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Mitochondrial Dynamics in Neurodegeneration
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1Department of Cell Biology, Johns Hopkins University School of Medicine, Baltimore, MD
2Gladstone Institute of Neurological Disease, University of California, San Francisco, CA
3Department of Neurology and Graduate Programs in Neuroscience and Biomedical Sciences,
University of California, San Francisco, CA

Abstract
It has been only 15 years since studies began on the molecular mechanisms underlying
mitochondrial fission and fusion using simple model organisms such as Drosophila, yeast, and C.
elegans. Beyond the primary functions of mitochondrial fission and fusion in controlling organelle
shape, size and number, it became clear that these dynamic processes are also critical for
regulating cell death, mitophagy and organelle distribution. Now, studies suggest that prominent
changes occur in mitochondrial dynamics in a broad array of neurodegenerative disease, and there
is substantial evidence suggesting a key role in disease pathogenesis, as neurons are among the
most energy-consuming cell types and have a highly developed cell shape. Here, we review the
recent findings on mitochondrial dynamics in neurodegeneration.
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Mechanisms of Mitochondrial Fission and Fusion
Mitochondria play important roles in many cellular activities, such as energy production,
metabolism, aging and cell death [1]. Neurons have a high demand for mitochondrial
metabolism and contain many mitochondria throughout the cytoplasm. In neurons and many
other cell types, mitochondria are maintained as short tubular structures, which are highly
dynamic and move, divide, and fuse [2–4]. The dynamic interactions among mitochondria
by fission and fusion establish organelle size, number and shape and allow for the mixing of
mitochondrial contents, including proteins, lipids and DNA.

Mitochondrial fission is mediated by an evolutionarily conserved dynamin-related GTPase,
Drp1 in mammals and Dnm1p in yeast [2, 5]. Drp1 is a soluble cytosolic protein that
assembles into spiral filaments around mitochondrial tubules. Different outer membrane
proteins have been proposed as Drp1 receptors, including Mff, Fis1 and the two homologous
proteins Mid49 and Mid51 (also called MIEF1) [6–10]. Several different post-translational
modifications, including phosphorylation, ubiquitination and sumoylation, of Drp1 regulate
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its interactions with mitochondria [11, 12]. The Drp1 spiral has been proposed to constrict
mitochondrial tubules through conformational changes, driven by GTP hydrolysis, in Drp1
and Dnm1p [13–16]. Interestingly, it has been suggested that tubules of the endoplasmic
reticulum wrap around and squeeze mitochondria at the early stage of division, prior to the
assembly of Drp1 filaments onto mitochondria [17]. This ER-mediated narrowing of
mitochondrial tubules may help Drp1 assemble, as the diameter of Drp1 spirals is smaller
than that of mitochondrial tubules. After the completion of mitochondrial fission, Drp1
spirals likely disassemble from mitochondria for future rounds of mitochondrial fission.

Mitochondrial fusion is also mediated by the conserved dynamin-related GTPases mitofusin
(Mfn) and optic dominant atrophy 1 (Opa1) [5, 18]. In yeast, the Mfn and Opa1 counterparts
are called Fzo1p and Mgm1p, respectively. There are two Mfns, Mfn1 and Mfn2, and these
proteins, which are located in the outer membrane, fuse the mitochondrial membranes of
adjacent tubules through homotypic and heterotypic interactions [19, 20]. Opa1 is located in
the inner mitochondrial membrane and likely interacts with Mfns to form intermembrane
protein complexes that couple the fusion of outer membranes to that of the inner membranes
[21–23]. Loss of either Mfns or Opa1 leads to a similar mitochondrial fragmentation
phenotype, suggesting that both outer and inner membrane fusion processes are affected.
Mfn2 and Opa1 are associated with neurodegenerative diseases. Similar to Drp1, these
GTPases are also controlled by a variety of mechanisms. Mfns are subjected to
ubiquitination and proteosomal degradation [24, 25], while Opa1 is proteolytically regulated
by different mitochondrial proteases [26–33].

Many neurodegenerative diseases are associated with alterations in the fission and fusion of
mitochondria [34, 35]. In this review, we will first summarize the cellular and physiological
functions of mammalian mitochondrial dynamics and their roles in neurodegeneration.

Cellular Functions of Mitochondrial Fission and Fusion
Mitophagy

Mitochondria have multiple quality control mechanisms through degradation, including
intramitochondrial proteases, proteosomal degradation, mitochondria-derived vesicles, and
mitophagy, which is the autophagy-mediated degradation of mitochondria [36–38]. Parkin,
an E3 ubiquitin ligase that is mutated in a large proportion of cases of young onset
Parkinson’s disease (PD) [39, 40], is recruited to dysfunctional mitochondria and
ubiquitinates mitochondrial proteins for proteosomal degradation and promotes the
engulfment of mitochondria by autophagosomes (Fig. 1). During this process, mitochondrial
dynamics are shifted toward fission over fusion, partly due to the proteosomal degradation
of Mfns [24, 25, 41]. Fission is thought to be important for mitophagy, since inhibition of
division slows down mitophagy. Most studies of parkin have involved overexpression of
parkin in non-neuronal cells in culture, and mice lacking Parkin are viable with only subtle
mitochondrial deficits [42–45]. Therefore, it remains to be determined whether parkin-
dependent mitophagy is physiologically relevant in mammalian cells in vivo. Nonetheless,
these studies clearly indicate that the regulation of mitochondrial size by fission is important
for the clearance of this organelle by mitophagy.

Whereas enhanced mitochondrial division facilitates the mitophagy of dysfunctional
mitochondria, fission is downregulated during starvation-induced autophagy, thereby
resulting in elongated mitochondrial tubules that are protected against degradation (Fig. 1).
Upon starvation, Drp1 is phosphorylated at serine637 and dephosphorylated at serine616,
leading to the inhibition of mitochondrial fission [46, 47]. Phosphorylation of serine637 by
protein kinase A inhibits fission by enhancing the dissociation of Drp1 from mitochondria,
likely by separating Drp1 from mitochondria or stimulating spiral disassembly.
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Phosphorylation of serine616 activates Drp1-mediated mitochondrial fission by an unknown
mechanism, but does not stimulate Drp1 GTPase activity. Elongated mitochondria cannot be
efficiently engulfed and thus escape degradation, and cells maintain the ability to
continuously produce energy from the catabolites generated by autophagic degradation of
other cellular components. In cells lacking Opa1 or both Mfn1 and 2, which fail to elongate
mitochondria, mitochondria are subjected to degradation upon starvation, and this loss of
mitochondria enhances cell death due to energy depletion. Therefore, in response to
physiological needs (e.g., promotion or inhibition of mitochondrial degradation),
mitochondrial fission and fusion serve as a key regulatory step in determining the fate of
mitochondria by simply modulating organelle length and size.

Cell death
Cells die through different mechanisms, such as apoptosis and necrosis, that are
interconnected yet distinct in terms of cellular morphology and caspase requirements.
During apoptosis and necrosis, changes in mitochondrial morphology have been observed,
including the fragmentation of mitochondrial tubules and the remodeling of inner membrane
cristae (Fig. 1). Drp1 and Opa1 have been suggested to promote and inhibit, respectively,
the release of cytochrome c from mitochondria during apoptosis; however, their roles are
controversial and may depend on cell type and physiological cues. The functions of Drp1
and Opa1 in apoptosis have been reviewed elsewhere and are beyond the scope of this
discussion [48, 49]. In addition to apoptosis, a recent study has shown that Drp1 also plays a
role in necrosis [50]. Although necrosis was traditionally considered a passive cell death
mechanism, an increasing number of studies have suggested that necrosis is also
programmed and regulated by specific intracellular signaling pathways involving two
kinases, RIP1 and RIP3, which form a protein complex called the necrosome, and a
mitochondria resident phosphatase, PGAM5 [51]. Upon induction of necrosis, the RIP1/3
complex binds to and phosphorylates PGAM5 to stimulate its phosphatase activity. PGAM5
in turn dephosphorylates Drp1 at serine637 to recruit Drp1 to mitochondria for fission [50].
The loss of Drp1, either by silencing or by treatment with its inhibitor mdivi-1 [52], blocks
necrosis. The role of mitochondrial fragmentation in necrosis remains to be determined, but
is likely different from that in apoptosis. During apoptosis, mitochondria play an active role
in initiating cell death by releasing the proapoptotic factor cytochrome c. In contrast, during
necrosis, mitochondrial fragmentation may serve as a means to decrease mitochondrial
energy production for efficient cell death.

Transport and distribution
Mitochondria are actively transported throughout the cytosol, mainly along microtubules in
mammals and along actin filaments in yeast [4]. In neurons, mitochondrial fission and fusion
are important for mitochondrial transport [53]. With regards to fission, inhibiting Drp1
results in enlarged mitochondria that cannot be properly localized to either dendrites or
axons, and suppresses synapse formation and function [54, 55]. Although the mechanisms
underlying these effects on mitochondrial transport are not well understood, they may result
directly from the effects of Drp1 on mitochondrial size (Fig. 1). Indeed, when Drp1 is
knocked out before dendrite extension, mitochondrial tubules first become elongated and
then, as oxidative damage accumulates in mitochondria due most likely to impaired
mitophagy, form large spheres whose diameters are far greater than that of the dendrites
[56]. These large, spherical mitochondria may be difficult to transport, as they localize
exclusively to the cell body of Drp1-null neurons [56].

Interestingly, Mfns are also important for mitochondrial transport and movement, but
perhaps through distinct mechanisms. In Mfn1- or Mfn2-null mouse embryonic fibroblasts
(MEFs), mitochondria lose directional movement and appear to move randomly in the
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cytosol, suggesting that they are detached from microtubules [19]. Supporting this notion,
Mfn2 were found to interact with Milton and the calcium-binding GTPase Miro, which form
an adapter protein complex connecting the microtubule motor kinesin and mitochondria for
anterograde movement [57]. Mfn2-null neurons also show a decreased number of
mitochondria within their highly branched dendrites [58].

Respiration
Defects in mitophagy may lead to impairment of respiratory function in mitochondria in
Drp1-null neurons and HeLa cells that are depleted for Drp1 likely due to oxidative damage
on mitochondrial components; however major targets of oxidative stress have been
unidentified [56, 59]. Impaired respiration can lead to further increases in ROS production,
therefore it is difficult to pinpoint the primary target. In addition, respiratory defects due to
mitochondrial fission deficiency are highly dependent on cell type likely due to basal levels
of ROS and contributions of other quality control mechanisms. Indeed, Drp1-null mouse
embryonic fibroblasts are normal in terms of activities of electron transport chain complexes
and ATP production [60, 61]. Defects in mitochondrial fusion are also associated with
impairment of respiration [58]. Excessive mitochondrial division produce many small
mitochondrial fragments that lack mitochondrial DNA (mtDNA) and therefore may fail to
assemble electron transport chain complexes as several subunits of the electron transport
chain complexes are encoded in mtDNA. Although underlying mechanisms are not well
understood, loss of mitochondrial fusion leads to decreased number of mtDNA in some cells
including mouse embryonic fibroblasts and skeletal muscle cells [62]. However, Opa1-null
pancreatic beta cells lose their respiratory function, but contain normal amounts of mtDNA,
suggesting the role of mitochondrial fusion in the maintenance of mtDNA may also depend
on cell type [63].

In the following section, we will discuss how these functions of mitochondrial dynamics are
affected in neurodegenerative diseases.

Neurodegeneration Associated with Altered Mitochondrial Fission and
Fusion

Many human diseases are associated with changes in mitochondrial function and
morphology. Neurons have an especially high demand for mitochondrial metabolism and are
particularly sensitive to decreases in mitochondrial function, which lead to energy
deprivation and reactive oxygen species production. By controlling organelle size,
mitochondrial fission and fusion also facilitate the efficient microtubule-mediated active
transport of mitochondria into the long dendritic and axonal extensions characteristic of
highly polarized neurons. Therefore, the diseases described below mainly affect neurons.
Abnormalities in mitochondrial dynamics, including the inhibition of mitochondrial fission
or fusion and the abnormal activation of mitochondrial fission, have been suggested to occur
as early events during the pathogenesis of many diseases.

Postneonatal death caused by a Drp1 mutation in human
A spontaneous, dominant negative mutation in human Drp1 causes neonatal death with
impaired brain development and neuronal cell death [64] (Fig. 2). Skin fibroblasts isolated
from the patient displayed elongated mitochondria, suggesting a defect in mitochondrial
fission. The disease mutation is located in the middle region of the Drp1 protein, and blocks
both Drp1 oligomerization and oligomerization-stimulated GTPase activity [65], and also
inhibits the recruitment of Drp1 to mitochondria. These findings demonstrate the importance
of mitochondrial division in human brain development. The role of mitochondrial fission in
development has been further studied using Drp1 knockout mice. Complete loss of Drp1
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results in embryonic lethality at E11.5, most likely due to developmental defects in the
placenta and heart [60, 61]. Therefore, tissue-specific deletion has been used to elucidate the
functions of Drp1 in neurons. Consistent with the case report for the patient described
above, the loss of Drp1 leads to defective cell proliferation, viability and synapse formation
in neurons during brain development. Furthermore, when Drp1 is deleted in postmitotic
cerebellar Purkinje cells after the completion of brain development, mitochondria become
elongated due to the lack of organelle division [56, 66]. Due most likely to impaired
turnover, these elongated mitochondria accumulate oxidative damage and lose respiratory
function, leading to the further transformation of their morphology into large spheres as
described above. These mitochondrial defects eventually lead to the degeneration of Drp1-
null Purkinje cells. The formation of large mitochondrial spheres and cell death are directly
caused by oxidative damage, since both phenotypes are suppressed by treating Drp1-null
cells with antioxidants. In contrast to Purkinje cells, Drp1-null MEFs maintain normal
respiration and do not show increased cell death [60, 61]. Mitochondria in Drp1-null MEFs
are highly interconnected and elongated due to fission defects, but become large spheres
only when treated with hydrogen peroxide, suggesting that MEFs have lower amounts of
reactive oxygen species than neurons [56]. These studies suggest that mitochondrial fission
is a quality control mechanism to protect against oxidative damage in neurons.

Neurologic disorders caused by defects in fusion and fission machineries: Autosomal
dominant optic atrophy and Charcot-Marie-Tooth neuropathy

Autosomal dominant optic atrophy (ADOA) is a rare degenerative disorder characterized by
visual loss due to retinal ganglion cell degeneration and optic nerve atrophy. Based on
genetic linkage studies, eight loci have been associated with ADOA, implicating at least
three mitochondrial membrane proteins, Opa1, Opa3 and Opa7 [67]. Mutations in the inner
membrane protein Opa1 are responsible for disease in the majority of ADOA patients
(75%), while mutations in the outer membrane protein Opa3 account for a minor population
(1%). Opa1 mediates the fusion of mitochondrial membranes and is also involved in the
maintenance of the inner membrane cristae structure, which helps prevent cytochrome c
from being released to the cytoplasm during apoptosis (Fig. 2). Most pathological Opa1
mutations cause haploinsufficiency. Consistent with this idea, heterozygous Opa1 knockout
mice show the degeneration of optic nerves at advanced ages [68]. Analysis of Opa3
function has just started, but studies suggest that Opa3 controls Drp1-independent
mitochondrial fission [69]. The function of Opa7 is currently unknown.

Interestingly, another neurologic disorder, Charcot-Marie-Tooth neuropathy (CMT), can
also be caused by defects in mitochondrial dynamics (Fig. 2). This heterogenous disorder,
which is characterized by distal muscle weakness and sensory loss, has multiple genetic
etiologies, including mutations in Mfn2 [70], a mitochondrial outer membrane protein
important for fusion. Although the mechanisms by which loss of Mfn2 produces CMT are
unclear, loss of Mfn2 leads to decreases in the amount of mtDNA and increases in its
mutations and deletions, and ultimately results in impaired aerobic respiration in mice [62].
Alternatively, the deficit may not be in the intrinsic function of the mitochondria, but rather
due to changes in the axonal transport of mitochondria [57]. This could result in the
accumulation of damaged mitochondria and/or the mislocalization of the mitochondria in
processes, which in turn might produce regional bioenergetics failure and/or regional
absence of other key mitochondrial functions. Indeed, mouse Mfn2 is critical for the
movement of mitochondria, and Mfn2-null neurons show an impaired distribution of
mitochondria.

Mutations in ganglioside-induced differentiation-associated protein 1 (GDAP1) can also
cause several variants of CMT[71]. GDAP1 is a mitochondrial outer membrane protein that
has been implicated in mitochondrial fission, although the exact role of GDAP1 in organelle
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division is less understood than that of Drp1 [72, 73]. Recent studies have reported two
cases in which CMT patients carry mutations in both Mfn2 and GDAP1 [74, 75]. Since
Mfn2 is a fusion protein and GDAP1 a fission protein, it is surprising that, in both cases,
symptoms are more severe than those of patients with single mutations. In one case,
mitochondrial morphology is normal, but the combination of uncoupled respiration resulting
from the Mfn2 mutation and complex I defects resulting from the GDAP1 mutation leads to
additive respiration impairments [75]. The apparent normal mitochondrial morphology in
these patients is consistent with the restoration of nearly wild-type morphology in yeast
mutant cells lacking both fission and fusion, highlighting the need for balance between these
opposite activities, which antagonistically regulate mitochondrial shape [76]. However, the
additive respiration defects seen in these patients clearly indicate the importance of
mitochondrial division and fusion beyond the regulation of mitochondrial shape. In another
case in which both Mfn2 and GDAP1 are mutated, mitochondrial enlargement is observed in
axons, suggesting that fusion is occurring at relatively higher rates than fission [74].

Alzheimer’s disease
Alzheimer’s disease (AD) is a devastating neurodegenerative disorder that affects roughly
5.4 million Americans and whose prevalence is increasing [77]. Pathologically, the disease
is characterized by the extracellular deposition of amyloid plaques, followed by the
accumulation of intraneuronal neurofibrillary tangles of hyperphosphorylated tau. This is
associated with the loss of synapses and then neuronal death, initially in focal areas
including the entorhinal cortex and hippocampus, and ultimately more broadly in the cortex
[78]. Clinically, early memory loss progresses to broad cognitive dysfunction [79]. Although
the pathogenesis of AD is not well understood, accumulating evidence has implicated
mitochondria. Of particular interest to this review are prominent changes in the expression
of mitochondrial fission and fusion proteins [80], suggesting an imbalance in the fusion-
fission process. Although the mechanisms leading to these changes are unclear, they may
represent direct effects of amyloid beta (Aβ), as increased Aβ fragments mitochondria and
decreases mitochondrial mass in the neurites of cultured neurons. Interestingly, this process
depends on S-nitrosylation-mediated stimulation of Drp1 activity [81] (Fig. 2).

However, this mechanism is controversial, and an alternative hypothesis has also been
suggested, in which Drp1 is phosphorylated for recruitment to the surface of mitochondria
[82]. Other possible mechanisms for Drp1 involvement in AD are increases in both Drp1
expression levels and its interactions with Aβ and phosphorylated tau in AD patients [83,
84]. However, the physiologic relevance of these changes remains unclear, and other studies
have reported normal or decreased levels of Drp1 in AD patients and animal models [80, 82,
85]. Therefore, whether changes in Drp1 levels are directly associated with the pathogenesis
of AD remains to be determined.

Parkinson’s disease
Parkinson’s disease (PD) is a common and disabling neurodegenerative disorder, that results
in substantial suffering and financial cost to society [86]. It features the degeneration of
nigrostriatal DA neurons and accumulation of α-synuclein [87], resulting in characteristic
deficits in movement. Although the pathogenesis of PD is unknown, abundant evidence
from autopsy studies and dopaminergic neurotoxins indicates a central role for mitochondria
[88–91]. Additional evidence for mitochondrial involvement, including an important role for
mitochondrial dynamics, has emerged from recent work on proteins whose mutation and/or
overexpression produces familial forms of PD, particularly the autosomal recessive PD
proteins PINK1 and parkin. Indeed, a number of studies in Drosophila have demonstrated
that PINK1 and Parkin function as fission proteins, and that the toxicity of losing either
depends on the level of Drp1 [92, 93] (Fig. 2).
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However, the mechanisms by which changes in these proteins might affect mitochondrial
morphology are unclear, as both Parkin (an E3 ubiquitin ligase) and PINK1 (a serine/
threonine kinase) have multiple proposed targets [40, 94], but it is unknown which are
physiologically relevant. One mechanism by which Parkin and PINK1 might impact
mitochondrial dynamics is through their roles in mitophagy. Indeed, Parkin is recruited to
mitochondria in which the membrane potential is decreased in a PINK1-dependent manner
[95, 96]. The ubiquitination of mitochondrial proteins stimulates their proteosomal
degradation and the formation of autophagosomes for mitophagy. In addition to mitophagy,
Parkin and PINK1 might also affect mitochondrial distribution by regulating mitochondrial
transport. Indeed, a recent study has shown that PINK1 and Parkin act to arrest
mitochondrial motility in axons. When it is exposed on the surface of dysfunctional
mitochondria, Pink1 phosphorylates miro, which connects mitochondria to the microtubule
motor kinesin [97]. Phosphorylated Miro is then ubiquitinated by Parkin and degraded by
proteosomes. The degradation of Miro dissociates kinesin from mitochondria and prevents
organelle transport. Therefore, PINK1 and Parkin may inhibit the movement of
dysfunctional mitochondria into neurites and mark these organelles for degradation.
However, it is important to note that the effects of PINK1 and Parkin on mitochondrial
morphology in mammalian systems have been less clear and are controversial, and remain to
be validated in vivo.

Interestingly, yet another autosomal recessive PD protein, DJ-1, also regulates mitochondrial
morphology, perhaps as a secondary consequence of increased reactive oxygen species
(ROS) production. The effects of DJ-1 on mitochondrial fragmentation can be blocked by
overexpression of either Parkin or PINK1 [98, 99].

Loss of PINK1, parkin or DJ-1 produces relatively rare forms of PD that show degeneration
that is more restricted to dopamine neurons than most cases of idiopathic PD, and can also
lack Lewy bodies, raising questions about their relevance to sporadic PD [100]. However,
overexpression or mutation of the autosomal dominant PD proteins synuclein and LRRK2
can also affect mitochondrial dynamics [101–105], potentially indicating a broader role for
these proteins in idiopathic PD. Indeed, synuclein accumulates in the brains of essentially all
patients with sporadic PD, in the form of Lewy bodies and Lewy neurites [106]. With
LRRK2, the most common genetic cause of PD [107], mitochondrial fragmentation may
occur through effects on Drp1 [105]. In contrast, with α-synuclein, mitochondrial
fragmentation appears to occur through a direct interaction between synuclein and
mitochondrial membranes. Interestingly, the process can occur independently of Drp1,
although the precise effects on fusion versus fission remain unclear [101, 102]. In addition,
although mitochondrial fragmentation by synuclein precedes neuronal death from elevated
synuclein [102], it is not clear if the fragmentation is actually causal.

Huntington’s disease
Huntington’s disease (HD) is a devastating neurodegenerative disease. The disorder results
from an expansion of CAG triplet repeats in the polyglutamine region of the huntingtin
protein (Htt), leading to the accumulation of intracellular Htt aggregates. [108].
Neurodegeneration occurs in the striatum during early pathogenesis, but broad areas of the
brain are also affected during later stages of disease progression. As with AD and PD,
considerable evidence has implicated mitochondrial failure in the pathogenesis of HD [109],
and striatal neurons that degenerate in HD are remarkably susceptible to inhibition of
complex II [110, 111],

More recently, changes in mitochondrial dynamics have also been found in HD. For
example, in HD patients and animal models of the disease, mitochondria are excessively
fragmented and show decreased motility and respiration [109]. Interestingly, mutant Htt can
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associate with the surface of mitochondria [112], although it is unclear if this interaction
mediates the effects of Htt on mitochondrial morphology. Indeed, Htt aggregates bind to
many proteins, and mitochondria can be damaged as a secondary consequence of overall
decreases in cellular health. Recent studies have identified Drp1 as a potential target of
mutant Htt. All of these studies have shown that excessive activation of Drp1 occurs in HD,
although several distinct models have been proposed to underlie these findings.

For instance, Htt aggregates directly bind to Drp1 in vitro and stimulate its GTPase activity
[113] (Fig. 2). In neurons expressing mutant forms of Htt, Drp1 colocalizes with Htt
aggregates on mitochondria. Since the GTPase activity of Drp1 is stimulated by its
assembly, mutant Htt may facilitate abnormal assembly of Drp1 oligomers on the surface of
mitochondria, thereby activating fission. The mitochondrial fragmentation and increased cell
death that are induced by mutant Htt can be rescued by introducing a dominant negative
form of Drp1 [113, 114], supporting the idea that Drp1 activation is a major target of mutant
Htt. In contrast, increased levels of cytoplasmic calcium, rather than direct interactions
between Htt and Drp1, could activate Drp1 through dephosphorylation by the calcium-
dependent protein phosphatase calcineurin [115]. Although the basal level of Drp1
phosphorylation is low, the calcineurin-mediated dephosphorylation of Drp1 has been
shown to promote its association with mitochondria [12]. Htt aggregates may function as a
scaffold on the mitochondrial surface that brings different kinases and phosphatases to
mitochondria.

Although the above studies observed normal levels of Drp1 in HD models, increased
amounts of Drp1 and decreased levels of Mfns and Opa1 are found in HD patients,
suggesting that mitochondrial dynamics are shifted toward fission over fusion [116]. Since
mRNA amounts of Drp1 and Fis1 are elevated in HD models, mutant Htt may also regulate
mitochondrial dynamics at the level of gene transcription. Consistent with the observed
changes in Drp1 and Fis1 mRNA levels, Htt has been suggested to control the gene
expression of mitochondrial proteins via transcriptional regulation, possibly through PGC-
alpha [117].

Concluding remarks
Imbalances between mitochondrial division and fusion have been proposed to cause
neurodegenerative diseases. Many studies have shown that acute readjustment of these
imbalances has beneficial effects on mitochondrial structure, function and cell survival in
different disease models. Since these studies have mainly used in vitro culture systems or
non-mammalian models such as Drosophila, it remains to be determined whether
normalization of mitochondrial dynamics is beneficial in mammals in vivo. This can be
interrogated by a number of approaches, including the inhibition of Drp1 through expressing
dominant negative forms, silencing, or treating with its inhibitor mdivi-1, and the
overexpression of other fusion and fission components. However, the long-term
simultaneous inhibition of mitochondrial fission and fusion may cause harmful effects, as
seen in CMT patients with mutations in both Mfn2 and GDAP1. Indeed, the evolution of
extensive fission and fusion machinery strongly suggests that a basal level is required, and
that simply restoring a “normal” mitochondrial morphology may not be sufficient.
Therefore, as potential therapeutic approaches, it would be important not to block fusion or
fission completely, but rather to partially suppress these activities. To achieve such balance,
the examination of mitochondrial structure and dynamics may provide a guide for the
appropriate level of inhibition or activation of fusion and fission components. In addition to
restoring the normal balance between fusion and fission, a complementary therapeutic
approach would be to target the adverse consequences that result from loss of mitochondrial
fission. For instance, since impaired mitochondrial fission or fusion can produce oxidative
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damage [56, 59, 118] and may also produce regional bioenergetics failure in neuronal
processes lacking mitochondria [55], approaches that enhance antioxidant defenses and/or
promote bioenergetics function may also prove beneficial. Currently, there are a number of
ongoing clinical trials to evaluate the use of antioxidant treatments and to stimulate
bioenergetics function for many neurodegenerative diseases, including CMT, AD, PD and
HD (www.clincaltrials.gov). Assessing mitochondrial dynamics during these studies would
be of great interest and would further our understanding of the pathogenesis of these
diseases. Importantly, at present, we are limited by our inability to directly measure
mitochondrial morphology in neurodegenerative disease, since the morphology certainly
changes before brains are examined. As a result, we are forced to rely on the levels of
fusion-fission proteins, without knowing what the actual morphology was. To overcome this
problem, it is thus critical that we develop new technologies to monitor mitochondrial
morphology and dynamics in human patients.
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Figure 1.
Cellular and physiological roles of mitochondrial dynamics. Mitochondria divide and fuse,
maintaining their short tubular structures. Mitochondrial fission facilitates cell death,
mitophagy and organelle transport while fusion allows content mixing and can block
mitophagy. Overly fused mitochondria accumulate oxidative damage and further transform
their shape into large spheres. Such large round mitochondria are associated with impaired
respiration and defective in organelle transport. Excessive fragmentation can generate
mitochondria that lack mtDNA, leading to impaired respiration.
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Figure 2.
Disruption of the balance between mitochondrial fusion and fission in neurodegenerative
disease. Mitochondrial morphology is normally regulated by the balance between
mitochondrial fusion proteins (e.g., Mfn1, Mfn2 and Opa1) and fission proteins (including
Drp1 and GDAP1). Disruption of either fusion or fission proteins can result in neurologic
disease. Mutation and/or overexpression of a variety of proteins implicated in
neurodegenerative diseases including PD, HD and AD, also disrupt mitochondrial dynamics,
and normalizing the fusion-fission balance may have therapeutic value. The bottom row
shows one strategy in which a normal level of fission is restored by decreasing Drp1, thus
compensating for increased fission by disease proteins. It remains unknown if normalizing
mitochondrial morphology will restore function.
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