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Nascent evidence indicates that mitochondrial fission, fusion, and transport are subject to intricate regulatory
mechanisms that intersect with both well-characterized and emerging signaling pathways. While it is well
established that mutations in components of the mitochondrial fission/fusion machinery can cause neurolog-
ical disorders, relatively little is known about upstream regulators of mitochondrial dynamics and their role
in neurodegeneration. Here, we review posttranslational regulation of mitochondrial fission/fusion enzymes,
with particular emphasis on dynamin-related protein 1 (Drp1), as well as outer mitochondrial signaling com-
plexes involving protein kinases and phosphatases. We also review recent evidence that mitochondrial dy-
namics has profound consequences for neuronal development and synaptic transmission and discuss
implications for clinical translation.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Mitochondrial dysfunction occurs in a wide range of neurological
disorders including Alzheimer disease (AD), amyotrophic lateral scle-
rosis (ALS), Huntington disease (HD), Parkinson disease (PD), and a
subset of spinocerebellar ataxias (SCA). For the most part, however,
it remains unknown as to whether neurodegeneration in these disor-
ders is triggered by mitochondrial dysfunction, or whether mitochon-
drial dysfunction results from the disease state.

While excellent recent reviews have highlighted links between
mitochondrial dysfunction and disease (Cho et al., 2010; Martin,
2010; Morais and De Strooper, 2010; Moreira et al., 2010; Pandey et
al., 2010; Patten et al., 2010; Pickrell and Moraes, 2010; Rodolfo et
al., 2010; Schon and Przedborski, 2011;Witte et al., 2010), this review
focuses on cellular signaling pathways that impact mitochondrial
morphology and transport and potential dysregulation of these sig-
naling pathways in neuronal injury and disease.

Mitochondrial shape and function, and ultimately cellular homeo-
stasis, is determined by balanced mitochondrial fission and fusion
events. Research over the last decade has led to an appreciation of the
complexity of the cellular signaling mechanisms that sculpt the mito-
chondrial network in response to changing needs of the cell and the or-
ganism. Below, we discuss how dynamic protein–protein interactions
and posttranslationalmodifications control the rate offission and fusion
ofmitochondria and reviewour current understanding of the role ofmi-
tochondrial dynamics in neuronal development and function.

Regulation of mitochondrial fission

Drp1 structure/function

Dynamin-related protein 1 (Drp1, encoded by the human DNM1L
gene) is a large GTPase that cycles between the cytosol and the outer
mitochondria membrane (OMM), where it oligomerizes into spiral-
shaped structures to physically pinch a single mitochondrion into two
(Hoppins et al., 2007). Drp1 contains four domains: 1) an N-terminal
GTPase domain which harbors the enzymatic activity, 2) a middle do-
main (MID) necessary for oligomerization, 3) an alternatively spliced
variable domain (VD) that containsmost posttranslationalmodification
sites, and 4) a C-terminal GTPase effector domain (GED)which interacts
with theGTPase domain (Fig. 1A). According to recently published crys-
tal structures of dynamin-1 (Faelber et al., 2011; Ford et al., 2011), the
α-helices of the MID and GED form a “stalk” domain, two of which in-
teract in a criss-cross fashion to assemble a Drp1 dimer (Figs. 1B and
C). Similar to dynamin at clathrin-coated vesicles (Hoppins et al.,
2007; Praefcke and McMahon, 2004), the catalytic cycle of Drp1 is
thought to occur in four discrete steps. First, Drp1 is recruited from
the cytosol to the OMM. Second, Drp1 oligomerizes to form spirals
around theOMM. Third, GTP is hydrolyzed toGDP to power constriction
of the Drp1 oligomer. Fourth, the Drp1 oligomer disassembles and Drp1
is released back into the cytosol.

Drp1 is subject to alternative splicing, with one alternative exon
separating subdomains A and B of the GTPase domain, and tandem

Fig. 1. Posttranslational regulation of dynamin-related protein 1 (Drp1). A) Based on sequence similarity to dynamin, the Drp1 coding sequence can be subdivided into four
domains (GTP, GTPase domain; MID, middle domain; VD, variable domain; GTPase effector domain, GED). Shown are insertion points for alternatively spliced coding sequences
and sites of posttranslational modification (P, phosphorylation; NO, S-nitrosylation; SUMO, sumoylation). The sequence alignment highlights the phylogenetic conservation of
the S-nitrosylation and phosphorylation sites. B) Fold model of a Drp1 monomer based on crystal structures of dynamin-1 (Faelber et al., 2011; Ford et al., 2011). MID and
GED form an extended stalk that separates the GTPase from the variable domain and mediates dimerization and higher order assembly of Drp1. C) Model of Drp1 fission complex
assembly (segment of helix with three Drp1 dimers shown in cross-section). Adjacent rungs of the Drp1 helix interact via GTPase domains.
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alternative exons encoding portions of the variable domain (Chen et
al., 2000). Most of the 8 potential splice variants generated by inde-
pendent inclusion of the three alternative exons exist as expressed
sequence tags, and the longest Drp1 isoform containing all three al-
ternative exons is abundantly and selectively expressed in the brain
(Chen et al., 2000; Uo et al., 2009). Because alternative exons allow
for splice-specific phosphorylation (Dephoure et al., 2008) and
sumoylation (Figueroa-Romero et al., 2009), it is important to be cog-
nizant that different Drp1 splice forms may be differentially regulated
by posttranslational modifications.

Drp1 interactions at the OMM

The number of proteins that physically or functionally interact
with Drp1 continues to grow. Originally identified as critical for mito-
chondrial fission in yeast (Mozdy et al., 2000), Fis1 was suggested to
recruit Drp1 to the OMM in mammalian cells (Koch et al., 2005; Yoon
et al., 2003). However, other studies failed to find support for a role
for Fis1 as a core component of the mitochondrial fission machinery
(Gandre-Babbe and van der Bliek, 2008; James et al., 2003; Lee et
al., 2004; Otera et al., 2010), suggesting instead that Fis1 may have ac-
quired a modulatory role during metazoan evolution. An RNA inter-
ference screen in Drosophila cells led to the identification of
mitochondrial fission factor (Mff), an OMM-anchored protein re-
quired for mitochondrial fragmentation (Gandre-Babbe and van der
Bliek, 2008). Mff directly binds to Drp1 and is necessary and sufficient
for functional association of Drp1 with mitochondria (Gandre-Babbe
and van der Bliek, 2008; Otera et al., 2010).

Adding further complexity, OMM-localized proteins that inhibit
Drp1-dependent mitochondrial fission have also been identified.
MiD49 (concurrently identified as mitochondrial elongation factor 1
[MIEF1]) and MiD51 form fission-inhibitory complexes with Drp1 at
the OMM, resulting in elongation of the mitochondrial network
(Palmer et al., 2011; Zhao et al., 2011). While further work is needed
to establish the mechanism by which MiD49/51/MIEF1 inhibit mito-
chondrial fission, it is plausible that these proteins create a latent
pool of Drp1 at the OMM. As yet uncharacterized postranslational
modifications events may dissociate these inhibitory complexes to
allow Drp1 to productively engage with Mff, resulting in Drp1 oligo-
merization and mitochondrial fission. Since MiD49 was shown to ro-
bustly interact with Fis1 (Zhao et al., 2011), it is conceivable that the
fission-promoting activity of Fis1 involves liberation of Drp1 from in-
hibitory complexes with MiD49/51/MIEF1 (Fig. 2).

Drp1 phosphorylation

Drp1 is regulated by multiple posttranslational modifications
(Santel and Frank, 2008). One of the most studied modifications to

Drp1 is the reversible addition of phosphate groups to conserved ser-
ine residues. Two sites located at the VD/GED junction, serine 635 and
656 (numbering according to the longest, brain enriched Drp1 splice
variant from rat), were reported to have opposing effects on Drp1-
dependent mitochondrial fragmentation (Fig. 1). To avoid confusion
due to the use of multiple Drp1 splice variants from different species
in the literature, we propose a phosphorylation site nomenclature,
which includes the kinase that was first shown to target the site. Spe-
cifically, we designate Ser656 as SerPKA and Ser635 as SerCDK. The
Blackstone group and our laboratory simultaneously identified pro-
tein kinase A (PKA) as a potent Drp1 regulator (Chang and
Blackstone, 2007; Cribbs and Strack, 2007). Phosphorylation of the
highly conserved SerPKA inhibits Drp1, resulting in mitochondrial
elongation by unopposed fusion. PKA phosphorylation of Drp1 has a
neuroprotective effect, since replacement of endogenous with consti-
tutively phosphorylated Drp1 (SerPKA→Asp) inhibits cytochrome c

release and apoptotic cell death in neuronal PC12 cells, while expres-
sion of Drp1 that cannot be phosphorylated (SerPKA→Ala) sensitizes
cells to several apoptosis inducers (Cribbs and Strack, 2007). Further-
more, both mitochondrial elongation and neuroprotection conferred
by OMM-localized AKAP1 (see ‘The OMM signaling scaffold AKAP1’
section) depends on the SerPKA site in Drp1 (Merrill et al., 2011). As
to the effect of phosphorylation on the catalytic cycle of Drp1, it has
been reported that SerPKA→Asp substitution and phosphorylation
by PKA inhibits the GTPase activity of Drp1 (Chang and Blackstone,
2007), although this was not observed in another study (Cribbs and
Strack, 2007) and may therefore depend on the in vitro assay condi-
tions. According to crosslinking, fluorescence recovery after photo-
bleaching (FRAP) and single particle tracking analyses,
phosphorylation of Drp1 at SerPKA by OMM-localized PKA promotes
OMM accumulation of large Drp1 complexes that exchange more
slowly with cytosolic Drp1 pools than unphosphorylated Drp1
(Merrill et al., 2011). In combination, these data suggest a model in
which SerPKA phosphorylation modulates the rate and/or geometry
of Drp1 oligomerization at the OMM to disfavor the formation of
short, fission competent Drp1 spirals.

The predominant phosphatase that dephosphorylates Drp1 at Ser-
PKA to promote mitochondria fragmentation is the calcium-dependent
protein phosphatase calcineurin (CaN) (Cereghetti et al., 2008; Cribbs
and Strack, 2007). Specifically expressed in neurons, the neuron-
specific andOMM-targetedprotein phosphatase 2A (PP2A) heterotrimer
containing the Bβ2 regulatory subunit (see the ‘Outer-mitochondrial
PP2A in spinocerebellar ataxia type 12’ section) may also dephosphory-
late Drp1 at SerPKA (Dickey and Strack, 2011).

Drp1 is also phosphorylated at SerCDK by the cyclin-dependent
kinase 1 (Cdk1)/cyclin B complex during mitosis. Intriguingly, even
though SerCDK is only 11 amino acids upstream of SerPKA, SerCDK phos-
phorylation was reported to have the opposite effect on the cellular

Fig. 2.Model of Drp1 recruitment to the OMM by docking proteins. Drp1 can be recruited from the cytosol via the MiD49/MiD51/MIEF1 complex, which sequesters Drp1 in a fission-
incompetent state (1). Fis1 binding to MiD49/MiD51/MIEF1 liberates Drp1 (2) to facilitate Drp1 association with Mff (3) and formation of Mff::Drp1 fission complexes (4). Residency of
Drp1 in various complexes is determined by relative levels of the docking proteins as well as posttranslational modifications controlling binding affinities.
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activity of Drp1, enhancing mitochondrial fragmentation (Taguchi et
al., 2007). The SerCDK→Ala substitution attenuated both mitotic frag-
mentation of mitochondria, as well as in vitro phosphorylation of
Drp1 by the Cdk1/cyclin B complex. Drp1 activation by SerCDK phos-
phorylation could contribute to proper segregation of mitochondria
between the two daughter cells (Taguchi et al., 2007). SerCDK is heavi-
ly phosphorylated in asynchronously growing cell cultures and in
postmitotic cells, suggesting the involvement of additional kinases.
Indeed, cdk5 promotes Drp1-dependent mitochondrial fission in neu-
ronal cells (Meuer et al., 2007), and Drp1 SerCDK was recently
reported to be a critical substrate for protein kinase Cδ (PKCδ) in ox-
idative stress-induced neuronal death (Qi et al., 2011). However, an-
other report (Cereghetti et al., 2008) and our own unpublished
experiments failed to provide support for a major effect of Drp1 Ser-
CDK phosphorylation or mutation on mitochondrial morphology in in-
terphase or postmitotic cells. Therefore, the functional consequences
of Drp1 phosphorylation at SerCDK may be cell cycle-, cell type-, or
Drp1 splice form-specific.

S-Nitrosylation of Drp1

Nitric oxide (NO) is an important second messenger and neuro-
transmitter generated through the oxidation of L-arginine by nitric
oxide synthases (Knowles and Moncada, 1994; Luo and Zhu, 2011).
NO signals through both cGMP pathways (via activation of soluble
guanylate cyclase) and through direct nitrosylation and nitration of
target proteins (Foster et al., 2009; Mujoo et al., 2011). Dysregulation
of NO signaling has been implicated in many neurodegenerative dis-
orders including AD, ALS, HD, PD, as well as ischemic stroke (Knott
and Bossy-Wetzel, 2009). A role for NO in mitochondrial dynamics
was first reported by Barsoum and co-workers, who demonstrated
that treatment with the NO-donor S-nitrosocysteine (SNOC) or stim-
ulation of endogenous NO production via activation of NMDA recep-
tors resulted in Drp1-dependent mitochondrial fragmentation in
primary neuronal cultures (Barsoum et al., 2006). A subsequent
study aimed at determining the molecular basis of NO-induced fission
found that NO activates Drp1 by S-nitrosylation of a conserved cyste-
ine residue in the GED, eight amino acids downstream of SerPKA (Cho
et al., 2009) (Fig. 1). Cho and colleagues presented evidence to sug-
gest that S-nitrosylation increases Drp1 GTPase activity and leads to
covalent dimerization of Drp1 (Cho et al., 2009). However, these find-
ings have come under scrutiny, as a subsequent study found no effect
of S-nitrosylation on Drp1 GTPase activity or oligomerization (Bossy
et al., 2010). Additional dispute exists over whether increased Drp1
S-nitrosylation is specific to AD (Cho et al., 2009) or is a general fea-
ture of neurodegeneration (Bossy et al., 2010).

Nitrosylation is known to influence several signaling pathways, in-
cluding cell cycle regulation by the Cdk1/cyclin B complex (Lee et al.,
2009). As discussed in the ‘Drp1 phosphorylation’ section, phosphor-
ylation of Drp1 at SerCDK by Cdk1/cyclin B increases mitochondrial
fragmentation (Taguchi et al., 2007). Interestingly, it was shown
that NO donor treatment of HEK293 cells enhances Drp1 phosphory-
lation at SerCDK and translocation to mitochondria (Bossy et al., 2010).
This suggests that NO can modulate the activity of kinases/phospha-
tases that target SerCDK, or that Drp1 S-nitrosylation modulates the
accessibility of SerCDK for kinases/phosphatases. Further work is
needed to unravel the complex interplay between Drp1's closely
spaced phosphorylation and S-nitrosylation sites.

Drp1 ubiquitination

Ubiquitin (Ub) is a small protein that can be reversibly added to
lysine residues on target proteins through the action of ubiquitin li-
gase complexes. The addition of Ub has a range of effects on protein
function and stability depending on whether monomers (mono-
and multi-ubiquitination) or chains are added (polyubiquitination)

to targets, and depending on which Ub Lys residue is used for chain
building. Generally, monomer addition regulates protein activity or
trafficking, while polyubiquitylation directs a protein to the proteo-
some for subsequent degradation (Ikeda and Dikic, 2008; Li and Ye,
2008; Winget and Mayor, 2010).

Drp1 has been reported to be regulated by two mitochondrial E3
ubiquitin ligases, MARCH5 and Parkin. Initial studies suggested that
MARCH5 degrades both Drp1 and Fis1, leading to unopposed mito-
chondrial fusion (Nakamura et al., 2006; Yonashiro et al., 2006). How-
ever, subsequent studies came to essentially opposite conclusions,
providing evidence that MARCH5 inhibition by RNAi or dominant-
negative approaches disrupts Drp1's mitochondrial division cycle
(Karbowski et al., 2007) and leads to stabilization of the mitochondri-
al fusion protein Mfn1 (Park et al., 2010).

Parkin is an E3 ubiquitin ligase mutated in early onset autosomal
recessive forms of PD (Biskup et al., 2008; Kitada et al., 1998). Genetic
epistasis experiments in Drosophila indicate that Parkin operates in
the same pathway and downstream of another protein mutated in fa-
milial PD, the mitochondria-targeted PTEN-induced kinase 1 (PINK1)
(Clark et al., 2006; Park et al., 2006). Inmammalian cells, Parkin loss has
been shown to promote Drp1-dependent mitochondrial fragmentation
(Lutz et al., 2009;Wang et al., 2011). According to one recent report, Par-
kin can directly ubiquitinate Drp1, leading to Drp1 degradation andmito-
chondrial elongation (Wang et al., 2011). Other studies, however, came to
the conclusion that Drp1 is not a direct target of the PINK1/Parkin path-
way (Gegg et al., 2010; Glauser et al., 2011; Rakovic et al., 2011;
Tanaka et al., 2010). Further studies are needed to reconcile these con-
flicting results, to identify the relevant Ub ligase(s), and to establish the
physiological relevance of Drp1 ubiquitination.

Drp1 sumoylation

The small ubiquitin-like modifier (SUMO) protein has also been
implicated in the regulation of Drp1 (Figueroa-Romero et al., 2009;
Harder et al., 2004; Wasiak et al., 2007; Zunino et al., 2009). Sumoy-
lation has been suggested to protect Drp1 from Ub modification
and/or enhance Drp1 association with membranes (Harder et al.,
2004). Sumoylation was also reported to contribute to the stable
association of Drp1 with mitochondrial Bax/Bak foci during
staurosporine-induced apoptosis (Wasiak et al., 2007). Drp1 sumoy-
lation is counteracted by the SUMO protease, SenP5 (Zunino et al.,
2007). SenP5 is activated at the G2/M transition of the cell cycle (Di
Bacco et al., 2006; Zunino et al., 2009), and accelerates cycling of
Drp1 between mitochondria and cytosol to promote mitochondrial
fragmentation during mitosis (Zunino et al., 2009). Work by
Figueroa-Romero et al. showed that Drp1 is sumoylated at eight
non-consensus sites in the VD, four of which localize to an alterna-
tively spliced insert (Figueroa-Romero et al., 2009) (Fig. 1). A
sumoylation-defective Drp1 mutant (Lys→Arg) was still efficiently
ubiquitinated and translocated to mitochondria in response to staur-
osporine treatment, raising questions as to the functional significance
of Drp1 sumoylation (Figueroa-Romero et al., 2009).

Regulation of mitochondrial fusion

Three large dynamin-family GTPases cooperate in the fusion of
mitochondrial membranes in mammals. Mitofusin 1 and 2 (Mfn1/2)
are transmembrane proteins that mediate fusion of the OMM (Chen
et al., 2003; Eura et al., 2003; Legros et al., 2002; Santel and Fuller,
2001), while the intermembrane space (IMS)-localized optic atrophy
1 (Opa1) mediates fusion of the inner mitochondrial membrane
(IMM) (Cipolat et al., 2004; Jones and Fangman, 1992; Olichon et
al., 2002). Posttranslational modifications and regulatory interactions
of mitochondrial fusion enzymes are not as well understood as those
of Drp1. Since mutations of mitochondrial fusion proteins are associ-
ated with neurological disorders (Alexander et al., 2000; Delettre et
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al., 2000), an understanding of regulatory pathways in mitochondrial
fusion may lead to novel therapeutic targets.

Regulation of mitofusins by Bcl-2-family proteins

Mfn1 and Mfn2 are essential GTPases that mediate fusion of the
OMM (Benard and Karbowski, 2009; Westermann, 2010). Mechanis-
tically, this is thought to involve tethering of adjacent mitochondria
via coiled-coil domain mediated transmitochondrial homo- or het-
erodimerization of the mitofusins (Koshiba et al., 2004). While there
is some functional redundancy between the mitofusins (Chen et al.,
2003), there is also evidence for functional specialization and synergy
(Hoppins et al., 2011). Specifically, Mfn1 is required for the initial
tethering of mitochondria (Ishihara et al., 2004) and is necessary for
subsequent fusion of the inner membrane by Opa1 (Cipolat et al.,
2004). Mfn2 is the predominant mitofusin in the brain (Eura et al.,
2003), and has been reported to function as a signaling GTPase
(Neuspiel et al., 2005). Additional research supports a role of Mfn2
in regulating axonal transport of mitochondria through an interaction
with the Miro/Milton complex (Misko et al., 2010) (see the
‘Regulation of mitochondrial transport’ section). Missense mutations
in Mfn2 cause Charcot–Marie–Tooth Disorder type 2A2 (CMT2A2)
(Palau et al., 2009; Reilly et al., 2011; Zuchner et al., 2004), a common
autosomal dominant peripheral neuropathy associated with axon de-
generation. Over 50 mutations have been identified that are located
throughout the Mfn2 coding sequence (Chung et al., 2006), indicating
that Mfn2 is critical for the survival of neurons with long axonal
projections.

Induction of apoptosis is thought to depend on mitochondrial
fragmentation (Martinou and Youle, 2006), whether through an in-
crease in fission rates, a decrease in fusion rates, or a combination of
the two. The Bcl-2 family of proteins includes both positive and neg-
ative apoptosis regulators, and several Bcl-2 family members have
non-canonical roles by associating with mitochondrial fission/fusion
proteins. The C. elegans Bcl-2 ortholog, ced-9, has been shown to in-
teract with Fzo1, the single mitofusin in C. elegans, to increase mito-
chondrial elongation (Delivani et al., 2006; Rolland et al., 2009).
There is recent evidence that mammalian Bcl-xL may stimulate mito-
chondrial fusion as well (Hoppins et al., 2011).

Initial work showed that Bax/Bak double knockout cells have
highly fragmented mitochondria and suggested that in healthy cells,
Bax and Bak activate Mfn2 by promoting assembly and localization
to presumptive fusion sites (Karbowski et al., 2006). Since Bax/Bak
colocalize with Mfn2 at mitochondrial fission sites in apoptotic cells
(Karbowski et al., 2002; Neuspiel et al., 2005), it is additionally possi-
ble that the proapoptotic conformations of Bax and Bak inhibit Mfn2's
fusion activity in dying cells. Subsequent research examined the indi-
vidual contributions of Bax, which is a cytosolic protein in healthy
cells, and the constitutively OMM-associated Bak in the regulation
of mitochondrial fusion (Brooks et al., 2007; Hoppins et al., 2011).
Using knockout cell lines, it was shown that loss of Bak, but not Bax
potently inhibits fragmentation (Brooks et al., 2007). In healthy
cells, Bak was shown to interact with both mitofusins. However,
upon induction of apoptosis, Bak dissociated from Mfn2, but showed
increased association with Mfn1 (Brooks et al., 2007). Direct evidence
that Bax is a major cofactor in the mitochondrial fusion reaction was
recently provided by Hoppins and coworkers, who showed that phys-
iological concentrations of recombinant, monomeric Bax, as well as
cytosolic extracts from wild-type, but not Bax/Bak knockout fibro-
blast can stimulate mitochondrial fusion in an in vitro assay. Intrigu-
ingly, Bax stimulation occurred only when Mfn2 was present on
both partners of the fusion reaction, indicating that Bax selectively
enhances fusion by transmitochondrial, homotypic Mfn2 complexes
(Hoppins et al., 2011). Thus, mitochondrial fragmentation at the
onset of apoptosis may at least in part be mediated by depletion

of monomeric, cytosolic Bax and resultant inhibition of homotypic
Mfn2 complexes (Martinou and Youle, 2011).

Mitofusin ubiquitination

The PINK1/Parkin ubiquitin pathway (as previously discussed in
the ‘Drp1 ubiquitination’ section) has been implicated in negative
regulation of mitochondrial fusion through proteasomal degradation
of the mitofusin proteins (Gegg et al., 2010; Glauser et al., 2011;
Rakovic et al., 2011; Tanaka et al., 2010). Parkin translocates to depo-
larized mitochondria to mark them for elimination by macroauto-
phagy (mitophagy) (Narendra et al., 2008). Parkin-dependent
mitophagy involves accumulation of the AAA+ (ATPase associated
with diverse cellular activities) protein p97 on damaged mitochon-
dria and ubiquitination/proteasomal degradation of Mfn1 and Mfn2
(Tanaka et al., 2010), presumably to aid in the isolation of dysfunc-
tional mitochondria. There appears to be consensus that parkin-
dependent mitophagy involves downregulation of both mitofusins;
however, degradation of Mfn1 and Mfn2 may occur by different
mechanisms. Gegg et al. showed that induction of mitophagy in SH-
SY5Y cells promotes PINK1 and parkin-dependent ubiquitination of
Mfn1 and Mfn2, but that Mfn1 is more heavily modified (Gegg et
al., 2010). A subsequent report demonstrated that parkin interacts
with and promotes the degradation of both Mfn1 and Mfn2 in SH-
SY5Y cells. However, only Mfn1 was found to be a substrate for
parkin-dependent polyubiquitination, while parkin-mediated Mfn2
downregulation was suggested to be ubiquitin independent
(Glauser et al., 2011). Lastly, in fibroblasts from control individuals,
but not from PD patients with parkin or PINK1 mutations, mitochon-
drial depolarization promoted both Mfn1 and Mfn2 ubiquitination
(Rakovic et al., 2011). These results strongly implicate failure to elim-
inate dysfunctional mitochondria as the pathogenic mechanism in fa-
milial PD with PINK1 or parkin mutations. However, whether
mitofusin degradation is causally involved in PINK1/Parkin-depen-
dent mitophagy or merely a bystander effect remains to be shown.

Opa1 proteolysis

Anchored to the IMM and localized mostly in the IMS, Opa1 is
thought to function similarly to the mitofusins, first tethering and
then fusing opposing IMMs (Olichon et al., 2002). Opa1 is an essential
protein as demonstrated by Opa1 knockout and mutant knock-in
studies (Landes et al., 2010; Moore et al., 2010; Westermann, 2010).
Fusion of the IMM is critical for maintenance of mitochondrial DNA
and metabolic function (Chen and Chan, 2010; Jones and Fangman,
1992), and loss of Opa1 results in autophagic elimination of mito-
chondria (White et al., 2009). Missense mutations in Opa1 cause au-
tosomal dominant optic atrophy (ADOA, Kjer's disease), the leading
cause of hereditary blindness (Delettre et al., 2000; Pesch et al.,
2001). In addition to loss of retinal ganglion cells, Opa1 mutations
are associated with a variety of secondary neurological defects includ-
ing deafness, ataxia, peripheral neuropathy and myopathy (Amati-
Bonneau et al., 2009; Landes et al., 2010; Yu-Wai-Man et al., 2010).

Perhaps owing to Opa1's residence in the IMS, there is no evidence
that Opa1 is regulated by phosphorylation, ubiquitination, or sumoy-
lation like the other dynamin-related proteins involved in mitochon-
drial morphogenesis. Instead, proteolytic cleavage of Opa1 plays a
critical role in the regulation of IMM fusion (Griparic et al., 2007;
Song et al., 2007). There are several classes of proteases within
the mitochondria, including the rhomboid presenilin-associated
rhomboid-like (PARL) proteases, the ATP-dependent matrix AAA
(mAAA) proteases and inner membrane space AAA (iAAA) proteases.
Although the PARL class was initially identified as having a major role
in Opa1 processing (Cipolat et al., 2006), subsequent studies did not
support this finding (Griparic et al., 2007).
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In 2007, concurrent studies demonstrated a role for the iAAA pro-
tease, Yme1, in the cleavage of specific Opa1 splice variants (Griparic
et al., 2007; Song et al., 2007). Specifically, Yme1 cleaves Opa1 at two
distinct sites located within alternative exons 4b and 5b. Yme1-
mediated cleavage is constitutive (Griparic et al., 2007) and generates
both a long IMM-bound isoform (fusion capable) and a short, IMS-
localized fusion incompetent isoform (Song et al., 2007). During the in-
vestigation of Yme1-mediated cleavage, it was noted that proteolysis of
Opa1 occurred even in the absence of Yme1 (Griparic et al., 2007; Song
et al., 2007). To resolve this, additional screens were performed and
concurrent publications demonstrate regulation of Opa1 cleavage by a
second IMM bound protease, Oma1 (Ehses et al., 2009; Head et al.,
2009). Unlike constitutive cleavage by Yme1, Oma1 is stabilized and/
or activated upon loss of membrane potential (Head et al., 2009). A
model was put forth in which membrane depolarization associated
with apoptosis prevents the degradation of Oma1 by an unknown pro-
tease, allowing Oma1 to accumulate and cleave Opa1 in order to facili-
tate cytochrome c release from the interchristae space (Ehses et al.,
2009; Head et al., 2009). However, a recent study found that Opa1
cleavage is induced even when isolated mitochondria are depolarized,
conditions that should not allow for accumulation of nucleus-encoded
Oma1 in the IMS (Hoppins et al., 2011).

Taken together, these studies demonstrate that fusion of the IMM
is finely regulated by both constitutive and inducible proteolytic
processing of long and short Opa1 splice variants. Inducible, Oma1-
mediated proteolysis of Opa1 likely collaborates with mitofusin
degradation (see the ‘Mitofusin ubiquitination’ section) during mito-
phagy to prevent dysfunctional mitochondria from reintegrating into
the network of healthy mitochondria (Twig et al., 2008). However,
constitutive Yme1-mediated processing of Opa1 may be an attractive
pharmacological target for the treatment of ADOA, especially if Yme1
inhibitors could be designed to specifically increase protein expres-
sion from the wild-type Opa1 allele.

OMM-localized kinase/phosphatase complexes

The OMM signaling scaffold AKAP1

A kinase anchoring protein 1 (AKAP1, a.k.a. D-AKAP1, AKAP121,
AKAP149) is a multifunctional scaffold protein with an N-terminal
transmembrane sequence that confers OMM localization (Affaitati et
al., 2003; Cardone et al., 2002; Ginsberg et al., 2003). An N-terminal
variant that associates with the ER has also been reported (Ma and
Taylor, 2008); however, the physiological significance of ER-
localized AKAP1 is unclear since this variant is only encoded by the
mouse genome. Recruiting the PKA holoenzyme to mitochondria via
AKAP1 facilitates Drp1 phosphorylation at SerPKA and subsequent mi-
tochondrial elongation and neuroprotection (Merrill et al., 2011). Ad-
ditionally, AKAP1 has been shown to bind to two Ser/Thr
phosphatases, protein phosphatase 1 (PP1) (Rogne et al., 2009) and
CaN (Abrenica et al., 2009). While PP1 has not yet been shown to di-
rectly or indirectly dephosphorylate Drp1, OMM-targeted Inhibitor-2,
a PP1 inhibitor protein, induces mitochondrial fusion, indicating a
role for PP1 in mitochondrial shape regulation (Merrill et al., 2011).
CaN promotes Drp1-dependent mitochondrial fission by relieving in-
hibitory phosphorylation of Drp1 at SerPKA (Cereghetti et al., 2008;
Cribbs and Strack, 2007). AKAP1 was also reported to associate with
other signaling enzymes, including type 4 phosphodiesterase
(PDE4), the tyrosine phosphatase PTPD1, and, via PTPD1 the tyrosine
kinase Src (Asirvatham et al., 2004; Cardone et al., 2004; Livigni et al.,
2006). However, the impact of these relatively poorly characterized
associations of AKAP1 on mitochondrial fission/fusion remains to be
explored. By degrading cAMP and thus temporally and spatially
restricting PKA activation and Drp1 phosphorylation, OMM-targeted
PDE4 would be expected to enhance mitochondrial fission. With the
ability of AKAP1 to recruit both kinases and phosphatases to their

substrates at the OMM, AKAP1 is strategically positioned to integrate
multiple signal transduction cascades in the regulation of mitochon-
drial shape and function (Fig. 3).

Outer-mitochondrial PP2A in spinocerebellar ataxia type 12

In neurons, a small, but functionally critical pool of the Ser/Thr
phosphatase PP2A is localized to the OMM. PP2A functions as a het-
erotrimeric complex consisting of a catalytic subunit (C), a scaffold
subunit (A) and one of approximately fifteen regulatory subunits
(B) derived from four independent gene families (B, B’, B”, and B’”).
Substrate specificity of PP2A arises from by number of mechanisms
including: localization of the heterotrimeric complex dictated by the
B subunit; posttranslational modifications which influence holoen-
zyme assembly; endogenous inhibitors and activators; weak affinity
interactions between the B subunit and target substrates; and, direct
interactions between the B subunit and the catalytic cleft of the C sub-
unit (Slupe et al., 2011). The Bβ regulatory subunit is neuron specific.
Two splice variants of Bβ, Bβ1 and Bβ2, differ in the inclusion of one
of two N-terminal coding exons (Dagda et al., 2003; Schmidt et al.,
2002). The unique N-terminal extension of Bβ2 acts as a cryptic mito-
chondrial import signal that mediates OMM localization of the PP2A
holoenzyme via transient interactions with receptor components of
the translocase of the outer membrane (TOM) complex (Dagda et
al., 2005) (Fig. 3). OMM-localization of PP2A/Bβ2 is enhanced follow-
ing excitotoxic glutamate treatment of hippocampal neurons and
other insults, but regulatory mechanisms remain to be explored
(Dagda et al., 2008).

SCA type 12 (SCA12) is an autosomal-dominant, progressive atax-
ia associated with wide-spread cerebral atrophy, which generally
manifests in the fourth decade of life. The disease is associated with
a trinucleotide (CAG) repeat expansion in a promoter region of
PPP2R2B, the gene encoding the Bβ1 and Bβ2 regulatory subunits of
PP2A (Holmes et al., 1999). A recent report confirmed the mapping
of SCA12 to the PPP2R2B gene in a Japanese kindred, but failed to
find a pathological expansion of the CAG repeat (Sato et al., 2010).
Thus, SCA12 may not be strictly a trinucleotide repeat disorder, but
rather arise from dysregulation of PP2A as its most proximal cause.
While no information is available on Bβ1 and Bβ2 expression levels
in SCA12 patients, we speculate that the non-coding CAG repeat ex-
pansion upregulates Bβ2 expression to increase PP2A activity at the
OMM, leading to mitochondrial fragmentation and ultimately neuro-
nal demise. Consistent with this model, overexpression of Bβ2 causes
Drp1-dependent mitochondrial fission and neuronal cell death, while
Bβ2 RNAi promotes mitochondrial elongation and protects

Fig. 3. Signaling complexes at the OMM regulate mitochondrial dynamics. A kinase an-
choring protein 1 (AKAP1) recruits in addition to cAMP-dependent protein kinase
(PKA), several other signaling enzymes, among them the calcium sensitive protein
phosphatase calcineurin (CaN) and protein phosphatase 1 (PP1) to the OMM. The
Bβ2 regulatory subunit targets the scaffolding (A) and catalytic (C) subunits of protein
phosphatase 2A (PP2A) to the OMM via transient association with receptor compo-
nents of the translocase of the outer membrane (TOM) complex. Mitochondrial fission
factor (Mff) localizes dynamin related protein-1 (Drp1) to the OMM. Drp1 is phosphor-
ylated at SerPKA and inactivated by PKA; dephosphorylation by CaN and PP2A/Bβ2 ac-
tivates Drp1.
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hippocampal neurons from ischemic and excitotoxic injury (Dagda
et al., 2008).

Mitochondrial dynamics in neuronal development and synaptic

transmission

Regulation of mitochondrial transport

Neuronal mitochondria undergo a continuous process of distribu-
tion throughout the polarized cell by bidirectional transport (Cai et
al., 2011; Cameron et al., 1991; Morris and Hollenbeck, 1993; Pilling
et al., 2006; Popov et al., 2005; Zinsmaier et al., 2009). Within both
the developing and mature central nervous system, mitochondria
are positioned spatially to pre- and postsynaptic sites during periods
of high ATP utilization (Attwell and Laughlin, 2001; Fabricius et al.,
1993; Hollenbeck and Saxton, 2005; Ly and Verstreken, 2006). In ad-
dition, mitochondrial protein translation is required for maintenance
of the dendritic arbor (Chihara et al., 2007). Regulation of spatially
discrete intracellular calcium fluxes by mitochondria is also critical
for neuronal function (Nicholls, 2009). The machinery responsible
for the transport of mitochondria is therefore responsive to the
needs and state of the cell. The following discussion will focus on
the regulation of mitochondrial dynamics during neuronal develop-
ment and plasticity.

Within neuronal processes, a microtubule highway is established
for the transport of mitochondria (Heidemann et al., 1981; Schnapp
et al., 1986). Although primarily studied in axons, the dendritic mito-
chondrial transportation mechanisms utilized by neurons are likely
similar. Anterograde mitochondrial movement relies on three kinesin
motor proteins, KIF1Bβ, KIF5 and KLP-6, whereas retrograde mito-
chondrial transport is mediated by the dynein motor complex
(Hirokawa and Takemura, 2005; Nangaku et al., 1994; Tanaka et al.,
1998, 2011; Varadi et al., 2004). A number of adaptor proteins are
necessary for the anterograde transport of mitochondria. The first of
these adaptors to be identified and characterized was the protein mil-
ton in Drosophila; two vertebrate orthologs of milton, TRAK1/OIP106
and TRAK2/GRIF1, have since been identified (Beck et al., 2002; Cai et
al., 2011; Iyer et al., 2003; Stowers et al., 2002). Milton/TRAK serves as
a bridge between mitochondria and the kinesin motor complex to
support mitochondrial transport (Brickley and Stephenson, 2011;
Glater et al., 2006; Stowers et al., 2002). In addition, milton/TRAK
also interacts with the protein miro to promote anterograde transport
(MacAskill et al., 2009a). Miro is an OMM associated atypical GTPase
composed of a c-terminal membrane targeting domain and two
GTPase domains which flank two calcium-binding EF hand domains
(Fransson et al., 2003; Guo et al., 2005). In the GTP-bound state,
miro stably associates with milton, and this interaction is disrupted
following hydrolysis of GTP to GDP (MacAskill et al., 2009a). In addi-
tion to being necessary for basal mitochondrial transport, miro acts as
a calcium responsive switch for mitochondrial transport. Through
miro, levels of cytosolic calcium control the rate of mitochondrial
transport, with mitochondrial transport arrest in response to in-
creases in cytosolic calcium and recovery following a return to basal
cytosolic calcium levels (Macaskill et al., 2009b; Saotome et al.,
2008; Wang and Schwarz, 2009; Yi et al., 2004). Two mechanisms
for mitochondrial transport arrest by calcium have been proposed
(Macaskill et al., 2009b; Wang and Schwarz, 2009). In the model pro-
posed by MacAskill and colleagues, miro binds directly to the kinesin
motor complex when intracellular calcium levels are low to support
mitochondrial movement, increased cytosolic calcium binds to the
EF hand domains of miro which disrupts the miro–kinesin interaction
(Macaskill et al., 2009b). This is in contrast to the model submitted by
Wang and Schwarz in which calcium-bound miro remains associated
with the kinesin motor complex, but disrupts the kinesin–microtu-
bule interaction (Wang and Schwarz, 2009). Additional experimenta-
tion is necessary to support or refute either of these models.

Regardless of the mechanism, calcium mediated arrest of mitochon-
drial transport localizes the mitochondria within neuronal processes
adjacent to areas of intense synaptic transmission. For additional in-
formation on mitochondrial motility and activity-dependent trans-
portation arrest the reader is directed to several recent reviews
(MacAskill and Kittler, 2010; MacAskill et al., 2010; Soubannier and
McBride, 2009).

Themiro/milton complex has also been shown to interact with the
mitochondrial fission/fusion enzymes. Through modulation of Drp1-
dependent mitochondrial fission, miro mediates mitochondrial fis-
sion in response to elevated cytosolic calcium and mitochondrial
elongation when calcium levels are low (Saotome et al., 2008). In ad-
dition, the miro/milton complex interacts with PINK1 and overex-
pression of miro/milton reverses mitochondrial fragmentation
associated with PINK1 knock-down (Weihofen et al., 2009). The
miro/milton complex has also been shown to interact with the mito-
chondrial fusion protein Mfn2, which promotes mitochondrial trans-
port (Misko et al., 2010). Further, CMT2A2 associated mutations in
Mfn2 correlate with a mitochondrial transportation defect indepen-
dent of Mfn2 fusion activity suggesting a relationship between the
mitochondrial transport complex and CMT2A2 (Misko et al., 2010).
It is, however, unclear whether formation of the miro/milton::Mfn2
complex directly influences Mfn2 mediated mitochondrial fusion.

The mitochondrial transport machinery also seems to be respon-
sive to kinase signaling cascades. Serotonin signaling through the 5-
HT1A receptor increases the velocity of mitochondrial transport in
hippocampal neurons through a signaling pathway that may involve
Akt inhibition of GSK3β (Chen et al., 2007). In contrast, dopamine in-
creases and decreases the velocity of mitochondrial transport by sig-
naling through the D1 and D2 receptors, respectively; a process that
may also involve the Akt→GSK3β axis (Chen et al., 2008). However,
the relevant GSK3β substrates and phosphorylation sites remain to
be identified.

Mitochondrial dynamics in neurite and synapse development

During development mitochondrial transport into neuronal pro-
cesses supports the formation of dendritic spines and axon branching
(Dedov et al., 2000; Li et al., 2004; Morris and Hollenbeck, 1993). A
basal level of mitochondrial trafficking into dendrites and axons has
been shown to occur independent of synaptic activity, but mitochon-
drial residency increases in dendrites with increased synaptic activity
(Chang et al., 2006). The mechanism of activity dependent mitochon-
drial residency in dendrites likely involves remodeling of the actin cy-
toskeleton. In response to NMDA receptor activation, down
regulation of CDK5 disinhibits mitochondria-associated Wiskott–
Aldrich syndrome protein verprolin homologous protein 1 (WAVE1)
which then mediates the localization of mitochondria to developing
dendritic spines (protrusions) (Sung et al., 2008). This process likely
occurs through WAVE1 activation of the Arp2/3 complex followed
by actin polymerization and results in increased dendritic spine
density (Kim et al., 2006). In addition, Drp1-mediated mitochondrial
fission is necessary for activity dependent increase in spine density
(Dickey and Strack, 2011; Li et al., 2004, 2008).

Drp1 is required for development of the mammalian nervous sys-
tem (Ishihara et al., 2009; Wakabayashi et al., 2009; Waterham et al.,
2007). Drp1 deficiency results in depletion of mitochondria from de-
veloping neurites, reduced neurite outgrowth and impaired synapse
formation (Ishihara et al., 2009). The process of Drp1-mediated mito-
chondrial fission in neuronal development and plasticity is regulated
by phosphorylation of Drp1 at SerPKA. Inactivation of Drp1 by phos-
phorylation at SerPKA through the actions of PKA/AKAP1 results in a
reduction in dendritic spine density and an increase in dendrite out-
growth. PP2A/Bβ2 opposes AKAP1/PKA via Drp1 dephosphorylation
at SerPKA (Dickey and Strack, 2011). As PP2A/Bβ2 mRNA is induced
during the period of peak synaptogenesis in the developing
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mammalian nervous system, phospho-regulation of Drp1 may sup-
port early synaptogenesis (Dagda et al., 2003). Alterations of
morphology directly influence the bioenergetic functions of mito-
chondria, which likely drive the developmental processes. Through
the PKA→Drp1 SerPKA axis, mitochondrial elongation increases ATP
generation and mitochondrial membrane potential (Dickey and
Strack, 2011; Gomes et al., 2011). It is tempting to speculate that
mitochondria are strictly responsible for ATP generation to power
neuronal development; however, pharmacological alterations of ATP
bioavailability during development has led to conflicting observa-
tions. Li and colleagues found that application of 20 mM creatine, a
small molecule which increases the bioavailability of cytosolic ATP
(Klein and Ferrante, 2007), to cultured hippocampal neurons
increases dendritic spine density (Li et al., 2004). Conversely, our
laboratory has observed that when applied to cultured hippocampal
neurons, 1 mM L-carnitine, a small molecule, which increases lipid
metabolism by mitochondria (Bremer, 1983), reduces density and
number of axospinous synapses (Dickey and Strack, 2011). In

addition to modulating ATP generation, mitochondrial morphology
affects membrane potential dependent mitochondrial calcium se-
questration. A reduction of mitochondrial fission following Drp1 inhi-
bition increases calcium sequestration in cortical neurons (Saotome
et al., 2008). Conversely, overexpression of Fis1, which results in en-
hanced mitochondrial fission, reduces calcium uptake (Frieden et
al., 2004). Further, pharmacological alteration of calcium availability
phenocopies the affect of mitochondrial morphology modulation on
dendritogenesis with increasing calcium availability decreasing dendri-
togenesis and decreasing calcium availability increasing dendritogen-
esis (Dickey and Strack, 2011) (Fig. 4).

A positive feedback loop may exist between phospho-regulation
of Drp1-dependent mitochondrial fission and alterations of calcium
homeostasis. As the calcium-dependent protein phosphatase CaN cat-
alyzes dephosphorylation of SerPKA, it is possible that this pathway of
Drp1 phospho-regulation also influences localization of mitochondria
and synaptic development/plasticity (Cereghetti et al., 2008; Cribbs
and Strack, 2007). Support for this idea arises from the observation

Fig. 4. Regulation of dendritogenesis and synaptogenesis by Drp1. Models put forth by Li et al. (2004) (A), and Dickey and Strack (2011) (B). While mitochondrial fission promotes
synaptogenesis according to both models, model A posits that this involves an increase in dendritic mitochondria (mito) content and mitochondrial membrane potential (ΔΨm),
while the opposite holds in model B. See the ‘Mitochondrial dynamics in neurite and synapse development’ section for details.
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that FK506/tacrolimus, a small molecule inhibitor of CaN, represses
synaptic plasticity and development (Moriwaki et al., 1996; Onuma
et al., 1998). During neuronal development, PP2A/Bβ2-induced mito-
chondrial fission may decrease mitochondrial calcium sequestration,
which could increase CaN-mediated Drp1 SerPKA dephosphorylation
leading to further mitochondrial fission (Fig. 4).

Association with Bcl-2 family members also influences Drp1-
dependent mitochondrial fission at the site of the synapse. The anti-
apoptotic Bcl-2 family member Bcl-xL has been shown to participate
in synapse formation through modulation of the mitochondrial
fission machinery and mitochondrial bioenergetics. Expression of
Bcl-xL is temporally correlated with peak levels of neurogenesis in
the developing mammalian nervous system and expression is main-
tained into adulthood (Krajewska et al., 2002). By injecting recombi-
nant human Bcl-xL into the presynaptic nerve terminals of isolated
squid stellate ganglion axons and monitoring the response of the
postsynaptic cell, it was found that Bcl-xL enhances synaptic trans-
mission (Jonas et al., 2003). This effect is likely mediated in part
through modulation of Drp1. Bcl-xL increases the GTPase activity of
Drp1 and presumably Drp1-mediated mitochondrial fission, which
correlates with increased synaptic mitochondria content and synapse
number (Berman et al., 2009; Li et al., 2008). Further, Bcl-xL is also lo-
cated on the inner mitochondrial membrane where its presence sta-
bilizes the mitochondrial membrane potential increasing the
efficiency of ATP production (Chen et al., 2011).

Mitochondrial dynamics and synaptic bioenergetics

A number of observations do not support a crucial role for mito-
chondrial localization near synapses in synaptic function. The most
compelling evidence generated thus far comes from studies with Dro-

sophila. Verstreken and colleagues observed that when mitochondria
are precluded from entry into the motor nerve terminal by mutation-
al inactivation of Drp1, synaptic transmission fidelity is compromised,
however this effect is only apparent during periods of high activity;
prolonged 10 Hz stimuli (Verstreken et al., 2005). Application of ex-
ogenous ATP could partially rescue the motor transmission deficit
(Verstreken et al., 2005). Similarly, Stowers and colleagues found
that mutational inactivation of milton depletes mitochondria in
nerve terminals, but results in a relatively mild neurotransmission
phenotype (Stowers et al., 2002). Observations of vertebrate neurons
also suggest that mitochondria can fuel synapses from a distance.
First, only 40% of presynaptic boutons in the hippocampal CA1 region
and virtually no postsynaptic dendritic spines contain mitochondria
(Chicurel and Harris, 1992; Li et al., 2004; Shepherd and Harris,
1998). Secondly, physiological absence of mitochondria from hippo-
campal neuron presynaptic boutons does not correlate with a reduc-
tion in synaptic transmission (Waters and Smith, 2003). It is possible
that local glycolysis and redistribution of ATP by high energy phos-
phate carriers adequately supply ATP needs at the synapse thus local-
ized mitochondrial bioenergetic activity is unnecessary for synaptic
function at least in neurons with shorter processes (Andres et al.,
2008; Linton et al., 2010). In situations where, without localized mito-
chondrial ATP production, diffusion limited high energy phosphate
carriers do not adequately supply ATP needs, synaptic function may
degrade. In striated muscle, the diffusion distance over the half-life
of phosphocreatine has been estimated at ~66 μm (Gabr et al.,
2011). If this finding can be extended to neurons with processes on
the order of millimeters in length, it may explain why disruption of
the mitochondrial dynamics machinery manifests in neurons with
long processes as neuropathies. Indeed, CMT2A2 associated muta-
tions in Mfn2 affect neurons with the longest axons resulting in pe-
ripheral neuropathies (Ly and Verstreken, 2006). If mitochondrial
derived ATP production is in part dispensable for synaptic function in
the central nervous system, it raises a number of questions. Why does
a mechanism exist for activity dependent arrest of mitochondrial

transport? What function(s) is(are) mitochondria fulfilling near
sites of high synaptic activity?

Mitochondrial dynamics in neuronal calcium homeostasis

Regulation of intracellular calcium is one possible function for mi-
tochondria following transportation arrest near sites of high synaptic
activity. The physiological functions of mitochondrial calcium seques-
tration have been the subject of numerous excellent reviews
(Contreras et al., 2010; Nicholls, 2009; Pivovarova and Andrews,
2010; Rizzuto, 2001, 2003). Here we will focus on the intersections
between mitochondrial dynamics and calcium homeostasis. The ca-
pacity of mitochondria to buffer cytosolic calcium changes is directly
related to the proximity of individual mitochondrial to the site of
calcium influx (Collins et al., 2001). However, as discussed above,
presynaptic nerve terminals and postsynaptic spines are largely de-
void of mitochondria and therefore highly localized calcium buffering
could be dispensable. In addition, the ability of mitochondria to se-
quester cytosolic calcium is influenced by mitochondrial fission
and fusion. Drp1-driven mitochondrial fission limits mitochondrial
calcium uptake and propagation of intramitochondrial calcium
waves, and protects HeLa cells from apoptosis induced by ceramide
(Szabadkai et al., 2004). Further, it was recently observed that
calcium influx through excitatory NMDA receptors induces non-
apoptotic cytochrome c release from mitochondria and subsequent
activation of caspase-3 is a required step for long-term depression
(LTD) (Li et al., 2010). Cytochrome c release by mitochondria is facil-
itated by Drp1-dependent mitochondrial fission, therefore mitochon-
drial dynamics likely influences LTD (Frank et al., 2001). Also, it
has been found that mitochondrial calcium uptake results in ROS me-
diated long-term potentiation in the spinal cord which may have sig-
nificance in chronic pain specifically and may represent a novel
mechanism of long term potentiation induction generally (Kim et
al., 2011). Additional work is certainly necessary to fully characterize
the role localized mitochondria play in synaptic function.

Mitochondrial dynamics in neuronal survival

The mitochondrial fission/fusion machinery plays a crucial role
in the regulated elimination of injured cells through apoptotic and
non-apoptotic mechanisms. In addition to bioenergetic and calcium
regulatory properties, under homeostatic conditions mitochondria
sequester pro-apoptotic cytochrome c within the IMS. In response
to injury, release of cytochrome c is an early, necessary step in apo-
ptosis initiation (Goldstein et al., 2000; Li et al., 1997; Zou et al.,
1999). Drp1-mediated mitochondrial fission facilitates cytochrome
c release from mitochondria (Cassidy-Stone et al., 2008; Frank et
al., 2001). This process may occur through Drp1-dependent remo-
deling of the OMM curvature which supports the insertion and olig-
omerization of the pro-apoptotic Bcl-2 family member Bax into the
OMM (Montessuit et al., 2010). The Bax/Bak complex also facilitates
Drp1 sumoylation, promoting stable association of Drp1 with the
OMM and enhanced Drp1-dependent mitochondrial fission
(Figueroa-Romero et al., 2009; Wasiak et al., 2007). In neurons, acti-
vation of the NMDA receptor in response to glutamate results in
both arrested mobility and fragmentation of mitochondria (Rintoul
et al., 2003). As the phosphatase CaN is a known mediator of apo-
ptosis following excitotoxic injury and phospho-regulation of Drp1
through SerPKA modulates the pro-apoptotic activity of Drp1, it is
possible that the CaN→Drp1 axis may be critical for the execution
of neurons following ischemic injury (Cereghetti et al., 2008;
Cribbs and Strack, 2007; Wang et al., 1999). In support of this idea,
the CaN-mediated Drp1 activation induces apoptosis in cardiomyo-
cytes following ischemia/reprofusion injury (Wang et al., 2010).
Also, the neuron specific PP2A/Bβ2 complex increases susceptibility
to cell death following ischemic and excitotoxic injury in a Drp1

21T.J. Wilson et al. / Neurobiology of Disease 51 (2013) 13–26



dependent manner (Dagda et al., 2008). In addition, during neuro-
nal injury, oxidative stress may activate Drp1 via nitrosylation, how-
ever as discussed above this finding is controversial and the
mechanism is incompletely described (Barsoum et al., 2006; Bossy
et al., 2010; Cho et al., 2009). Oxidative stress during neuronal inju-
ry may also activate Drp1 via phosphorylation of SerCDK by PKCδ (Qi
et al., 2011) (see the ‘Drp1 phosphorylation’ section). Activation of
Drp1 during oxidative stress may, in part, account for neuronal
death associated with the abuse of methamphetamine (Tian et al.,
2009). In contrast to the pro-apoptotic activity of Drp1-mediated
mitochondrial fission, the activity of the mitochondrial fusion pro-
teins is anti-apoptotic. Mfn2 overexpression or mutational activa-
tion is neuroprotective during oxidative stress and attenuates the
release of cytochrome c (Jahani-Asl et al., 2007). Loss of Opa1 func-
tion by calpain-mediated inactivation is also a pro-apoptotic path-
way during excitotoxic injury (Jahani-Asl et al., 2011). For these
reasons modulation of the mitochondrial fission/fusion machinery
may provide the basis for novel neuroprotective strategies.

As discussed above, the PINK1/Parkin pathway intersects with the
mitochondrial fission/fusion machinery at multiple points. Recently, a
neuroprotective role for mitochondrial fission following manipulation
of the PINK1/Parkin pathway has been suggested. Seminal studies in
Drosophila have shown that PINK1 and Parkin promote mitochondrial
fission through a Drp1-dependent pathway. Further, overexpression
of Drp1 or knock-down of mitochondrial fusion promoting proteins
can rescue the phenotype of PINK1/Parkin deficiency or mutation
(Deng et al., 2008; Park et al., 2009; Poole et al., 2008; Yang et al.,
2008). In line with these Drosophila studies, Yu and colleagues demon-
strated that mitochondrial elongation associated with PINK1 knock-
down by RNAi correlates with increased susceptibility to excitotoxic
cell death in cultured mammalian hippocampal neurons. Conversely,
mitochondrial fission associated with overexpression of either Parkin
or PINK1 resulted in neuroprotection (Yu et al., 2011). However, since
several other studies reported that PINK1 and/or Parkin inactivation in
mammalian cells results in mitochondrial fragmentation (Dagda et al.,
2009, 2011; Exner et al., 2007; Lutz et al., 2009; Sandebring et al.,
2009), the exact role of the PINK1/Parkin pathway inmitochondrial dy-
namics remains controversial. In addition,whether the observed neuro-
protective effects associatedwith overexpression of the PINK1 or Parkin
are a direct consequence of mitochondrial fission or due to modulation
of other cellular processes such as mitophagy (see the ‘Mitofusin
ubiquitination’ section) remains to be determined.

Implications for treatment of neurodegenerative diseases

A small molecule inhibitor of Drp1, Mdivi-1, has been developed
and may potentially find therapeutic utility. Mdivi-1 is a noncompeti-
tive inhibitor of Drp1 GTPase activity and attenuates Drp1 mediated
mitochondrial-fission in response to pro-apoptotic stimuli (Cassidy-
Stone et al., 2008). Mdivi-1 application in vivo has been shown to pre-
serve kidney function following ischemia and acute kidney injury,
protect cardiomyocytes against ischemia/reperfusion injury, and at-
tenuate retinal ganglion cell death after ischemic injury (Brooks et
al., 2009; Ong et al., 2010; Park et al., 2011). Mdivi-1 also partially res-
cues the mitochondrial damage due to inactivation of PINK1 (Cui et
al., 2010). Further work in the neuroscience field will allow this par-
adigm, therapeutics aimed at preserving intracellular mitochondrial
function for the treatment of disease and injury, to mature and
could improve the clinical outlook for neurodegenerative diseases.
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