min followed by media
exchange with conditioned growth medium. Sham treatment
consisted of replacement of glucose-containing culture
medium and incubation in an environment of 95% air, 5% CO2
for 20 min followed by media exchange with conditioned
growth medium. After a 24-h recovery period, neurons were
fixed with 4% paraformaldehyde and labeled for GFP and
MAP2B by immunofluorescence, and nuclei were stained with
Hoechst 33342 (1 �g/ml). As the OGD injury paradigm was
found to cause rapid detachment of dead neurons a methodol-
ogy similar to that previously described was used to assess sur-
vival (44). Briefly, live transfected neurons in each well were
identified in all conditions as those that met the following cri-
teria: positive for GFP, positive for MAP2B, non-fragmented,
non-condensed nuclear morphology. The total number of live
transfected neurons in the sham and OGD-treated conditions
was counted by an observer blinded to the experimental condi-
tions. Survival of neurons following OGD treatment was
expressed as a percentage of total neurons exposed to sham
treatment.
Statistical Analyses—Intra-group variationswere assessed by

analysis of variance. Individual comparisons between a single
experimental group and Drp1 WT were made by one-tailed
two-sample Student’s t test with the Welch correction applied
as appropriate, *, p � 0.05; **, p � 0.01; ***, p � 0.005. Simulta-
neous comparison of multiple experimental groups to Drp1
WTweremade by one-tailedDunnett’s test, */#,p� 0.05; **/##,
p� 0.01; ***/###, p� 0.005, using the statistical software R (41).

RESULTS

CaN Is the Dominant Protein Phosphatase toward Drp1 Ser-
656 in Brain and Heart—We and others have previously impli-
cated CaN as a phosphatase responsible for dephosphorylating
Drp1 Ser-656 and subsequent activation of Drp1-mediated
mitochondrial fission (11, 15, 18, 45, 46). However, we have
since found that another protein phosphatase, PP2A/B�2, is
capable of dephosphorylating Drp1 Ser-656 as well (16). We
therefore assessed the relative contribution of the four major
families of protein Ser/Thr phosphatases toward turnover of
the phosphate at Drp1 Ser-656. Soluble proteins were isolated
from rat brain (Fig. 1A, top) and heart tissue (Fig. 1A, bottom),
the latter selected for purposes of comparison and because
Drp1 phosphoregulation was previously implicated in car-
diomyocyte injury (18). A GST fusion protein of the Drp1 vari-
able domain, GST-Drp1-(585–662), was phosphorylated at
Ser-656 with [�-32P]ATP by PKA (11). Relative phosphatase

activities toward 32P-labeledDrp1-(585–662)were determined
by co-incubating the substrate and tissue samples in the pres-
ence or absence of phosphatase-specific activators and inhibi-
tors (40), as indicated in Fig. 1A. Western blotting of extracts
used in phosphatase assays showed higher levels of CaN in
brain than in heart, and roughly equivalent levels of PP1 and
PP2A in both organs (Fig. 1B). As the PP2C family consists of 22
divergent catalytic subunits (47), PP2C levels were not assessed
by Western blot. Notwithstanding that important substrate
specificity determinants such as subcellular localization are not
preserved in in vitro assays, these experiments point to CaN as
the dominant Drp1 Ser-656 phosphatase in both brain (Fig. 1A,
top) and heart (Fig. 1A, bottom).
The LXVP Motif of Drp1 Influences CaN-Drp1 Complex

Formation—Sequence alignments revealed a phylogenetically
conserved region in the variable domain of Drp1 just upstream

FIGURE 1. CaN is the major Drp1 Ser-656 phosphatase in brain and heart
tissue. A, GST-Drp1-(585– 662) was phosphorylated in vitro with [�-32P]ATP
and PKA and used as a substrate for phosphatases in digitonin extracts from
adult rat brain (top) and heart (bottom). The activities of PP1, PP2A, PP2B
(CaN), and PP2C were isolated by the addition of specific activators or inhib-
itors as indicated. Reactions were terminated after 3, 10, and 30 min by the
addition of 10% TCA. Soluble 32P was quantified by liquid scintillation count-
ing and expressed as percent of input (mean � S.E. from four independent
experiments). B, Western blots of the above tissue extracts for the catalytic
subunits of CaN (CNA�/�), PP1, and PP2A; ERK is a loading control.
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of the Ser-656 site (Fig. 2A). Residues 645–648 of Drp1 are
identical to residues upstreamof an autophosphorylation site in
theRII� subunit of PKA,whichwere previously shown tomedi-
ate avid dephosphorylation by CaN (34). They also align with a
calcium-dependent CaN docking site found in the transcrip-
tion factor family NFAT. Cooperating with a second, calcium-
independent CaN docking motif (PXIXIT (48)), the NFAT
LXVP motif is required for efficient for multisite dephosphor-

ylation and nuclear translocation of NFAT (24, 33). We there-
fore speculated that the LXVPmotif of Drp1 may play a similar
role for recruitment of CaN and subsequent dephosphorylation
of Ser-656.
To begin investigating the role of theDrp1 LXVPmotif in the

interaction between CaN and Drp1, we affinity isolated endog-
enous CaN from rat brain lysate with GST-Drp1-(585–662).
GST-Drp1, but not an unrelatedGST fusion protein containing
the regulatory domain of tyrosine hydroxylase (GST-TH-(31–
164)), isolated CaN from brain lysate in a calcium-dependent
manner (Fig. 2B). To show that the interaction between CaN
andDrp1 depends on the LXVPmotif, we introduced a series of
point mutations into Drp1-(585–662) and assessed CaN affin-
ity by GST pulldown from brain lysates in the presence of cal-
cium (Fig. 2C). Replacement of the Val-Pro dipeptide in the
LXVP motif with Ala (V647A/P648A � VP647AA) eliminated
CaN binding. On the other hand, Asp-646 (residue “X” in
“LXVP”) appears to be a negative binding determinant, because
substitution with either Lys or Ala (D646K, D646A) enhanced
CaN binding compared with wild-type GST-Drp1-(585–662).
Replacing both Asp-646 and Leu-644 to increase similarity to
the LXVP motif of NFATc1 resulted in a further increase in
Drp1-CaN complex formation (Fig. 2C, L644Y/D646A �
YLAV mutant).
To quantitatively describe the interaction between CaN and

Drp1, we turned to ITC. Wild-type or LXVP-mutant GST-
Drp1-(585–662) was injected into a calorimetric cell contain-
ing recombinant CNA/CNB dimer complexed to Ca2�/CaM,
and the dissociation constant (Kd) was determined from the
evolved heat (see “Experimental Procedures”). The complex of
CaN with wild-type GST-Drp1-(585–662) had a Kd of 27 �M

(Fig. 3 top, n � 3 experiments). Consistent with the GST pull-
down results, the NFATc1-mimicking YLAV mutation
enhanced the stability of the Drp1-CaN complex by �3-fold
(Kd � 8.8 �M, Fig. 3, middle), whereas complex formation
between CaN and Drp1 VP647AA was not detectable (Fig. 3,
bottom). These studies show that theNFAT-like LXVPmotif in
Drp1 mediates association with CaN, and that the YLAV and
VP647AAmutations allow for bidirectional control of the asso-
ciation strength.
The LXVP Motif Influences CaN-catalyzed Drp1 Dephosphor-

ylation in Vitro—Our GST pulldown and ITC experiments
measured the stability of a complex between CaN and its sub-
strate Drp1 in its dephosphorylated form. It is conceivable that
increased stability of the CaN-Drp1 complex could reduce cat-
alytic turnover of CaN by slowing dissociation of the enzyme-
product complex (i.e. product inhibition). To examine the role
of the Drp1 LXVPmotif in Ser-656 dephosphorylation by CaN,
we phosphorylated wild-type and mutant GST-Drp1-(585–
662) with [�-32P]ATP and PKA in vitro, and measured 32P
release upon incubationwith brain lysate under conditions that
isolate CaN activity (1 mM CaCl2, 2.5 �M okadaic acid). The
stability of the CaN-Drp1 complex correlated with rates of
Drp1 Ser-656 dephosphorylation, with YLAV and VP647AA
mutants displaying, respectively, accelerated and decelerated
32P release compared with wild-type Drp1 (Fig. 4A).

We next examined kinetic parameters of Drp1 phosphopep-
tide dephosphorylation byCaNas a function of the LXVPmotif.

FIGURE 2. A LXVP motif in Drp1 mediates Ca2�-dependent binding of
CaN. A, a Drp1 schematic indicates the GTPase (GTP), middle (MID), variable
(VD), and GTPase effector domains (GED). Drp1 sequences spanning the VD-
GED from mammals (e.g. R. norvegicus, NP_446107.2), fish (Danio rerio,
NP_957216.1), fly (Drosophila melanogaster, NP_608694.2), and worm
(Caenorhabditis elegans, NP_741403.2) are shown aligned with the cAMP-de-
pendent protein kinase A regulatory subunit II� (PKA RII�) from Bos taurus
(NP_001178296.1) and nuclear factor of activated T-cells, cytoplasmic 1
(NFATc1) from H. sapiens (NP_765978.1). B, immobilized GST-Drp1-(585– 662)
(Drp1), but not an irrelevant GST fusion protein (TH), pulls down CaN from rat
brain lysates in a Ca2�-dependent manner. C, Drp1 LXVP motif mutations in
the context of GST-Drp1-(585– 662) increase or decrease the interaction
between Drp1 and CaN by GST pulldown from rat brain lysate in the presence
of Ca2� (1 mM). The position of molecular mass markers (kDa) is indicated on
the right. Shown in parentheses are mutant designations used in later studies.
Blots are representative of at least three independent experiments.
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We first tested phosphatase activity of our recombinant CNA/
CNB dimer toward the model substrate para-nitrophenyl
phosphate in the presence of Ca2�/CaM. Fitting the initial
velocity to theMichaelis-Menten equation yielded aMichaelis-
Menten constant (Km) of 124 mM and a maximal velocity (kcat)
of 1.98 s	1 (supplemental Fig. S1), in good agreement with the
literature (38, 49). Listed in Fig. 4B, phosphopeptides derived

fromwild-type and LXVP-mutant Drp1were assayed next. The
“Drp1 short” peptide consists of Drp1 residues 653–663, thus
excluding the LXVP motif. “WT”, “YLAV” and “VP647AA”
peptides correspond to phospho-Ser-656 Drp1-(643–660)
with respective substitutions in the LXVPmotif (Fig. 4B). Using
recombinantCaN (CNA/CNBdimer), Ca2�/CaM, and variable
phosphopeptide concentrations in a fixed time point assay
based on the colorimetric reaction of free phosphate with mal-
achite green, we observed that inclusion of the LXVP motif
enhanced catalytic efficiency (kcat/Km) bymore than 2 orders of
magnitude (Fig. 4, C and D, and Table 1). The YLAV mutation
increased kcat/Km by an additional 30%, as a consequence of a
4-fold decrease in Km and a 3-fold decrease in kcat compared
with wild-type Drp1-(643–660). In contrast, the VP647AA
substitution lowered catalytic efficiency by �30%, as a result of
a 2-fold increase in Km and a slight increase in kcat with respect
to the wild-type peptide (Fig. 4, D and F, and Table 1). Thus,
effects of the LXVP mutation on Kd are positively correlated
with Km, but also kcat, the latter presumably because LXVP
mutations affect product release from as well as substrate bind-
ing to the enzyme. Altogether, these studies indicate that the
LXVP docking sequence dictates catalytic efficiency of Drp1
Ser-656 dephosphorylation by CaN.
The Drp1 LXVP Motif Influences Drp1 Dephosphorylation

Kinetics in Intact Cells—To examine the role of the LXVPmotif
in intact COS1 cells, we replaced endogenous Drp1 with
mutant GFP-Drp1 by transient transfection of a plasmid that
expresses shRNA targeting endogenous Drp1 together with
RNAi-resistant Drp1 cDNA (11). Ser-656 phosphorylation of
GFP-Drp1 was measured by dual-channel immunoblotting
with a phosphospecific and a total Drp1 antibody (11). To allow
for accurate quantification, the phospho-Ser-656 Drp1 signal
was boosted by raising [cAMP] via concomitant stimulation of
adenylate cyclase (forskolin, 10 �M) and inhibition of phos-
phodiesterases (rolipram, 2 �M) for 1 h prior to cell lysis (13,
16). Two Drp1 mutations that enhanced CaN association in
vitro (D646K, YLAV) were found to lower steady-state phos-
phorylation of GFP-Drp1. Conversely, blocking CaN binding
with the VP647AA substitution resulted in Drp1 hyperphos-
phorylation at Ser-656 (Fig. 5, A and B).
We next employed an intact cell phosphatase assay, follow-

ing Drp1 dephosphorylation for up to 2 h after adding the PKA
inhibitor H89 (20 �M) to medium containing forskolin/rolip-
ram. Immunoblotting total cell lysates with phospho- and total
Drp1 antibodies revealed faster decay of Drp1 phosphorylation
when affinity of the LXVPmotif was increased by the D646K or
YLAV mutations. Conversely, decreasing the stability of the
CaN-Drp1 complex with the VP647AA mutation slowed Drp1
dephosphorylation (Fig. 5, C andD). Measuring the area under
the decay curve revealed significant effects (Fig. 5D, inset).
These results further validate Drp1 LXVP mutants as tools for
bidirectional manipulation of the CaN-Drp1 signaling axis.
The Drp1 LXVP Motif Controls Mitochondrial Morphology

via Ser-656—The Ser-656 phosphorylation state of Drp1 is a
robust determinant of mitochondrial morphology (11–13, 15,
16), with phosphorylation arresting the Drp1 translocation
cycle either in the cytosol or at the OMM to shift the balance

FIGURE 3. Stability of wild-type and LXVP mutant CaN-Drp1 complexes.
Isothermal titration calorimetry was used to measure dissociation constants
(Kd) of CaN complexed to wild-type Drp1 (top), Drp1 YLAV (middle), and Drp1
VP647AA (bottom). GST-Drp1(585– 662) (100 – 450 �M) was used as the
injected sample and CNA/CNB/CaM (10 –20 �M) was used as the cell sample at
25 °C. Integrated heats of interaction (circles), best fit line (solid line), and the
evolved heat of interaction as a function of time (inset) from one of three
independent experiments for each condition are shown. The Kd (mean � S.D.)
is shown for Drp1 WT and Drp1 YLAV with CaN; no interaction between Drp1
VP647AA and CaN was detectable.
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toward mitochondrial fusion (13, 14). We exploited the LXVP-
mutant Drp1 to interrogate the role of CaN in shaping mito-
chondria, initially by Drp1 replacement in HeLa cells, a cell line
amenable to facile imaging of the mitochondrial network by
epifluorescencemicroscopy. Images of GFP-Drp1 positive cells
processed for immunofluorescence with an antibody against
cytochrome oxidase subunit II were subjected tomitochondrial
morphometry (13, 14). Compared with wild-type GFP-Drp1
and as reported previously in several cell types (11, 13, 15),
phospho-mimetic (Asp) and phosphorylation-blocking (Ala)
substitutions of Drp1 Ser-656 increased and decreased, respec-

tively, mitochondrial form factor, a measure of mitochondrial
elongationwith aminimumvalue of 1 for perfectly roundmito-
chondria (Fig. 6B). Promoting CaN association via the YLAV
substitution in Drp1 phenocopied mitochondrial fragmenta-
tion by the Drp1 S656Amutant. On the other hand, destabiliz-
ing the CaN-Drp1 complex (Drp1 VP647AA) reproduced
mitochondrial elongation by pseudophosphorylated Drp1
(S656D), falling slightly short of GTPase-deficient, K38A-mu-
tant Drp1 (Fig. 6, A and B). We next set out to confirm that
LXVPmotif modifications impactmitochondrial shape via Ser-
656, rather than via other phosphorylation sites (50) or nonspe-

FIGURE 4. The Drp1 LXVP motif determines Ser-656 dephosphorylation by CaN in vitro. A, GST-Drp1-(585–662) WT, YLAV, and VP647AA were phosphor-
ylated with [�-32P]ATP and PKA in vitro and used to assay CaN activity isolated from brain lysates by the inclusion of 2 mM Ca2� and 2.5 �M okadaic acid. At the
indicated times, phosphatase reactions were stopped by addition to 10% TCA and released 32P was expressed as a percentage of initial substrate (mean � S.E.
from three independent experiments). Linear portions of the plots were fit by linear least squares regression (solid line), the nonlinear portion of the plot
continues as a dashed line. B shows sequences of Drp1-derived phosphopeptides that were used as substrates for enzyme kinetics studies. C–F, dephospho-
rylation kinetics were determined with CNA/CNB (25 nM) and Ca2�/CaM (1 mM/250 nM) incubated (1–30 min, 25 °C) with the indicated concentrations of Drp1
phosphopeptides using a malachite green-based colorimetric assay. Initial velocities from three independent experiments were pooled (mean � S.D. shown
as circles) and fit to the Michaelis-Menten equation (solid line). Kinetic parameters are listed in Table 1.

TABLE 1
Kinetics of Drp1 phosphopeptide dephosphorylation by CaN
CaN (CNA�/CNB�, 25 nM) andCa2�/CaM (1mM/250nM)were incubated (30min, 25 °C )withDrp1 phosphopeptides (see Fig. 4B for sequences) at varying concentrations
(Drp1 short: 94–3000�M, others: 6–750�M) and phosphate release was quantified using a colorimetric assay. Initial velocity data was fit to theMichaelis-Menten equation
to determine the parameters, Km, kcat, and kcat/Km; values in parentheses represent the S.E. of the fit.

Substrate peptide kcat Km kcat/Km n

s	1 �M �M	1 s	1 (�10	2)
Drp1 short 0.67 (0.047) 2160 (280) 0.031 (0.005) 3
Drp1 WT 7.6 (0.34) 160 (22) 4.8 (0.69) 3
Drp1 YLAV 2.5 (0.056) 41 (3.5) 6.1 (0.54) 3
Drp1 VP647AA 9.5 (0.37) 290 (26) 3.3 (0.32) 3
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cific effects on protein folding. To this end, we combinedmuta-
tions of the LXVP motif and Ser-656 in the same polypeptide.
Indeed, blocking phosphorylation (S656A) overrodemitochon-
drial elongation by Drp1 that cannot bind CaN (VP647AA),
whereas constitutive phosphorylation (S656D) overcamemito-
chondrial fragmentation due to enhanced stability of the Drp1-
CaN complex (YLAV, Fig. 6, A and B). Because Ser-656 muta-
tions rendered LXVP mutations completely ineffectual, CaN
associated with Drp1 appears to promotemitochondrial fission
exclusively by virtue of Ser-656 dephosphorylation.
CaN Regulation of Drp1 Influences Mitochondrial Morphol-

ogy in Neuronal Processes—We previously showed that revers-
ible phosphorylation of Drp1 at Ser-656 dictates mitochondrial
morphology in neurons, influencing survival, dendrite out-
growth, and synaptogenesis likely via bioenergetic mechanisms
(4, 13). To assess the contribution of CaN to Drp1 activity in
neurons, Drp1 endogenous to hippocampal neurons cultured
from embryonic rats was replaced with wild-type or mutant
GFP-Drp1. As determined by quantitative immunofluores-
cence microscopy, GFP-Drp1 replacement did not change cel-
lular Drp1 levels (supplemental Fig. S2). Mitochondria were
labeled with a matrix-targeted fluorophore, DsRed2/mito, by
co-transfection, imaged by fluorescence microscopy, and
length, form factor, and aspect ratio of mitochondria in neuro-
nal processes was determined by automated image analysis
(Fig. 7). Comparedwithwild-typeDrp1, enhancedCaN recruit-

ment by the Drp1 YLAV mutant resulted in a trend toward
mitochondrial fission; however, the latter effect was not statis-
tically significant (Fig. 7, B andC), possibly because of low basal
Ser-656 phosphorylation stoichiometry. Given high levels of
CaN in the central nervous system (Fig. 2C) (19), it is also pos-
sible thatCaN saturates even the suboptimal LXVPdocking site
on Drp1. In contrast, destabilization of the CaN-Drp1 complex
with the VP647AA mutant resulted in highly significant mito-
chondrial elongation (Fig. 7C).
Disruption of the CaN-Drp1 Complex Is Neuroprotective—

Mitochondrial recruitment of PKA via protein kinase A
anchoring protein 1 (AKAP1) promotes neuronal survival by
way of Drp1 phosphorylation at Ser-656 and mitochondrial
elongation (13). Conversely, CaN signaling has been shown to
increase susceptibility to injury and subsequent neuronal death
by apoptosis (27, 28). The relevant survival-opposing substrates
of CaN have not been established, although the proapoptotic
Bcl-2 family member Bad was implicated (28). To examine
whether the CaN-Drp1 signaling axis promotes cell death fol-
lowing ischemic neuronal injury, we exposed cultured hip-
pocampal neurons expressingwild-type or LXVP-mutantGFP-
Drp1 to OGD (0 glucose, 95% N2, 5% CO2 for 20 min). Because
this injury paradigm causes rapid detachment of dead cells
from the substrate, we quantified percent neuronal survival by
counting the total number of GFP/MAP2B double-positive
cells with intact nuclei and neurites (Fig. 8A) following sham

FIGURE 5. The Drp1 LXVP motif determines Ser-656 dephosphorylation by CaN in intact cells. A and B, COS1 cells were transfected with the indicated
GFP-Drp1 plasmids, which simultaneously silence endogenous Drp1 via shRNA. After 24 h cells were treated for 1 h with forskolin/rolipram (10 �M/2 �M)
followed by cell lysis and immunoblotting for phospho-Ser-656 (p) Drp1 and total Drp1 (GFP antibody, representative blot in A). B shows densitometric
quantification of pDrp1/Drp1 (mean � S.E. of six independent experiments). C, Drp1 dephosphorylation was monitored in intact cells, treating COS1 cells
prepared as in A with the PKA inhibitor H89 (20 �M) for 5–120 min prior to cell lysis and assessing Drp1 Ser-656 phosphorylation as above (C, representative
blots). D shows pDrp1/Drp1 densitometry, scaled to maximum (0 min) and minimum (120 min) phosphorylation, with the inset plotting area under the curve
determined by integration of the curve fit (mean � S.E. of four independent experiments). For statistics, gain-of-function (YLAV and D646K) and loss-of-function
(VP647AA) mutations were grouped separately and compared with Drp1 WT first by analysis of variance to identify intragroup variation followed by one-tailed
Dunnett’s test for Drp1 YLAV and Drp1 D646K (#, p � 0.05; ##, p � 0.01; ###, p � 0.005) or one-tailed Student’s t test with the Welch correction for Drp1 VP647AA
(*, p � 0.05; **, p � 0.01).
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and OGD treatments for each transfection condition essential
as described (44). Percent survival from 4 independent experi-
ments and culture dates is shown in Fig. 8B. Although trends
toward neuroprotection by Drp1 VP647AA and harm by Drp1
YLAV are apparent, effects are not significant because of cul-
ture to culture variations. However, normalizing survival to
Drp1 wild-type before averaging experiments revealed signifi-
cant neuroprotection by inhibiting CaN-mediated activation of
Drp1 (VP647AA, Fig. 8C). We conclude from these results that
CaN contributes to ischemic neuronal injury by docking to
Drp1 and dephosphorylating Ser-656.

DISCUSSION

Our studies have identified a LXVP motif in the mitochon-
drial fission enzymeDrp1 that mediates an interaction with the
Ca2�/CaM-dependent protein phosphatase CaN. As a conse-
quence of this interaction, Drp1 is dephosporylated at Ser-656,
which results in increased Drp1-mediated mitochondrial fis-
sion. Disrupting the CaN-Drp1 signaling axis leads to mito-
chondrial elongation and promotes survival of cultured hip-
pocampal neurons following OGD.
Phosphorylated by PKA in response to cAMP elevation,

Drp1 Ser-656 is a pivotal regulatory site targeted by at least two
phosphatases, CaN and PP2A/B�2 (11, 15, 16). Dephosphory-
lation of Drp1 Ser-656 by PP2A/B�2 requires translocation of

the PP2A holoenzyme to the OMM, a process that is regulated
by phosphorylation of the mitochondrial targeting sequence of
B�2 (16). Our in vitro analysis using total brain extracts indi-
cates that, compared with CaN, PP2A contributes relatively
little to the total phosphatase activity towardDrp1 Ser-656 (Fig.
1, A and B). In apparent contrast, our previous studies showed
that knockdown of B�2 preserves mitochondrial networks and
protects hippocampal neurons against several types of injury
(17). The discrepancy between in vitro and intact cell studies
emphasizes the importance of subcellular localization in phos-
phatase substrate specificity, in particular of PP2A (51). Mech-
anisms targeting CaN to different subcellular locales exist and
have been shown to be an important part of CaN signaling. For
example, AKAP79/150 targets CaN to the post-synaptic den-
sity where it regulates ionotropic glutamate receptors and
L-type Ca2� channels (52–55). It is therefore possible that sim-
ilar scaffolding interactions target CaN to the OMM to amplify
Drp1 Ser-656 dephosphorylation.
Formation of the CaN-Drp1 complex requires the LXVP

motif of Drp1 (Fig. 2C). The LXVPmotif is a common feature of
CaN substrates (25) and has been extensively characterized in
the context of the transcription factor NFAT (24, 33). Parallel-
ing previous studies using peptide derived from the PKA regu-
latory subunit RII� (34), our enzyme kinetic studies showed

FIGURE 6. The CaN docking motif in Drp1 influences mitochondrial shape via Ser-656. A and B, HeLa cells were substituted with WT and LXVP-mutant
GFP-Drp1 (green), fixed, and labeled for mitochondria (mito, red) by immunofluorescence (cytochrome oxidase II) and for nuclei with Hoechst 33342 (blue). A
shows representative images, whereas B plots morphology (form factor) of mitochondria (mean � S.E. of 258 – 412 cells from three to four independent
transfections). For statistics, gain- and loss-of-function mutants were grouped separately and compared with Drp1 WT first by analysis of variance to identify
intragroup variation followed by one-tailed Dunnett’s test (*/#, p � 0.05; **/##, p � 0.01; ***/###, p � 0.005).
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that the LXVP motif of Drp1 is critical for efficient Ser-656
dephosphorylation by CaN (Fig. 4, C and D, Table 1). As no
calcium-independent CaN docking site conforming to the
PXIXIT motif is apparent in the Drp1 sequence, we propose
that Drp1 does not function as a CaN anchoring protein.
Instead, the LXVP motif defines Drp1 as a high-affinity CaN
substrate, in analogy to RII� (34) and the mitogen-activated
protein kinase scaffold KSR2 (56).
Replacing two amino acids to increase similarity to the LXVP

motif of NFATc1 (LLDVP 3 YLAVP) resulted in a 3-fold
increase in CaN-Drp1 binding affinity as measured by ITC,
whereas changing two signature residues (LLDVP3 LLDAA)
reduced affinity below the detection limit (Fig. 3). These Drp1
mutations had corresponding bidirectional effects on phos-
pho-Ser-656 turnover both in vitro and in cells (Table 1, Figs.
4 and 5) and altered mitochondrial morphology in non-neu-
ronal and neuronal cells as predicted from their effects on
Ser-656 phosphorylation (Figs. 6 and 7). Beyond these strong
correlations, we demonstrated causation, using double
mutants of the LXVP motif and Ser-656 to show that CaN
regulates mitochondrial fission exclusively via this phospho-
rylation site (Fig. 6).
Previous studies by us and other laboratories showed that

Drp1 Ser-656 phosphorylation and resulting mitochondrial
elongation is predictive of enhanced cell survival (11, 13, 16, 18).
Results presented in Fig. 8 align with these studies, extending
neuroprotection by PKA-mediated phosphorylation of Drp1 at
Ser-656 toOGD, an in vitromodel of ischemic stroke. Ischemic
and excitotoxic neuronal death is caused by massive Ca2�

influx, predominantly via NMDA-type glutamate receptors.

Toxic levels of intracellular Ca2� damage mitochondria by
overloading mitochondrial Ca2� stores (57), and by activating
Ca2�-dependent enzymes, among them proteases of the cal-
pain family and the Ser/Thr phosphatase CaN (58). Supporting
a pro-injury role of the phosphatase, the immunosuppressants
and CaN inhibitors cyclosporine A and FK506were reported to
reduce infarct volume in rodent and non-human primatemod-
els of focal cerebral ischemia (59–64). Specifically manipulat-
ing the dephosphorylation of one of many cellular CaN sub-
strates, our experiments indicate that Drp1 dephosphorylation
at Ser-656 at least in partmediates ischemic injury downstream
to CaN activation.
How does Drp1 activation by CaN promote neuronal injury?

Ischemic and excitotoxic insults result in rapid mitochondrial
restructuring, described in the literature as swelling, fragmen-
tation, or a combination of both (65–67). It is therefore tempt-
ing to speculate that neuroprotection following disruption of
the CaN-Drp1 signaling axis is related to the canonical role of
Drp1-mediated mitochondrial fragmentation in cytochrome
c release and apoptosis (9). However, excitotoxic mitochon-
drial fragmentation was reported to occur independent of
Drp1 activity (65, 68), driven instead primarily by ion and
water fluxes across the inner mitochondrial membrane (67,
69–71). As well, our preliminary results support a Drp1-
independent mechanism of glutamate-induced mitochon-
drial fragmentation in primary hippocampal neurons (data
not shown).
Several alternative hypotheses regarding the role of CaN-

mediated Drp1 activation in neuronal injury can be advanced.
For instance, CaN could limit rebound hyperphosphorylation

FIGURE 7. CaN docking to Drp1 influences mitochondrial shape in primary hippocampal neurons. A–C, hippocampal neuron cultures were co-transfected
at DIV 10 with GFP-Drp1 (green) replacement plasmids and DsRed2/mito to label mitochondria (mito, red). After 72 h, neurons were fixed and imaged by
epifluorescence microscopy. A shows representative images; B and C plot mitochondrial morphology (form factor, aspect ratio, and length) in neuronal
processes (mean � S.E. of 271–297 neurons from 3 independent transfections). Comparison to Drp1 WT by one-tailed Student’s t test with the Welch correction
was used (***, p � 0.005).
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of Drp1 following ischemia (72), thereby slowing recovery of
pathologically fragmentedmitochondria by fusion events. Also,
Drp1 stimulation by tonic CaN activity may influence mito-
chondrial ATP production, Ca2� buffering, and generation/se-
questration of reactive oxygen species, all of which can impact
the outcome of subsequent insults (73). In support of such a
bioenergetic mechanism, we recently reported that mitochon-
drial fusion hyperpolarizes, whereas fission depolarizes mito-
chondria in hippocampal neurons (4). However, further studies
are needed to unravel the precise mechanisms by which regu-
lation of the mitochondrial fission/fusion equilibrium influ-
ences neuronal survival in injury and disease.
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