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Abstract
The purpose of this article is to review the recent developments of abnormal mitochondrial
dynamics, mitochondrial fragmentation, and neuronal damage in neurodegenerative diseases,
including Alzheimer’s, Parkinson’s, Huntington’s, and amyotrophic lateral sclerosis. The GTPase
family of proteins, including fission proteins, dynamin related protein 1 (Drp1), mitochondrial
fission 1 (Fis1), and fusion proteins (Mfn1, Mfn2 and Opa1) are essential to maintain
mitochondrial fission and fusion balance, and to provide necessary adenosine triphosphate to
neurons. Among these, Drp1 is involved in several important aspects of mitochondria, including
shape, size, distribution, remodeling, and maintenance of X in mammalian cells. In addition,
recent advancements in molecular, cellular, electron microscopy, and confocal imaging studies
revealed that Drp1 is associated with several cellular functions, including mitochondrial and
peroxisomal fragmentation, phosphorylation, SUMOylation, ubiquitination, and cell death. In the
last two decades, tremendous progress has been made in researching mitochondrial dynamics, in
yeast, worms, and mammalian cells; and this research has provided evidence linking Drp1 to
neurodegenerative diseases. Researchers in the neurodegenerative disease field are beginning to
recognize the possible involvement of Drp1 in causing mitochondrial fragmentation and abnormal
mitochondrial dynamics in neurodegenerative diseases. This article summarizes research findings
relating Drp1 to mitochondrial fission and fusion, in yeast, worms, and mammals. Based on
findings from the Reddy laboratory and others’, we propose that mutant proteins of
neurodegenerative diseases, including AD, PD, HD, and ALS, interact with Drp1, activate
mitochondrial fission machinery, fragment mitochondria excessively, and impair mitochondrial
transport and mitochondrial dynamics, ultimately causing mitochondrial dysfunction and neuronal
damage.

1. Introduction
Increasing evidence suggests that structural and functional abnormalities in mitochondria are
involved in aging and age-related neurodegenerative diseases, such as Alzheimer’s (AD),
Parkinson’s (PD), Huntington’s (HD), and amyotrophic lateral sclerosis (ALS) (Beal, 2005;
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Reddy and Beal, 2005; Lin and Beal, 2006; Reddy, 2006a; 2006b; 2007a; 2008a; 2009;
Reddy and Beal, 2008; Reddy and Reddy 2010). These structural abnormalities are caused
by an imbalance in highly conserved, GTPase genes that are essential for mitochondrial
division and mitochondrial fusion. Table 1 summarizes molecular features and biological
functions involved in mitochondrial fission and fusion genes. GTPase genes – dynamin-
related protein 1 (Drp1), fission 1 (Fis1), mitofusins 1 and 2 (Mfn1, Mfn2), and optic
atrophy 1 (Opa1) – regulate, maintain, and remodel mammalian mitochondria (Chen and
Chan, 2009).

Normal mammalian cells, including neurons, fission and fusion, via GTPase genes (Drp1,
Fis1, Mfn1, Mfn2, and Opa1), balance equally and maintain mitochondrial dynamics and
distribution (Chan, 2006; Chen and Chan, 2009). However, in aged neurons, in neurons
exposed to toxins, and/or in neurons that express mutant proteins, an imbalance between
fission and fusion leads to abnormalities in mitochondrial structure and function, inhibits
adenosine triphosphate (ATP) production, and damages neurons (Lin and Beal, 2006;
Reddy, 2008). Recent research has revealed abnormal functions of fission and fusion genes
and their involvement in neurodegenerative diseases (Reddy, 2008). The purpose of this
article is to provide an overview of mitochondrial GTPase genes, with a particular focus on
Drp1.

2. Mitochondrial genes
Structurally, mitochondrion is comprised of 2 lipid membranes: the matrix that harbors beta-
oxidation and tricarboxylic acid, and the highly porous outer membrane and the inner
membrane that restricts ionic flow to the mitochondrial matrix. The electron transport chain
is localized in the inner membrane and participates in the transport of electrons and in the
production of essential ATP (energy) for the cell.

Mitochondria constantly divide and fuse, altering their size and shape while traveling
through the neuron, from cell body to nerve terminals and synapses where energy is in high
demand. Mitochondrial division is regulated and maintained by two GTPase genes:
mitochondrial fission 1 (or Fis1) and Drp1. Fis1 is primarily localized on the outer
mitochondrial membrane and participates in mitochondrial division (Chen and Chan, 2005).
In diseased states, such as AD, the mitochondrially generated free radicals were found to
activate Fis1, which corresponded to an increase in mitochondrial fragmentation (Reddy,
2008) (see Fig. 1). In knockout studies of Fis1 in cell culture, knockout Fis1 was found to
stop mitochondrial fission. Further, in recent knockout mouse model studies of Drp1, in
which Drp1 was not expressed, embryos died on day 11, indicating that Drp1 is critical for
cell survival. Recent gene expression and biochemical studies using AD postmortem brains,
AD transgenic mice, and amyloid beta precursor protein (AβPP) cell culture to determine
amyloid beta (Aβ) toxicity revealed that Fis1 and Drp1 are upregulated in neurons affected
by AD. These results suggest that increased Drp1 is important for mitochondrial
fragmentation. They also indicate that Fis1 plays a key role in mitochondrial division (Wang
et al., 2008, 2009; Manczak et al., 2010). Figure 1 shows mitochondrial fission and fusion.

In studies of the GTPase genes that control mitochondrial fusion (Mfn1, Mfn2, and Opa1),
researchers used the knockout mouse model of Mfn1, Mfn2, and Opa1 to determine the
normal function of Mfn1, Mfn2, and Opa1. Researchers found that the embryos died on
days11 to 12. A lethal phenotype in embryos indicates that these fusion genes are essential
for cell survival (Alavi et al., 2007; Chen et al., 2003; Davies et al., 2007). Mutations in the
Opa1 gene caused an autosomal dominant, optic nerve atrophy in humans, which is a
degeneration of retinal ganglial cells (Alexander et al., 2000; Delettre et al., 2000). Genetic
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mutations in Mfn2 caused Charcot-Marie-Tooth type 2A, a peripheral neuropathy affecting
sensory and motor neurons of the distal extremities (Zuchner et al., 2007).

The C-terminal part of Mfn1 mediates oligomerization between Mfn molecules of adjacent
mitochondria and facilitates mitochondrial fusion (Table 1 and Fig. 1). Mitochondrial fusion
protects cells from the toxic effects of mitochondrial DNA by allowing functional
complementation of mitochondrial DNA, proteins, and metabolites between two adjacent
mitochondria.

Overall, the balance between fission and fusion is important to maintain normal
mitochondrial size, shape, and distribution, and to supply energy to high-demand sites, such
as nerve terminals.

3. Drp1 structure
Drp1 is critical for mitochondrial division, size, and shape, and for the distribution of
mitochondria throughout the neuron, from cell body to axons, dendrites, and nerve
terminals.

3.1. Drp1 structure and its variants
Drp1 has been found in the cytoplasm of plants, yeast, worms and, more recently, in several
tissues from mammals (including humans), including the brain, heart, lung, kidney, spleen,
testis, liver, hepatocytes, and fibroblasts. Figure 2 depicts the structure of Drp1 in different
species. Drp1 has a highly conserved N-terminal GTPase domain, a helical domain in the
middle, and a GED domain at the c-terminus.

Three groups of researchers have independently sequenced cDNA clones of mammalian
Drp1 or dynamin-like proteins (Yoon et al., 1998; Shin et al., 1997; Imoto et al., 1998). As
summarized in Table 1, human Drp1 has several splice variants: variant 1 consists of 736
amino acids with a calculated molecular mass of 81.6 kDa; in variant 2, exon 15 is spliced
out and has a calculated molecular mass of 710 amino acids; in variant 3, exons 15 and 16
are spliced out and have a total of 699 amino acids; variant 4 has 725 amino acids; variant 5,
710 amino acids; and variant 6, 749 amino acids. The presence of a highly conserved
GTPase domain in Drp1 indicates that Drp1 may be critically involved in essential cellular
functions.

Similar to human Drp1, multiple variants of Drp1 have been found in the mouse. In the
mouse, variant 1 consists of 712 amino acids, with a calculated molecular mass of 78.3 kDa;
in variant 2, exon 3 is spliced out, and in variant 3, exons 15 and 16 are spliced out. It is
possible that multiple splice variants are preset in mouse Drp1.

3.2. Drp1 in yeast
Otsuga and colleagues (1999) studied the relationship among Dnm1p (an orthologue to
human Drp1), mitochondrial morphology, and the distribution of mitochondria in yeast.
They found that Dnm1p controls the morphology and cortical distribution of mitochondrial
membranes in yeast. Immunofluorescence analysis revealed that Dnm1p is distributed as
punctate structures at the cell cortex and colocalizes with the mitochondrial compartment.
These Dnm1p-containing structures are associated with spherical mitochondria found in an
mdm10 mutant strain of yeast. In addition, a portion of Dnm1p cofractionates with
mitochondrial membranes during differential sedimentation and sucrose gradient
fractionation in wild-type cells. Otsuga showed that Dnm1p is required for the distribution
of mitochondria in yeast, a novel function for a dynamin-related protein (Otsuga et al.,
1999).
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Disruption of the Dmn1gene caused mitochondrial membranes to collapse to one side of the
cell but did not affect the morphology or distribution of other cytoplasmic organelles. Dnm1
proteins containing point mutations in the GTP-binding domain or completely lacking the
GTP-binding domain failed to rescue mitochondrial morphology defects in a Dmn1 mutant,
but they induced defects in wild-type cells.

3.3 Drp1 in worms
Using confocal and biochemical methods, Labrousse and colleagues (1999) studied the
effects of Drp1 mutants in C. elegans and found that they disrupt mitochondria. Mutant
Drp1 caused the mitochondrial matrix to retract into large blobs surrounded and connected
by tubules from the outer mitochondrial membrane. Over-expressed wild-type Drp1 in C.
elegans caused mitochondria to become excessively fragmented. Wild-type Drp1 fused to
GFP was observed as spots on mitochondria where scission eventually occurs. Defective
Drp1 increased mitochondrial fusion, possibly blocked mitochondrial transport from cell
body to axons, dendrites, and nerve terminals, and damaged neurons. In contrast, increased
Drp1 levels enhanced mitochondrial fragmentation, leading to the overproduction of
defective mitochondria in mammalian cells, including neurons. Therefore, Drp1, at normal
levels, has important roles in neurons.

4. Drp1 function
Recent basic research on Drp1 in yeast, worms, and mammalian cells revealed that Drp1 is
involved in several functions, including: 1) mitochondrial division, 2) mitochondrial
distribution, 3) peroxisomal fragmentation, 4) phosphorylation, 5) ubiquitination, and 6)
SUMOylation.

4.1. Drp1 and mitochondrial division
Several recent studies suggest that Drp1 is involved in mitochondrial division (Labrousse et
al., 1999; Sesaki and Jensen, 1999; Smirnova et al., 2001) and that a loss of Drp1 function
increases mitochondrial fusion and mitochondrial connectivity (Labrousse et al., 1999;
Sesaki and Jensen, 1999; Smirnova et al., 2001). These results were consistent with those
from earlier studies of mitochondria and dynamin proteins using C. elegans. For example,
Labrousse et al. (1999) reported that Drp1 expression is essential for mitochondrial division
and that mitochondrial division is controlled and regulated by Drp1. It has also been
reported that Drp1 is important for mitochondrial division in yeast (Sesaki and Jensen,
1999).

Using biochemical methods, and confocal and time-lapse photography of mitochondria,
Smirnova et al. studied the involvement of Drp1 in mitochondrial division, in mammals
(Smirnova et al., 2001). They demonstrated that endogenous Drp1 is localized to
mitochondria and that it plays a key, but unknown, role in mitochondrial division. In time-
lapse photography of transfected cells, green-fluorescent proteins that fused to Drp1 were
found concentrated in spots, marking actual mitochondrial division events. They also found
that purified human Drp1 self-assembled into multimeric, ring-like structures with
dimensions similar to those of dynamin multimers. The structural and functional similarities
between dynamin and Drp1 suggest that Drp1 wraps around the constriction points of
dividing mitochondria, analogous to dynamin collars at the necks of budding vesicles
(Smirnova et al., 2001).

Using cell culture, biochemical methods, and overexpressed Drp1 mutations, Smirnova et al.
(2001) also studied the effects of Drp1 mutations on mitochondrial structure and function.
Their extensive analysis of cells overexpressing mutant Drp1 revealed that Drp1
overexpression leads to perinuclear clusters of mitochondria and to increased inter-
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mitochondrial connectivity. These findings suggest that normal expression of Drp1 is critical
for mitochondrial dynamics, and the overexpressions of Drp1 may cause abnormal
mitochondrial dynamics in mammalian cells (Smirnova et al., 2001).

Using mitochondrially targeted EGFP and DsRed2 labeling, Uo et al. (2009) studied
mitochondrial morphology. They observed a short, distinctly tubular mitochondrial
morphology in postnatal cortical neurons in culture and in retinal ganglion cells in vivo.
Differential expression patterns of fusion and fission genes in part appeared to distinguish
these morphological differences when the neuronal cells expressed markedly high levels of
Drp1 and Opa1 genes, compared to non-neuronal cells. Further, they found mouse cortical
neurons expressed several splice variants of Drp1, including a neuron-specific isoform that
incorporates exon 3. Knockdown or dominant-negative interference of endogenous Drp1
significantly increased mitochondrial length in both neurons and non-neuronal cells, but
caused cell death in only cortical neurons. In contrast, the depletion of the fusion protein
Mfn2, but not Mfn1, caused extensive mitochondrial fission and non-neuronal cell death.
Thus, Drp1 and Mfn2 in normal cortical neurons appear not only to regulate mitochondrial
morphology, but also to be required for cell survival. The present findings point to unique
patterns of Drp1 expression and the selective vulnerability to reduced levels of Drp1
expression/activity in neurons, and the findings indicate that the regulation of mitochondrial
dynamics is regulated in neurons.

In addition to the involvement of Drp1 in mitochondrial fragmentation, a neurotoxin
oxidopamine or 6-hydroxydopamine (6-OHDA) was also found to be involved in
mitochondrial fragmentation. Recently, using immunofluorescence and time-lapse
fluorescence microscopy, Gomez-Lazaro et al. (2008) studied the cytotoxic effects of 6-
OHDA on mitochondrial morphology, using SH-SY5Y neuroblastoma cells. They
demonstrated that 6-OHDA induces profound mitochondrial fragmentation in SH-SY5Y
cells and does not induce any changes in peroxisome morphology. Biochemical experiments
revealed that 6-OHDA-induced mitochondrial fragmentation is an early event preceding the
collapse of the mitochondrial membrane potential and the release of cytochrome c in SH-
SY5Y cells. The silencing of Drp1, which is involved in mitochondrial and peroxisomal
fission, prevented 6-OHDA-induced fragmentation of mitochondria. Further, in cells in
which Drp1 was silenced, 6-OHDA-induced cell death was reduced, indicating that a block
in mitochondrial fission may protect SH-SY5Y cells against 6-OHDA toxicity. Studies of
mouse embryonic fibroblasts deficient in Bax or p53 revealed that both proteins are not
essential for 6-OHDA-induced mitochondrial fragmentation. Overall, these findings suggest
that Drp1-dependent mitochondrial fragmentation is involved in neuronal cell death.

Further, several recent reports suggest that overexpressed Drp1 fragments mitochondria in
neurodegenerative diseases (Manczak et al., 2010; Shirendeb and Reddy, unpublished
observations).

4.2. Drp1 and mitochondrial distribution
Several recent studies revealed thatDrp1 plays a role in mitochondrial distribution in
mammalian cells (Pitts et al., 1999; Smirnova et al., 1998, Wang et al., 2010; Li et al.,
2004). To determine the role of Drp1 in mitochondrial distribution, Smirnova et al. (1998)
transfected the GTPase domain in wild-type cells with mutant Drp1 – a mutation that caused
profound alterations in mitochondrial morphology. The tubular projections normally present
in wild-type cells were retracted into large perinuclear aggregates in cells expressing mutant
Drp1. Mutant Drp1 did not affect the morphology of other organelles, nor did it affect
transport functions of the secretory and endocytic pathways. Mitochondrial aggregates were
found in cells that were transfected with mutant Drp1; the aggregates appeared as clusters of
tubules rather than as large masses of coalescing membranes. Based on these results,
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Smirnova et al. proposed that Drp1 is important for distributing mitochondrial tubules
throughout the cell (Smirnova et al., 1998).

Pitts et al. (1999) studied the connection between Drp1 and mitochondria, and between Drp1
and the endoplasmic reticulum (ER) in mammalian cells. They transiently expressed both
wild-type and two mutant Drp1 proteins and tagged them with green-fluorescent protein in
cultured mammalian cells. Point mutations in the GTP-binding domain of Drp1 (K38A and
D231N) dramatically changed the intracellular distribution from punctate vesicular
structures into either an aggregated or a diffuse pattern. Strikingly, cells that expressed Drp1
mutants or that were microinjected with Drp1 antibodies showed a marked reduction in ER
fluorescence, and a significant aggregation and tubulation of mitochondria. In addition,
electron microscopy of Drp1 mutant cells revealed a striking and quantitative change in the
distribution and morphology of mitochondria and the ER. These data support very recent
findings implicating Drp1 in the maintenance of mitochondrial morphology in both yeast
and mammalian cells.

To determine the connection between mitochondrial fission proteins, including Drp1 and
mitochondrial movement and distribution, Li and colleagues (2004) studied intraneuronal
distribution of mitochondria, particularly at nerve terminals and synapses in neurons, using
primary rat neurons. The extension or movement of mitochondria into dendritic protrusions
correlated with the development and morphological plasticity of spines. Molecular
manipulations of dynamin-like GTPases, Drp1, and Opa1, which were found to reduce
dendritic mitochondrial content, led to a loss of synapses and dendritic spines. In contrast,
increasing dendritic mitochondrial content or mitochondrial activity enhanced the number
and the plasticity of spines and synapses. Thus, the movement or distribution of
mitochondria into dendrites appears to be essential for the support of synapses, and
reciprocally, synaptic activity appears to modulate the motility and fusion/fission balance of
mitochondria and to control dendrites.

Recently, Verstreken and colleagues investigated the genetic basis for mitochondrial
distribution using fruit flies that express mutant Drp1 (Verstreken et al., 2005). They found
that mitochondria are absent in synapses in neurons from fruit flies that express mutant
Drp1, indicating a genetic basis for mitochondria at synapses. Further, during intense
stimulation, mutant flies failed to maintain normal neurotransmission. Synaptic vesicle
labeling using FM1-43 indicated normal exo- and endocytosis, but a specific inability to
mobilize reserve pool vesicles, which was partially rescued by exogenous ATP. Using a
variety of drugs, they demonstrated that reserve pool recruitment depends on mitochondrial
ATP production downstream of PKA signaling and that mitochondrial ATP limits myosin-
propelled mobilization of reserve pool vesicles. They concluded a specific role for
mitochondria in regulating synaptic strength.

Wang et al. reported that Drp1 is critical for mitochondrial distribution in cells treated with
Aβ, and altered Drp1 expression impairs mitochondrial distribution in AD (Wang et al.
2010). However, further research is needed to confirm these results and also in other
neurodegenerative diseases, including PD, HD, and ALS.

4.3. Drp1 and peroxisomal fragmentation
Several studies reported that Drp1 is involved in fragmenting peroxisomes in mammalian
cells (Koch et al., 2003). To determine the effect of Drp1 on peroxisomal growth and
division in mammalian cells, Koch and colleagues studied peroxisome proliferation by
Pex11pbeta and the expression of dominant-negative mutants of Drp1 in a rat model (Koch
et al., 2003). They localized Drp1 in spots on tubular peroxisomes in hepatocytes from rat
liver and used immunoblot analysis, revealing the presence of Drp1 in highly purified
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peroxisomal fractions and an increase in Drp1 after the rats were treated with the
peroxisome proliferator bezafibrate. The increase in Drp1 or the combination of Drp1 with
Pex11pbeta caused the appearance of tubular peroxisomes, but Drp1 had no influence on the
intracellular distribution of peroxisomes. In co-expressing cells, the increase in Drp1
promoted the formation of tubulo-reticular networks of peroxisomes and completely
inhibited peroxisomal division. These findings were confirmed by silencing Drp1 with
siRNA and observing decreased peroxisomal fragmentation. Based on this research, Koch et
al. proposed a direct role for Drp1 in peroxisomal fission and in the maintenance of
peroxisomal morphology in mammalian cells.

Koch et al. (2005) also studied whether human fission 1 (hFis1, a fission protein that is
critically involved in mitochondrial fragmentation) is also involved in peroxisomal growth
and division. Using biochemical and fluorescence methods, they demonstrated that hFis1
localizes to peroxisomes, in addition to mitochondria. Through differential tagging and
deletion experiments, they found that the transmembrane domain and the short C-terminal
tail of hFis1 are needed for targeting peroxisomes and mitochondria, and that the N-terminal
region is required for organelle fission. hFis1 was found to promote peroxisome division
upon ectopic expression, whereas the silencing of Fis1 with RNA inhibited fission and
caused the tubulation of peroxisomes. These findings provide evidence of a role for Fis1 in
peroxisomal fission and suggest that the fission machinery of mitochondria and peroxisomes
shares common components (Koch et al., 2005).

Further research is needed to understand the role of Drp1 in peroxisomal fragmentation in
normal and diseased states, in such neurodegenerative diseases as AD, PD, HD and ALS.

4.4. Drp1 phosphorylation, mitochondrial fragmentation, and cell death
Cribbs and Strack (2007) recently identified a phosphorylation site that is conserved in all
metazoan Drp1 orthologues. Ser 656 is phosphorylated by the cyclic AMP-dependent
protein kinase and is dephosphorylated by calcineurin, and its phosphorylation state is
controlled by sympathetic tone, calcium levels, and cell viability. Pseudo-phosphorylation of
Drp1 by the mutation of Ser 656 into aspartic acid leads to the elongation of mitochondria
and confers resistance against various pro-apoptotic insults. Conversely, the constitutively
dephosphorylated Ser656Ala mutant Drp1 promotes mitochondrial fragmentation and
increases cell vulnerability. Thus, Drp1 phosphorylation at Ser 656 provides a mechanism
for the integration of cAMP and calcium levels in the control of mitochondrial function,
such as in terms of mitochondrial shape and apoptosis.

Chang and Blackstone (2007) have identified cAMP-dependent, protein kinase-dependent
phosphorylation of Drp1 within the GED domain at Ser (637) as an inhibitor of Drp1
GTPase activity. Mechanistically, this effect likely derives from a decreased interaction of
GTP-binding/middle domains with the GED domain since the phosphomimetic S637D
mutation impairs intramolecular interactions but not Drp1-Drp1 intermolecular interactions.
Using phosphomimetic S637D substitution, they demonstrated that mitochondrial fission is
prominently inhibited in cells. Thus, protein phosphorylation at Ser 637 may results in the
alteration of Drp1 function and mitochondrial morphology, both of which are likely
involved in the dynamic regulation of mitochondrial division.

Frank and colleagues (2001) investigated the role of Drp1 localization from cytosol to
mitochondria during apoptosis. Upon the induction of apoptosis, Drp1 translocates from the
cytosol to mitochondria, where it preferentially localizes to potential sites of mitochondrial
division. They also found that inhibition of Drp1 via overexpression of a dominant-negative
mutant counteracts the conversion to a puncti form mitochondrial phenotype, prevents the
loss of the mitochondrial membrane potential and the release of cytochrome c, and reveals a
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reproducible swelling of mitochondria. Remarkably, the inhibition of Drp1 blocks cell
death, implicating mitochondrial fission as an important step in apoptosis (Frank et al.,
2001). These findings suggest that Drp1 activation is essential for mitochondrial
fragmentation and that the activation of Drp1 may initiate apoptotic cell death.

Further, to determine whether Bax-induced mitochondrial fragmentation is required for the
release of cytochrome c, Sheridan and colleagues studied the roles of the Bcl xL family
member, Bax and Bcl-2 family member, and Bak in cytochrome c release and in
mitochondrial fragmentation (Sheridan et al., 2008). They found that Bcl xL and other
members of the apoptosis inhibitory subset of the Bcl-2 family antagonized Bax and Bak-
induced cytochrome c release, but failed to block mitochondrial fission that is associated
with Bax/Bak activation. These findings suggest that Bax/Bak-initiated remodeling of
mitochondrial networks and cytochrome c release are separate events and that the proteins in
the Bcl-2 family influence mitochondrial fission-fusion dynamics, independent of apoptosis.

Recently, Wu and colleagues studied the role of Bax in apoptotic cell death (Wu et al.,
2010). They found that, in human lung adenocarcinoma cells, Bax was activated after
mitochondrial depolarization and the completion of cytochrome c release that was induced
by photodynamic therapy with the photosensitizer photofrin. They also found that the
knockdown of Bax expression by gene silencing had no effect on mitochondrial
depolarization and cytochrome c release, indicating that Bax makes no contribution to
mitochondrial outer membrane permeabilization. Further study revealed that Bax
knockdown only slowed cell death that was induced by photodynamic therapy, indicating
that Bax is not essential for photodynamic therapy-induced apoptosis. The fact that Bax
knockdown totally inhibited the mitochondrial accumulation of Drp1 and of Drp1-
knockdown attenuated cell apoptosis suggests that Bax can promote photodynamic therapy-
induced apoptosis through the promotion of Drp1 activation. Taken together, these findings
suggest that Bax activation is not essential for mitochondrial outer-membrane
permeabilization but that it is essential for Drp1-mediated mitochondrial fission during
apoptosis caused by Photofrin-PDT.

These finding suggest that Drp1 activation is critical for mitochondrial fragmentation and
that Drp1 activation occurs as an early event in apoptotic cell death. Cytochrome c release is
dependent of activities of Bax and Bak. Bax activation is not associated with mitochondrial
outer-membrane permeabilization. However, further research is needed to understand the
precise role of Drp1 and Bax/Bak in apoptotic cell death.

4.5. Drp1 and SUMOylation
Several recent studies reported that Drp1 interacts with several SUMOylation proteins and
that this interaction may regulate mitochondrial fission (Harder et al., 2005; Zunino et al.,
2007, 2009; Braschi et al., 2009; Wasiak et al., 2007).

Harder et al. (2005) identified 2 Drp1-interacting proteins (Ubc9 and Sumo1) and
demonstrated that Drp1 is a Sumo1 substrate, which has implications for the interaction of
Drp1 with Ubc9 and Sumo1. Using video microscopy, they found the yellow fluorescence
protein (YEP):Sumo1 at the site of mitochondrial fission and at the tips of fragmented
mitochondria. Consistent with these findings, fluorescence microscopy revealed a portion of
total cytosolic YFP:Sumo1 colocalized with endogenous mitochondrial Drp1. Transient
transfection of Sumo1 dramatically increased the level of mitochondrial fragmentation.
Analysis of endogenous Drp1 levels indicated that the overexpression of Sumo1 specifically
protected Drp1 from degradation, resulting in a more stable, active pool of Drp1. This
overexpression may partially account for the excess in mitochondrial fragmentation. These
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data point to a function for Sumo1 in maintaining mitochondrial structure and suggest a
novel role for Sumo1 in mitochondrial fission.

Figueroa-Romero et al. (2009) studied Drp1 regulation in conjunction with SUMOylation of
small ubiquitin-like modifier (SUMO) proteins. They found that Drp1 interacts with the
SUMO-conjugating enzyme Ubc9 via multiple regions and demonstrated that Drp1 is a
direct target of SUMO modification by SUMO isoforms. While Drp1 does not harbor
consensus SUMOylation sequences, 2 clusters of lysine residues were found within the B
domain and served as noncanonical conjugation sites. Although initial analysis indicates that
mitochondrial recruitment of ectopically expressed Drp1 in response to staurosporine is
unaffected by the loss of SUMOylation, Drp1 SUMOylation is enhanced in the context of a
K38A mutation. This dominant-negative mutant, which is deficient in GTP binding and
hydrolysis, does not associate with mitochondria and prevents normal mitochondrial fission.
These findings suggest that SUMOylation of Drp1 is linked to the activity cycle and is
influenced by Drp1 localization.

Zunino et al. (2009) investigated Drp1 regulators of SUMOylation proteins. They identified
a SUMO protease, SenP5, that desumoylates a number of mitochondrial targets, including
Drp1. In interphase, SenP5 resides primarily within the nucleoli, in addition to within a
cytosolic pool. This study also involved the relocalization of SenP5 from the nucleoli to the
mitochondrial surface at G2/M transition prior to the breakdown of the nuclear envelope.
The recruitment of SenP5 resulted in a significant loss in mitochondrial SUMOylation and a
concomitant increase in the pool of Drp1 that drives mitochondrial fragmentation.
Importantly, the silencing of SenP5 led to an arrest in the cell cycle precisely at the time
when the protease was translocated to the mitochondria. These data indicate that transition
of SenP5 to mitochondria may play an important role in mitochondrial fragmentation during
mitosis. The altered intracellular localization of SenP5 represented the first example of the
mitochondrial recruitment of a SUMO protease and provided new insights into the
mechanisms of interorganellar communication during the cell cycle.

Braschi et al. (2009) studied Drp1 regulator proteins in mammalian cells. They found that
SUMOylation of Drp1 stimulates mitochondrial fission, suggesting that SUMOylation has
an important function in mitochondrial dynamics. The conjugation of SUMO to its
substrates requires a regulatory SUMO E3 ligase; however, so far, none has been
functionally associated with the mitochondria. Using biochemical assays, overexpression,
and RNA interference experiments, Braschi et al. characterized the mitochondrial-anchored
protein ligase (MAPL) as the first mitochondrial-anchored SUMO E3 ligase. They also
demonstrated that Drp1 is a substrate for MAPL, thus providing a direct link between
MAPL and fission machinery. However, a large number of mitochondrial SUMO targets
remain to be identified. Braschi and colleagues’ findings suggest a global role for
SUMOylation in mitochondrial function, with MAPL a crucial component in the regulation
of multiple conjugation events.

Further research is needed to understand the role of Drp1 in SUMOylation in normal and
diseased states in neurodegenerative diseases.

4.6. Drp1 and ubiquitination
Drp1 has been reported to ubiquitinate with mitochondrial E3 ubiquitin ligase MARCH5
and to regulate mitochondrial fission. Using immunofluorescence and biochemicalmethods,
Karbowski et al. (2007) studied Drp1 in association with the MARCH5 protein. They found
that the interference of the mutant proteins MARCH5 and MARCH5 RNA induces an
abnormal elongation and interconnection of mitochondria, suggesting that MARCH5
mutations interfere with mitochondrial division. These aberrant mitochondrial phenotypes
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were reversed by the ectopic expression of Drp1, but not by Fis1. Moreover, as indicated by
the abnormal clustering and the accumulation of Drp1 in mitochondria, as well as decreased
cellular mobility of YFP-Drp1 in cells expressing MARCH5 RING mutants, MARCH5
activity regulated the subcellular trafficking of Drp1, likely by impacting the correct
assembly at scission sites or by disassembling fission complexes. The loss of MARCH5 may
account for the observed defects in mitochondrial division. Finally, MARCH5 RING
mutants and endogenous Drp1, but not wild-type MARCH5 or Fis1, co-assembled into
abnormally enlarged clusters in a Drp1 GTPase-dependent manner, suggesting molecular
interactions among these proteins. Collectively, these data suggest a model, in which
mitochondrial division is regulated by a MARCH5 ubiquitin-dependent switch.

Using RNA silencing and biochemical methods, Park et al. (2010) studied the connection
between decreased MARCH5 protein and mitochondrial connectivity. They found that
shRNA-mediated MARCH5 knockdown promotes the accumulation of highly
interconnected and elongated mitochondria. Cells transfected with MARCH5 shRNA or a
MARCH5 RING domain mutant displayed cellular enlargement and flattening that was
accompanied by increased senescence-associated beta-galactosidase (SA-beta-Gal) activity,
indicating that these cells had undergone cellular senescence. Notably, a significant increase
in the level of Mfn1 – but not in the level of Mfn2, Drp1, or hFis1 levels – was observed in
MARCH5-depleted cells, indicating that Mfn1 may be a ubiquitylation substrate.
Introduction of Mfn1 (T109A), a GTPase-deficient mutant form of Mfn1, into MARCH5-
RNAi cells not only disrupted mitochondrial elongation, but also abolished any increase in
SA-beta-Gal activity. Moreover, the aberrant mitochondrial phenotypes in MARCH5-RNAi
cells were reversed by ectopic expression of Drp1, but not by hFis1, and reversion of
mitochondria morphology in MARCH5-depleted cells was accompanied by a reduction in
SA-beta-Gal activity. Park et al. concluded that a lack of MARCH5 results in mitochondrial
elongation, which promotes cellular senescence by blocking Drp1 activity and/or promoting
an accumulation of Mfn1 in mitochondria.

4.7. Research on Drp1 function using knockout mice
To understand the normal functioning of Drp1, two groups independently generated
knockout mouse models for Drp1 (Wakabayashi et al., 2009; Ishihara et al., 2009). The first
group, led by Ishihara et al. (2009), generated a knockout mouse model for Drp1 and studied
biochemistry and molecular biology of both heterozygote and homozygote knockout mice.
They also extensively studied primary neurons from knockout mice to assess synapse
formation, the number of synapses generated, and the neuronal structure.

Ishihara et al. (2009) found that mice lacking Drp1 have developmental abnormalities,
particularly in the forebrain, and die on average shortly after embryonic day 12.5. Neural
cell-specific (NS) Drp1 (−/−) mice died shortly after birth as a result of brain hypoplasia
with apoptosis. Primary culture of NS-Drp1 (−/−) mouse forebrain showed a decrease in the
number of neurites and also defective synapse formation, the latter which they thought was
due to aggregated mitochondria that failed to distribute properly within cell processes. These
researchers noted that these defects highlight the importance of Drp1-dependent
mitochondrial fission within highly polarized cells, such as neurons. Moreover, Drp1 (−/−)
murine embryonic fibroblasts and embryonic stem cells revealed that Drp1 is required for a
normal rate of cytochrome c release and caspase activation during apoptosis.

The second research group, led by Sesaki (Wakabayashi et al., 2009), developed complete
and tissue-specific mouse knockouts of Drp1. Homozygote knockout Drp1 mice died by
embryonic day 11.5, but this embryonic lethality was not likely caused by ATP deprivation,
as Drp1-null cells showed normal intracellular ATP levels. These researchers found that
mitochondria formed extensive networks, and peroxisomes were elongated in Drp1-null
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embryonic fibroblasts. Brain-specific Drp1 depletion caused developmental defects of the
cerebellum: Purkinje cells contained few giant mitochondria instead of the many short,
tubular mitochondria observed in control cells. In addition, Drp1-homozygote embryos
failed to undergo developmentally regulated apoptosis during neural tube formation in vivo.
However, homozygote embryonic fibroblasts exhibited normal responses to apoptotic
stimuli in vitro, suggesting that the apoptotic function of Drp1 may depend on physiological
cues.

Overall, these knockout studies revealed that Drp1 is essential for cell survival and critical
for development of the brain, mitochondrial division, and distribution of mitochondria in
neurons.

5. Drp1 and neurodegenerative diseases
Abnormal mitochondrial dynamics has been studied in yeast, worms, and mammalian cells.
The involvement of Drp1 in mitochondria, and its role in maintaining the shape, size, and
distribution of mitochondria, have been determined to be crucial for normal cell functioning.
However, the role of Drp1 in maintaining the shape, size, and distribution of mitochondria
has been investigated in only a few studies in AD, PD, and HD.

5.1. Drp1, mitochondrial fragmentation, and Alzheimer’s disease
Several recent studies reported that impaired mitochondrial dynamics involve the abnormal
expression of Drp1 in postmortem brains from AD patients, AD mouse models, and APP
cell lines (Barsoum et al., 2006; Wang et al., 2008, 2009, 2009; Cho et al., 2009; Manczak et
al., 2010).

Using in situ hybridization to mtDNA, immunocytochemistry, and morphometry of electron
micrographs of biopsy specimens from AD patients and control subjects, Hirai et al. studied
mitochondrial abnormalities in AD (Hirai et al., 2001). They found that the same neurons
showing increased oxidative damage in AD have a striking and significant increase in
mtDNA and cytochrome oxidase. Surprisingly, much of the mtDNA and cytochrome
oxidase was found in the neuronal cytoplasm, and in the case of mtDNA, the mtDNA and
cytochrome oxidase was found in vacuoles associated with lipofuscin, suggesting the
presence of mitochondrial abnormalities and autophagosomes in neurons from AD patients

Recently, the Reddy laboratory extensively studied abnormal mitochondrial dynamics in
primary neurons from AβPP transgenic mice (brain tissues from transgenic mice (Tg2576
mice), brain tissues from postmortem brains of AD patients, and neuroblastoma cells that
were treated with the Aβ peptide (Manczak et al., 2010).

Using electron and confocal microscopy, gene expression analysis, and biochemical
methods, we sought to determine mitochondrial structure (the expression of Drp1, Fis1,
Mfn1, Mfn2, and Opa1) and function, and neurite outgrowth in neurons treated with Aβ
(Manczak et al., 2010). In the neurons treated with only Aβ, we found increased expressions
of Drp1 and Fis1 (fission genes), and decreased expressions of Mfn1, Mfn2, and Opa1
(fusion genes), indicating abnormal mitochondrial dynamics in AD neurons. Our
immunohistochemistry of N2a cells treated with Aβ revealed increased immunoreactivity of
Drp1 and Fis1, suggesting that Aβ elevates fission genes and fragments mitochondria.
Electron microscopy of the N2a cells incubated with Aβ revealed a significantly increased
number of mitochondria, indicating that Aβ fragments mitochondria.

Biochemical analysis revealed Aβ in association with defective mitochondria. Neurite
outgrowth was significantly decreased in N2a cells that were incubated with Aβ, indicating
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that Aβ affects neurite outgrowth. Increased neurite outgrowth was found in N2a cells
treated with the mitochondria-targeted antioxidants MitoQ and SS31. Further, in N2a cells
treated with MitoQ and SS31, and then incubated with Aβ, abnormal expressions of Drp1,
Fis1, Mfn1, Mfn2, and Opa1 were prevented and mitochondrial function was normal; intact
mitochondria were present and neurite outgrowth was significantly increased (Manczak et
al., 2010).

The Reddy laboratory also investigated primary neurons from AβPP transgenic mice to
determine the expression of mitochondrial fission and fusion genes, and mitochondrial
dynamics. Our immunocytochemistry of Drp1 revealed an increase in Drp1
immunoreactivity, in primary neurons. Further, our electron microscopy analyses of primary
neurons from the AβPP mice revealed a significantly increased number of mitochondria and,
of them, a notable increase in structurally damaged mitochondria. These results indicate that
mutant AβPP and/or Aβ may activate Drp1 and Fis1, consequently damaging mitochondrial
structure and impairing mitochondrial function (Calkins and Reddy, unpublished
observations).

In primary neurons from the AβPP mice treated with mitochondria-targeted antioxidant
SS31, neurite outgrowth was significantly increased and the expression of cyclophilin D
(mitochondrial matrix protein) was significantly decreased. These findings suggest that
SS31 prevents Aβ toxicity, which may protect mitochondria from AD neurons, thus
warranting the study of SS31 as a potential drug to treat patients with AD. Mechanistically,
the SS31 peptide targets the inner mitochondrial membrane, due to the electrostatic
attraction between these cationic peptides (positive charge) and the highly anionic
cardiolipin molecules (negative charge) of the inner mitochondrial membrane (Szeto, 2006a;
2006b). Further, SS31 has a dimethyltyrosine residue, allowing SS31 to scavenge
oxyradicals and inhibit linoleic acid and low density lipoprotein oxidation. By reducing
mitochondrial ROS, SS31 was able to prevent the opening of the MPT pore, prevent
mitochondrial swelling, and reduce cytochrome c release in response to a high Ca2+

overload.

In a study of postmortem brain specimens (frontal cortices) from patients at all stages of AD
development (Braak stage I/II [early AD], III/IV [definite AD], and V/VI [severe AD]) and
from control subjects, the Reddy laboratory found increased expressions of Drp1 and Fis1,
and decreased expression of Mfn1, Mfn2, and Opa1 I (Manczak and Reddy, unpublished
observations), indicating mitochondrial fragmentation and abnormal mitochondrial
dynamics are involved in neurons from AD patients. Our immunohistochemistry of Drp1
revealed an increased immunoreactivity of Drp1 in AD patients. Interestingly, we also found
an increase in the mitochondrial matrix protein, CypD (for mRNA and protein), and an
increase in CypD in postmortem brain specimens from patients at all stages of AD
development, suggesting the possibility of mitochondrial permeability transition pore
opening, and suggesting alterations in mitochondrial structure and function the neurons of
AD patients. These findings suggest that Aβ fragments mitochondria and causes abnormal
mitochondrial dynamics, leading to mitochondrial dysfunction.

As described above, CypD is activated in affected neurons from AβPP mice, neurons
expressing Aβ, and neurons from AD patients, and CypD initiates the opening of the
mitochondrial permeability transition pore. The increased entry of AβPP and Aβ into
mitochondria, and an increase in Ca2+ levels in the matrix of mitochondria may cause the
inner mitochondrial pore to open (Starkov and Beal, 2008; Reddy, 2009). In general, the
inner mitochondrial membrane provides a highly efficient barrier to ionic flow and protects
mitochondria from toxic insults. However, in neurons from patients with AD, an age-
dependent accumulation of AβPP and Aβ1–42 oligomers and -secretase complex proteins,

Reddy et al. Page 12

Brain Res Rev. Author manuscript; available in PMC 2012 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PS1, APH, and nicastrin may induce a massive entry of Ca2+ into neurons and may promote
mitochondrial Ca2+ overload. Excess mitochondrial Ca2+ may in turn promote the opening
of the permeability transition pore in mitochondria and destroy the neuron via apoptotic cell
death (Reddy, 2009).

5.2. Drp1, mitochondrial fission, and Huntington’s disease
Mitochondrial dysfunction has been described in HD, but the role of drp1 in HD
mitochondrial dysfunction has not (Panov et al., 2002, 2005; Lin and Beal, 2006; Reddy et
al., 2009; Knott et al., 2008; Wang et al., 2009; Pandey et al., 2010; Chen and Chan, 2009;
Su et al., 2010; Liot et al., 2009; Oliveira, 2010; Li and Li, 2010; Ferreira et al., 2010;
Quintanilla and, Johnson, 2009; Truishna et al., 2004; Kim et al., 2010). Recently, however,
using quantitative fluorescence time-lapse microscopy and cortical neurons from HD mice,
Liot et al. (2009) studied temporal and spatial relationships among energy decline,
impairment of mitochondrial dynamics, and neuronal cell death in response to 3-NP. 3-NP
caused an immediate drop in ATP, which corresponded to a mild rise in ROS, but
mitochondrial morphology remained unaltered. Unexpectedly, several hours after this
immediate drop in ATP, ROS dramatically increased – an increase that occurred
simultaneously with profound mitochondrial fission that was characterized by the
conversion of filamentous to punctate mitochondria and neuronal cell death. Glutamate
receptor antagonist AP5 abolished the second peak in ROS, resulting in mitochondrial
fission and cell death. Thus, secondary excitotoxicity, mediated by glutamate receptor
activation of the NMDA subtype, and consequent oxidative and nitrosative stress, may have
likely caused mitochondrial fission, rather than energy deficits per se. These results improve
our understanding of the cellular mechanisms underlying HD pathogenesis.

Using several mitochondrial markers of COX2, SOD2, and cytochrome c, Kim et al. studied
mitochondria in preferentially vulnerable striatal calbindin-positive neurons in moderate-to-
severe grade HD patients (Kim et al. 2010). Combined calbindin and mitochondrial marker
immunofluorescence revealed a significant and progressive grade-dependent reduction in the
number of mitochondria, in spiny striatal neurons, and the mitochondria were markedly
altered in size. Kim and colleagues found a reduction in COX2 protein levels that was
consistent with mitochondrial loss and that corresponded with disease severity. In addition,
both mitochondrial transcription factor A – a regulator of mtDNA, and PGC1α, a key
transcriptional regulator of energy metabolism – and mitochondrial biogenesis were also
significantly reduced as disease severity increased. Abnormalities in mitochondrial
dynamics were observed: Drp1 significantly increased and Mfn1 decreased. Further,
mitochondrial PCR array profiling in caudate nucleus specimens showed increased mRNA
expression of proteins involved in mitochondrial localization and in membrane
translocation, polarization, and transport that paralleled mitochondrial derangement. These
findings revealed both mitochondrial loss and altered mitochondrial morphogenesis as
mitochondrial fission increased and as fusion decreased in neurons from HD patients. These
findings provide further evidence that mitochondrial dysfunction plays a critical role in the
pathogenesis of HD.

To determine the effect of mutant Htt in abnormal mitochondrial dynamics in HD, using
real-time RT-PCR and immunoblotting analysis, the Reddy laboratory quantified mRNA
levels of mitochondrial structural genes; Drp1 and Fis1; Mfn1, Mfn2, Opa1; Tomm40; and
the mitochondrial matrix gene CypD in brain specimens from the frontal cortex (affected in
HD) of several HD3 and HD4 subjects and of age-matched control subjects (Shirendeb and
Reddy, unpublished observations). Using immunohistochemistry, we also examined the
localization of proteins related to mitochondrial structure and mutant Htt in different brain
regions of subjects with HD3 and HD4, and of age-matched control subjects. We found
increased expression of Drp1 and Fis1, and decreased expression of Mfn1, Mfn2, Opa1, and
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Tomm40 in the brain specimens from HD patients. Interestingly, we found CypD
upregulated in the HD3 and HD4 specimens. These findings indicated the presence of
abnormal mitochondrial dynamics in the progression of HD.

Taken together, these findings suggest that an increase in fission genes and a decrease in
fusion genes may be responsible for abnormal mitochondrial dynamics in the striatum and
cortex of HD patients, and that these changes may contribute to neuronal damage.

Further, in HD, as in AD, CypD expression increases particularly in the affected regions
(striatum cortex and hippocampus) of brains from AD patients (Shirendeb and Reddy
unpublished observations), an increase that may initiate the opening of the mitochondrial
permeability transition pore. In addition, the increase in intracellular Ca2+ levels in the
matrix of mitochondria may cause the inner mitochondrial pore to open. An excess of
mitochondrial Ca2+ may promote the opening of the mitochondrial permeability transition
pore and may destroy the neuron by apoptotic cell death.

5.3. Drp1, mitochondrial fission, and Parkinson’s disease
Mitochondrial dysfunction and oxidative stress are well-documented in PD; in particular,
mitochondria in complex I have been found to be defective in both familial and sporadic PD
(Lin and Beal, 2006; Matsuda et al., 2010; Martin, 2006, 2010; Chu and Zhe, 2010;
Cookson, 2010; Morais et al., 2009; Lin et al. 2009). With the focus on abnormal
mitochondrial dynamics, little research attention has been paid to elucidating the
involvement of Drp1 and mitochondrial fission and fusion imbalance in PTEN induced
putative kinase 1 (PINK1) and parkin mutants of fruitflies and mouse models. Inconsistent
reports have been published regarding PINK1/Parkin and Drp1 involvement in PD and
mitochondrial dysfunction. Earlier studies, including Poole et al. (2008) and Deng et al.
(2008), reported that PINK1 and Parkin pathways induce mitochondrial fragmentation in fly
models. Other recent studies, including Dagda et al. (2009), Sandebring et al. (2010), and
Lutz et al. (2010), suggested that a PINK1 deficiency causes mitochondrial fragmentation
through Drp1 overexpression.–

Deng et al. (2008) explored interactions between PINK1/Parkin and the mitochondrial
fusion/fission machinery in order to determine the role of pink1 and park in mitochondrial
dynamics and pathogenesis of PD. Muscle-specific knockdown of the fly homologue of Mfn
(Marf) or Opa1, or the overexpression of Drp1, resulted in significant mitochondrial
fragmentation. Mfn-knockdown flies also displayed altered cristae morphology.
Interestingly, knockdown of Mfn or Opa1, or the overexpression of Drp1 rescued the
phenotypes of muscle degeneration, cell death, and mitochondrial abnormalities in PINK1 or
Parkin mutants. In the male germline, genetic interactions were observed between PINK1
and the testes-specific mfn homologue fuzzy onion, and between PINK1 and Drp1. These
data suggest that the PINK1/Parkin pathway promotes mitochondrial fission and/or inhibits
fusion by negatively regulating Mfn and Opa1 function, and/or positively regulating Drp1.
However, PINK1 and Parkin mutant flies showed distinct mitochondrial phenotypes from
Drp1 mutant flies, and flies carrying a heterozygous mutation in Drp1 were found to
enhance the pink1-null phenotype, resulting in lethality. These results suggest that PINK1
and Parkin are likely not core components of the Drp1-mediated mitochondrial fission
machinery. Modification of fusion and fission may represent a novel therapeutic strategy for
PD.

In another study, Poole et al. (2008) studied genetic alterations affecting abnormal
mitochondrial dynamics on the PINK1 and parkin mutant phenotypes in fruit flies. They
found that heterozygous loss-of-function mutations of Drp1 are lethal in a PINK1 or parkin
mutant background. Conversely, flight-muscle degeneration and mitochondrial
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morphological alterations that result from mutations in PINK1 and parkin are strongly
suppressed by increased Drp1 expression and by heterozygous loss-of-function mutations
affecting the mitochondrial fusion-promoting factors Opa1 and Mfn2. They also found that
an eye phenotype associated with increased PINK1/Parkin pathway activity is suppressed by
perturbations that reduce mitochondrial fission. The Poole study suggests that the PINK1/
Parkin pathway promotes mitochondrial fission and that a loss of mitochondrial and tissue
integrity in PINK1 and parkin mutants [derives]? may derive? from reduced mitochondrial
fission.

Dagda et al. (2009) sought to determine the relationship between PINK1 knocking down and
mitochondrial dysfunction in PD patients. Mutations in PINK1 are associated with familial
PD. Although overexpressed PINK1 is neuroprotective, less is known about neuronal
responses to the loss of PINK1 function, which has been found to occur in PD. Dagda et al.
(2009) found a stable knockdown of PINK1 induced mitochondrial fragmentation and
autophagy in SH-SY5Y cells, which was reversed by the reintroduction of an RNA
interference (RNAi)-resistant plasmid for PINK1. Moreover, stable or transient
overexpression of wild-type PINK1 increased mitochondrial interconnectivity and
suppressed toxin-induced autophagy/mitophagy. The production of a mitochondrial oxidant
played an essential role in triggering mitochondrial fragmentation and autophagy in PINK1
shRNA lines. Autophagy/mitophagy served a protective role in limiting cell death, and
overexpression of Parkin further enhanced this protective mitophagic response. The
dominant negative Drp1 mutant inhibited both fission and mitophagy in PINK1-deficient
cells. Interestingly, RNAi knockdown of autophagy proteins Atg7 and LC3/Atg8 also
decreased mitochondrial fragmentation without affecting oxidative stress, suggesting active
involvement of autophagy in morphologic remodeling of mitochondria for clearance. To
summarize, the loss of PINK1 function elicited oxidative stress and mitochondrial turnover
that was coordinated by autophagic and fission/fusion machineries. Furthermore, PINK1 and
Parkin may cooperate through different mechanisms to maintain mitochondrial homeostasis.

Sandebring et al. studied the effects of PINK1 deficiency in mitochondrial function and
morphology, in fruit flies (Sandberg et al. 2010). They generated cell lines that stably
transduced human dopaminergic M17 cells with lentiviral constructs, which increased or
knocked down PINK1. They found that wild-type PINK1, but not recessive mutant or kinase
dead versions, protects against rotenone-induced mitochondrial fragmentation, but PINK1-
deficient cells showed lower mitochondrial connectivity.

Drp1 overexpression exaggerated PINK1 deficiency phenotypes and Drp1 RNAi rescued
them. Sandebring and colleagues also showed that Drp1 is dephosphorylated in PINK1-
deficient cells due to the activation of the calcium-dependent phosphatase calcineurin.
Accordingly, the calcineurin inhibitor FK506 blocked both the dephosphorylation of Drp1
and the loss of mitochondrial integrity in PINK1-deficient cells, but did not fully rescue the
mitochondrial membrane potential. These findings suggest that Drp1 overexpression causes
PINK1 deficiency and decreases mitochondrial connectivity. Lutz et al. studied the
connection between the PINK1 deficiency and mitochondrial pathology in human SH-SY5Y
cells (Lutz et al., 2010). They found that an acute down-regulation of parkin in human SH-
SY5Y cells severely affects mitochondrial morphology and function – a phenotype
comparable with that induced by a deficiency in PINK1. Alterations in both mitochondrial
morphology and ATP production caused by either parkin or PINK1 loss of function could be
rescued by Mfn2 and OPA1, or by a dominant, negative mutant of Drp1. Both parkin and
PINK1 were able to suppress mitochondrial fragmentation induced by Drp1. Moreover, in
Drp1-deficient cells, the parkin/PINK1 knockdown phenotype did not occur, indicating that
mitochondrial alterations observed in parkin- or PINK1-deficient cells are associated with an
increase in mitochondrial fission. Notably, mitochondrial fragmentation is an early
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phenomenon that is linked to PINK1/parkin silencing and that occurs in primary mouse
neurons and Drosophila S2 cells.

Using aged human endothelial cells (HUVECs) in vitro, Mai et al. studied the connection
between extensive elongation of mitochondria and Drp1 expression (Mai et al., 2010).
Young HUVECs had tubular mitochondria, whereas senescent cells were characterized by
long, interconnected mitochondria. The change in mitochondrial morphology was caused by
the downregulation of Fis1 and Drp1 expressions. Targeted photodamage of mitochondria
induced the formation of ROS, which triggered mitochondrial fragmentation and a loss of
membrane potential in young cells, whereas senescent cells proved to be resistant.
Alterations of the Fis1 and Drp1 expression levels also influenced the expression of PINK1.
Downregulation of PINK1 or overexpression of a PINK1 mutant (G309D) increased the
sensitivity against ROS in young cells. These results indicated that there is a Drp1- and Fis1-
induced, and a PINK1-mediated protection mechanism in senescent cells, which, when
compromised, could contribute to the age-related progression of disease seen in PD and
arteriosclerosis.

The discrepancies found in these studies may be due to the species studied (fly, human cells,
mouse models) and also to the timing of mitochondrial characterization since Drp1 activity
and expression are highly dynamic and change with disease progression. Further research
using time-course analysis of PINK1/Parkin and Drp1 expressions from different species is
needed to resolve these inconsistent reports.

5.4. Drp1, mitochondrial fission, and ALS
In ALS, mitochondrial abnormalities have been extensively described in both familial and
sporadic ALS patients and also in transgenic mouse models generated with mutant SOD1
(Magrane and Manfredi 2009 2010; Zhou et al. 2009, Kawamata et al. 2008, Cassina et al.
2008, Ilieva et al. 2007, Martin 2006, 2009, 2010, Martin et al. 2009, Raimondi et al. 2006,
Krasnianski et al. 2005, Kirkinezos et al. 2005, Zhu et al. 2002, Dhaliwal and Grewal 2000).
Histopathological research revealed that mitochondria may be targets of toxicity in ALS
since vacuolated and dilated mitochondria with disorganized cristae and membranes in
motor neurons have been observed in patients with ALS (Reddy and Reddy, 2010), and
mitochondrial defects (e.g., impaired respiration and increased uncoupling proteins) have
been reported in the spinal cords and muscle biopsies of patients with ALS.

The direct involvement of Drp1 in mitochondrial fragmentation of tissues from ALS patients
and mouse models of mutant SOD1 has not yet been studied. However, recently, Magrané et
al. (2009) have generated motor neuronal cell lines expressing wild-type or mutant SOD1
containing a cleavable intermembrane space targeting signal for directly investigating the
pathogenic role of mutant SOD1 in mitochondria. Using biochemical and
immunofluorescence techniques, they studied mitochondrial dynamics in cells expressing
mutant SOD1 localized to the intermembrane space of mitochondria. They demonstrated
that mitochondria-targeted SOD1 localizes to the intermembrane space, where it is
enzymatically active. They found neurite mitochondrial fragmentation and impaired
mitochondrial dynamics in motor neurons expressing intermembrane space mutant SOD1.
These defects are associated with impaired maintenance of neuritic processes.

Overall, these findings demonstrate that mutant SOD1 localized in the intermembrane space
is sufficient to induce mitochondrial abnormalities and neuronal toxicity, and contributes to
ALS pathogenesis.
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6. Drp1 expression, mitochondrial fragmentation and impaired
mitochondrial transport in neurodegenerative diseases

Based on findings from the Reddy laboratory (Reddy et al., 2004; Reddy, 2008; Manczak et
al., 2004; 2005; 2006; 2010; Shirendeb and Reddy unpublished observations), and others
(Barsoum et al., 2006; Dagda et al., 2009; Lutz et al., 2009; Sandebring et al., 2009;
Magrane et al., 2009), we propose that an age-dependent, increased production and
subsequent accumulation of mutant proteins in mitochondria (such as Aβ in AD, mutant Htt
in HD, mutant PINK/Parkin in PD, and mutant SOD in ALS) induce free radical production
and activate the expression of Drp1 and Fis1 (Fig. 3). In turn, the activated Drp1 and Fis1
lead to the excessive fragmentation of mitochondria, producing small and defective
mitochondria that may not transport actively to synapses and may not supply the necessary
ATP (energy) at nerve terminals. Further, these defective mitochondria may not be able to
participate in mitochondrial fusion, may not be able to synthesize healthy mitochondria, and
may ultimately, prematurely die. The continuous production of excessive numbers of
defective mitochondria in neurons may ultimately damage synapses and cause synaptic
neurodegeneration. Such a hypothesized explanation for neurodegenerative diseases needs
further research. In pursuit of a better understanding of mitochondria, we need clarification
and further research on: 1) mitochondrial transport in healthy and disease states, in neurons
for every neurodegenerative disease, for example, in terms of mitochondrial mass (or total
number), static/defective mitochondria, and motile/active mitochondria; 2) factors that
control/regulate mitochondrial transport and role of aging in mitochondrial transport and
abnormal mitochondrial dynamics, if any. Addressing these issues may take us closer to the
development of therapeutic strategies capable of treating neurodegenerative diseases.

7. Conclusions and Future Directions
The science of mitochondrial dynamics (or fission fusion balance) is relatively new and has
been studied in AD and PD. Currently, several investigators are studying abnormal
mitochondrial dynamics in HD and ALS, and also in aging. Increasing evidence suggests
that balanced mitochondrial fission and fusion are critically important in the maintenance of
mitochondrial size, shape, distribution, and normal neuronal function. Impairments in
mitochondrial fission and fusion cause irregular mitochondrial shapes and abnormal
mitochondrial distributions in neurons from brain tissues of persons with AD, PD, AD, and
ALS. Recent mitochondrial studies of yeast, worms, rodents and humans have identified
several GTPase proteins, including Drp1, Fis1, Mfn1, Mfn2, and Opa1. Among these, Drp1
is evolutionarily conserved in lower to higher organisms and may have some structural and
functional importance in maintaining cell survival and cell death. Recent knockout mice
studies of Drp1 suggest that Drp1 is essential for cell survival and mitochondrial division.

Recent advancements in molecular, cellular, electron microscopy, and confocal and imaging
studies revealed that Drp1 is associated with several cellular functions, including
mitochondrial and peroxisomal fragmentation, phosphorylation, SUMOylation,
ubiquitination, and cell death. Researchers of neurodegenerative diseases are beginning to
recognize the possible involvement of a mitochondrial fission and fusion proteins,
particularly Drp1, in causing mitochondrial fragmentation and the involvement of fission
and fusion proteins in abnormal mitochondrial dynamics in neurodegenerative diseases HD.
However, the importance of Drp1 and other mitochondrial structural proteins in
neurodegenerative diseases are not well understood. Further, the significance of splice
variants of Drp1 and other mitochondrial structural proteins is unclear, and the importance
of Drp1 in different cell types in the brain, in diseased and non-diseased states, is still
unclear. Research is needed to answer these important questions.

Reddy et al. Page 17

Brain Res Rev. Author manuscript; available in PMC 2012 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
This research presented was supported by NIH grants AG028072, AG026051, and RR00163, Alzheimer
Association grant IIRG-09-92429, and Medivation, Inc.

Abbreviations

6-OHDA 6-hydroxydopamine

AβPP amyloid beta precursor protein

AD Alzheimer’s disease

ALS amyotrophic lateral sclerosis

ATP adenosine triphosphate

Drp1 dynamin related protein 1

Fis1 mitochondrial fission 1

HD Huntington’s disease

Mfn1 mitochondrial fusin 1

Opa1 optic atrophy 1

PD Parkinson’s disease

PINK1 PTEN-induced kinase1

ROS reactive oxygen species

TOMM40 translocase of outer mitochondria membrane 40
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Figure 1.
Summary of dynamin-related protein in different species. The GTPase domain is highly
conserved in all species studied so far, including yeast, c. elegans, fruitflies, rats, mice,
nonhuman primates, and humans.

Reddy et al. Page 25

Brain Res Rev. Author manuscript; available in PMC 2012 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Mitochondrial dynamics in mammalian cells. Mitochondrial fission and fusion balance
equally in healthy mammalian cells. However, cells exposed to toxins or cells that express
mutant proteins impair mitochondrial dynamics, leading to abnormalities in mitochondrial
structure and function.
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Figure 3.
Schematic of proposed model for mitochondrial fragmentation, impaired mitochondrial
transport, and abnormal mitochondrial dynamics caused by Drp1, in neurodegenerative
diseases.
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Table 1

Summary of molecular features and biological functions of mitochondrial structural genes

Name of the
gene Chromosome location Molecular structure Functions

DRP1 12 Drp1 encodes 736 aminoacids (aa) (20
exons) with a mass of 80.6 kDa. It has
(exon 15 is deleted); isoform 3 699 aa
(exons 15 and 16 are deleted); isoform 4
with 725 aa; isoform 5 with 710 aa and
isoform 6 with 749 aa.

Drp1 establishes mitochondrial morphology
through the distribution of mitochondrial tubules
across the cytoplasm; Drp1 is involved in multiple
functions, including mitochondrial fragmentation; it
contains 6 spliced transcripts that encode various
isoforms.

FIS1 7 Fis1 encodes 152 aa (with a mass of 17
kDa).

Fis1 is a component of a mitochondrial complex
that promotes mitochondrial fission.

MFN1 3 Mfn1 encodes a 741 aa; it has 3 isoforms/
variants. Isoform 2 encodes 370 aa and
isoform 3 encodes 630 aa.

Mfn1 is a mediator of mitochondrial fusion; both
mitofusion 1 and 2 facilitate mitochondrial
targeting.

MFN2 1 Mfn2 encodes 757 aa, and isoform 2
encodes 436 aa.

Mfn2 participates in mitochondrial fusion and
contributes to the maintenance and operation of the
mitochondrial network. Defects in Mfn2 are
involved in causing Charcot-Marie-Tooth disease. It
is involved in smooth muscle cell proliferation and
may play a role in the pathophysiology of obesity.

OPA1 3 Opa1 encodes 960 aa (contains 29 exons)
and isoform 2 encodes 997 aa.

Opa1 is a nuclear-encoded mitochondrial protein;
mutations in this gene lead to a loss of visual acuity;
multiple transcript variants have been found in this
gene.

TOMM40 19 TOMM40 encodes a 361 aa and isoform 2
encodes 329 aa.

Tomm40 is a channel-forming subunit of the
translocase of the mitochondrial outer membrane
(TOMM). It is essential for protein transport into
the mitochondria. Polymorphisms in Tomm40 has
been found to occur more in late-onset AD patients.

CyPD
(peptidylp
rolyl
isomease D)

3 Peptidylprolyl isomerase D encodes a 178
aa peptide that is found in the
mitochondrion.

CypD is a part of mitochondrial permeability
transition pore in the inner mitochondrial
membrane; activation of this protein can induce
apoptotic and necrotic cell death.
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