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Abstract

Mitochondria are best known for their role in ATP generation. However, studies over the past two
decades have shown that mitochondria do much more than that. Mitochondria regulate both
necrotic and apoptotic cell death pathways, they store and therefore coordinate cellular Ca2*
signaling, they generate and metabolize important building blocks, by-products and signaling
molecules, and they also generate and are targets of free radical species that modulate many
aspects of cell physiology and pathology. Most estimates suggest that although the brain makes up
only 2% percent of body weight, utilizes about 20 percent of the body’s total ATP. Thus,
mitochondrial dysfunction greatly impacts brain functions and is indeed associated with numerous
neurodegenerative diseases. Furthermore, a number of abnormal disease-associated proteins have
been shown to interact directly with mitochondria, leading to mitochondrial dysfunction and
subsequent neuronal cell death. Here, we discuss the role of mitochondrial dynamics impairment
in the pathological processes associated with neurodegeneration and suggest that a therapy
targeting mitochondrial dysfunction holds a great promise.
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Treatment opportunities Loss of mitochondrial
P110, Mdivi-1 functions and trigger of
apoplosis

Introduction:

Mitochondria, which descended from prokaryotic bacteria through endosymbiotic evolution,
mediate diverse functions within the cell (1, 2). In addition to their central bioenergetic task
of ATP regeneration, the organelles are the main source both of reactive oxygen species and
of the cell’s antioxidant defenses (3). Mitochondria are abundant where energy-requiring
processes take place, such as the brain, and skeletal and cardiac muscles (4). Mitochondrial
form/structure and function are intimately linked. Mitochondria show a highly complicated
and dynamic behavior even in unicellular organisms such as yeast. An increasing number of
studies indicate that the changes in mitochondrial size and form, together termed
mitochondrial dynamics, which is mediated by processes of fission and fusion of the
organelles, play a critical role in controlling mitochondrial function. Thus, an imbalance of
mitochondrial fusion and fission impacts a diverse range of cellular biological processes.

Mitochondrial fission and fusion are mediated by the action of large and multi-domain
dynamin-related GTPases (2). Loss of either fission or fusion results in mitochondrial
dysfunction; fragmented mitochondrial morphology correlates with apoptotic cytochrome ¢
release, whereas tubular (large) morphology promotes resistance to apoptotic stimuli (5-8).
Mitochondrial fusion is essential, as it provides a means for exchange of intermembrane and
matrix contents, including mitochondrial DNA (mtDNA), between mitochondria (9).
Increase in mitochondrial size requires the fusion of both the outer and inner mitochondrial
membrane and is regulated by at least three large GTPase proteins: mitofusins (Mfn1 and
Mfn2) for outer mitochondrial membrane fusion, and optic atrophy 1 (OPA1), for inner
mitochondrial membrane fusion (10, 11). The outer mitochondrial membrane fusion is
mediated through interactions of the coiled-coil domains of Mfnl and Mfn2 to form either
homo-oligomeric or hetero- oligomeric complexes that tether membranes together (12-14).
The mechanism by which OPAL stiches together the inner mitochondrial membrane may
involve specific post-translational modifications, and possibly oligomerization as well (15,
16). As will be discussed later, dynamin related protein 1 (Drpl), a large cytosolic GTPase
that mediates mitochondrial fission, also undergoes protein modifications when activated,
and fission is subsequently mediated by the binding of oligmerized Drp1 to the outer
mitochondrial membrane. Screens in yeast have been instrumental in identifying a set of

Pharmacol Res. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi and Mochly-Rosen Page 3

proteins required for the maintenance of mitochondrial morphology, (17) and additional
proteins were identified as being involved in vertebrates [reviewed in (18-22)]. Here, we
focus on the role of the mitochondrial fission machinery in neurodegenerative diseases and
provide evidence for possible therapeutic strategies to regulate these pathologies through
inhibition of excessive fission and the resulting mitochondrial dysfunction.

Mitochondrial fission

Dynamin related protein 1 (Drp1/Dmnll):

Drp1 induces fission (mitochondrial division) by polymerizing and forming helical
structures that wrap around mitochondria, providing the necessary mechanical fission force
(23, 24). The role of Drp1l/ Dmnl1 in mitochondrial fission was first identified in a screen for
yeast mutants with defective mitochondrial morphology (25, 26). Drpl, a predominantly
cytosolic protein, forms punctate structures on the mitochondria upon activation by signals
that promote mitochondrial fission (27). However, not all the translocated Drp1 leads to
functional fission events; most are aborted (26, 28). When the fission event is triggered,
Drpl rapidly oligomerizes into a ring-like structure to sever the mitochondrial membrane,
mediated by self-assembly and GTP hydrolysis (29).

Drp1 is critical for mouse embryonic and brain development, and mice lacking Drp1 die by
embryonic day 11.5 (30). These Drp1-null embryos fail to undergo developmentally
regulated apoptosis during neural tube formation /n vivo (30). In humans, two probands with
distinct de novo missense mutations in Drpl have been reported. One presented with severe
neonatal encephalopathy, microcephaly, optic atrophy, and abnormal brain development in
the form of demyelination and altered gyral pattern, and died at 37 days of age (31). The
second proband presented at 6 months of age with global developmental delay, developed
refractory epilepsy at one year of age with multiple subsequent episodes of status
epilepticus, and displayed a profound developmentally delay (32). Recently, another Drpl
mutation in humans was identified in two unrelated individuals and had a remarkably similar
phenotype: delayed onset yet rapid progression (33). The critical role of the GTPase activity
of Drpl was also demonstrated in an experimental model, (34) and overexpressing a
dominant negative mutant Drp1K38A, or depleting Drpl down-regulation by siRNA, led to
elongated interconnected networks of mitochondria (35, 36), indicative of a critical role for
Drpl in mitochondrial fission.

Dynamin2 (Dyn2; Dnm?2):
Dynamin2 is another member of the conventional dynamin family that regulates
mitochondrial morphology. In a recent study, it was shown that Dyn2 further constricts
membrane tubules that were first constricted by Drpl to complete mitochondrial fission (37).
Knockdown of Dyn2 results in elongated mitochondria with the occasional presence of a
long, highly constricted tubule between two populations of preassembled Drpl polymers
(37). In the same study, Dyn2 was shown to only localize transiently to facilitate membrane
scission, in contrast to Drpl, which is abundant on most constricted mitochondrial sites.
Furthermore, Dyn2 and Drpl are differentially segregated to daughter organelles — Drpl
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remains present on both daughter mitochondria following scission, while Dyn2 appears only
on one of the two (37).

Fissionl (Fisl):
Fisl, a protein anchored to the mitochondrial outer membrane through its C-terminus,
exposed to the cytosol, and evenly distributed on the mitochondrial surface was first
identified to be an essential regulator of mitochondrial fission (38, 39). Fis1, in yeast, is vital
for the recruitment and assembly of cytosolic Drpl on mitochondrial outer membrane by
interacting with Drp1 through one of two other adaptor proteins, Mdv1 or its paralog Caf4
(40, 41). In mammals, over-expression of Fisl induces mitochondrial fragmentation,
whereas inhibition of its expression results in mitochondrial elongation (38, 39). However,
whereas Fisl is uniformly distributed throughout the mitochondrial outer membrane, Drpl is
localized to punctate structures along the mitochondrial tubules, indicating that there might
be other mitochondrial adaptor proteins involved in anchoring Drpl to enable mitochondrial
fission (42). Additionally, recent studies showed that altered levels of Fis1 have no effect on
the distribution or amount of Drpl along mitochondria (42). Interestingly, Fisl is present
throughout the animal kingdom, but its functions in metazoans have been unclear. Fisl can
bind to Drpl /n vitro, promoting mitochondrial fission when overexpressed, and as such has
been implicated in a number of mitochondrial fission-dependent processes, such as apoptosis
and autophagy (43). However, mammalian Fis1~~ cells have mild or no fission defect under
basal conditions. Although several reports suggest that Fis1 exogenous expression induces
mitochondrial fragmentation and that Fis1 knockdown affects mitochondrial morphology,
Fis1 appears to be dispensable for basal/physiological mitochondrial fission. Further, Fisl
and its interacting mitochondrial Rab GTPase-activating proteins (GAPs), TBC1D15 and
TBC1D17, have been implicated to play an important for autophagosomal biogenesis during
mitophagy thus having a satellite function independent of Drpl (44-46). Nevertheless, while
these results provide further evidence for role of other proteins in physiological fission, we
and others found that Fis1 has a crucial role under pathological, stress-induced
mitochondrial fission in multiple cell types (47-50). Further, studies in postmortem HD and
AD patients indicate an increase in the protein levels of Fis1 concurrently with an increased
Drp1 level (51-53). We found increased interaction of Fis1 with Drpl and recruitment of
Drp1 to mitochondria under hypoxic/ischemic conditions, in cell and animal models of
Parkinson’s disease (PD), Huntington’s disease (HD), Alzheimer’s disease (AD) and
amyotrophic lateral sclerosis (ALS) models, and in patients-derived cells (5, 54-57).
Although the physiological/basal level of interaction between Drpl and Fisl is very low in
healthy cells, we found an increase in Drpl association with Fis1 under pathological stress
(49, 54-56). The use of a pharmacological tool that inhibits this interaction is discussed later
in the review.

Mitochondrial fission factor (Mff):

Mff was identified by high-throughput screening of a drosophila RNA interference (RNAI)
library for mitochondrial morphology alterations (58). The silencing of Mff (CG30403/
Tangol11) induced a phenotype similar to that of Drpl depletion with perinuclear clustering
of mitochondria (58). Mff, the human ortholog, is a mitochondrial adaptor of Drpl
conserved in metazoans, but not found in yeast (28, 43). Mff is anchored to the outer
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mitochondrial membrane through a C-terminal transmembrane domain, while the majority
of the protein is exposed to the cytosol (59). siRNA mediated depletion of Mff in
mammalian cells leads to an interconnected tubular network of mitochondria, indicative of
pro-fusion phenotype (43, 59). In contrast, overexpression of Mff induces extensive
mitochondrial fragmentation and mitochondrial dysfunction (43, 59). Moreover, Mff and
Fisl occur in separate complexes, indicating that they may have distinct roles in regulating
mitochondrial fission (20, 43, 58); Mff is localized in punctate structures on mitochondria in
a manner independent of Drpl and Fisl and in contrast to the uniform distribution of Fis1 on
the mitochondrial outer membrane (43, 59). Mff mostly co-localizes with Drpl in dot-like
structures along the mitochondrial tubules; over-expression of Mff promotes Drp1-
mitochondrial association and subsequent mitochondrial fragmentation while the knock-
down of Mff by siRNA reduces the recruitment of Drp1 to mitochondria, resulting in
mitochondrial elongation (43, 59). Finally, Mff requires Drp1 oligomerization to physically
associate with Drpl (60). Thus, Mff plays a major role in physiological mitochondrial
fission, which is independent of Fis1 (59, 60).

Mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51):

As part of a cellular localization screen of uncharacterized human proteins, the expression of
SMCR7L (Mid51) in yeast was found to cause unique changes in mitochondrial cellular
distribution and to result in formation of fused mitochondrial tubules (61). In the study,
when MiD49/51 were expressed as carboxy-terminal green fluorescent protein (GFP)
fusions, they both localized to mitochondria (61). Similar to Mff, MiD51 and MiD49 also
recruit Drpl to the mitochondrial outer membrane (61). Knockdown of both MiD49 and
MiD51 result in an irregular distribution of the network and fused mitochondria (61, 62),
and MiD49 and MiD51 mediate Drp1-dependent mitochondrial fission in Fis1/Mff double-
KO MEFs (61, 62). In addition, ADP-bound MiD51 assembles Drp1 into spirals and
promotes Drpl GTP hydrolysis, supporting its role in mitochondrial fission (63).
Overexpression of either MiD49 or MiD51 triggered increased recruitment of Drpl to the
mitochondrial outer membrane, but blocked Drp1 activity, thus blocking mitochondrial
fission (63, 64). Based on these studies, it appears that MiD51 or MiD49 alone are sufficient
to act as a suppressor to sequester Drpl and inhibits Drpl -mediated fission. However,
MiD49/ 51 expression is increased in pulmonary arterial hypertension, which is associated
with accelerated Drpl-mediated mitotic fission, increased cell proliferation and decreased
apoptosis (65). Silencing MiD49/ 51 (but not other Drpl binding partners, Fisl or MFF)
promotes mitochondrial fusion and causes G1-phase cell cycle arrest, through ERK1/2 and
CDK4-dependent mechanisms (65). In contrast to Mff-null cells, MiD49/MiD51-KO and
Drp1-KO cells are resistant to cytochrome c release during apoptosis (62, 65). This
phenotype, seen in MiD49/51-KO cells but not Drp1-KO cells, was completely abolished by
treatments that disrupt mitochondrial inner cristae structure, such as OPA1 depletion,
indicating that Drpl-dependent mitochondrial fission through MiD49/MiD51 regulates
cristae remodeling during intrinsic apoptosis (62). Adding to this complexity, another study
reported increased mitochondrial connectivity following loss of either of adaptors, and this
was further enhanced following the combined loss of MiD51 and Mff (66). Moreover, loss
of adaptors also conferred increased resistance of cells to intrinsic apoptotic stimuli, with
MiD49 and MiD51 showing a more prominent role (66, 67). Using a proximity-based biotin
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labeling approach, close associations between MiD51, Mff and Drp1, but not Fis1, were
observed, and MiD51 can suppress Mff-dependent enhancement of Drpl GTPase activity
(66, 67). In summary, Mid49 and Mid51 have important roles in mitochondrial fission,

which may vary by stimuli and perhaps even cell types.

Other potential protein partners of mitochondrial fission:

In addition to Drpl, Fisl, Mff and MiD49/ Mid51, several other proteins have been
proposed to regulate mitochondrial fission in mammals.

Fatty acyl transferase endophilin B1 (Bif-1) directly affects mitochondrial morphology. Its
down-regulation or overexpression of the protein lacking N-terminal lipid-modifying
domain leads to striking alterations of the mitochondrial morphology in HeLa and COS-7
cells (68). Knockdown or overexpression of endophilin B1 in cells resulted in the
dissociation of the outer mitochondrial membrane compartment from that of the matrix, and
led to the formation of vesicles and tubules of the outer mitochondrial membrane, indicating
that endophilin B1 may be essential for the regulation of outer mitochondrial membrane
dynamics (68, 69).

Overexpression of mitochondrial protein 18 kDa (MTP18), a nuclear-encoded mitochondrial
membrane protein, altered mitochondrial morphology from filamentous to punctate-like
structures indicating increased mitochondrial fission (70, 71). Overexpression of MTP18
blocked mitochondrial fragmentation in cells co-expressing either Mfnl or Drp1K38A.
Loss-of-function of endogenous MTP18 by RNA.i resulted in highly fused mitochondria (70)
and expression of MTP18 blocked excessive fission in cells overexpressing Fis1 (70).

Ganglioside-induced differentiation-associated protein 1 (GDAP1), an integral
mitochondrial outer-membrane protein, and mitochondrial targeting GxxxG-motif protein
(MTGM), an integral inner membrane protein, have also been implicated in the regulation of
Drp1-dependent mitochondrial fission. Their over-expression causes mitochondrial
fragmentation, while their downregulation results in mitochondrial elongation (72-75). A
coordination of the outer and inner mitochondrial membranes is essential for mitochondrial
fission. However, the inner membrane proteins and machinery that are involved in the fission
process remain a mystery. It is possible that this role is mediated by MTP18 and/or MTGM,
and further research will help determine if they coordinate with the key proteins involved in
promoting/inhibiting outer membrane fission: Drpl, Fis1, Mff, Mid49/ 51.

Mitochondrial dysfunction in neurodegeneration

Mitochondrial Dysfunction and Defective Mitochondrial Dynamics in Alzheimer’s Disease

(AD)

Alzheimer’s disease (AD) is the most common form of dementia, affecting millions
globally, and is characterized by the progressive loss of neurons, ultimately leading to the
onset of severe behavioral and cognitive impairments (76). The salient pathological features
in AD patients include amyloid/senile plaques (SPs), neurofibrillary tangles (NFTs),
granulovacuolar degeneration, and dystrophic neurites (76, 77). NFTs are intracellular
aggregates composed of the hyper-phosphorylated form of the microtubule-associated
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protein tau, while SPs are extracellular lesions, usually composed of bundles of amyloid-p
(AP) peptide fibrils (76-78).

Mitochondrial functional impairments were found in cultured neurons isolated from Tg mice
that overexpress a mutant form of ABPP and AB-binding alcohol dehydrogenase (ABAD; Tg
mARPP/ABAD), and display reduced levels of brain ATP and COX activity, diminished
glucose utilization, as well as electrophysiological abnormalities in hippocampal slices
compared with Tg mABPP mice (79). Similarly, mitochondrial dysfunction has been
proposed as a key mechanism in the early stages of AD, since both neuronal as well as
peripheral cells derived from AD patients are characterized by energy loss (80-82). The
mitochondrial accumulation of AP in human brain tissues is correlated with altered activities
in key mitochondrial enzymes, including cytochrome c oxidase (COX, complex 1V),
pyruvate dehydrogenase (PDH) and a-ketoglutarate dehydrogenase complex (a KGDH), as
well as with reduction in the import of nuclear-encoded proteins (82, 83). Such impairment
of mitochondrial oxidative phosphorylation in the brains of AD patients is directly
proportional to their clinical disability (84). In model systems, expression of a mutant APP
associated with AD (APP Kg7gM/Ng71L) leads to an enhanced vulnerability of PC12 cells to
oxidative stress and mitochondrial dysfunction, activation of caspases, and stress-signaling
pathway (85). Mitochondrial functions are also defective in APP mice (54, 86, 87), and lipid
peroxidation and hydrogen peroxide levels are significantly higher in tissues of the brain in
mice carrying 5 AD-associated human mutations, 5XFAD, relative to healthy mice (54, 87).
Apolipoprotein (apo) E4, a major genetic risk factor for late-onset Alzheimer disease (AD)
(88), assumes a pathological conformation through an intramolecular interaction mediated
by Argg; in the amino-terminal domain and Gluyss in the carboxyl-terminal domain,
referred to as apoE4 domain interaction (89). In humans, PET studies detect an AD-like
regional pattern of glucose hypometabolism in the brains of cognitively normal apoE4
carriers, decades before the age of onset of clinical AD (90). This result raises the possibility
that apoE4 may perturb mitochondrial respiratory function in the brain, rendering subjects
with apoE4 more susceptible to AD neuropathology (90). Transgenic expression of apoE4,
but not apoE3, in neurons using a neuron-specific enolase (NSE) promoter, induces age-
dependent learning and memory deficits and neurodegenerative changes in mice (91, 92).
Further, an apoE4 fragment (amino acids 1-272) is localized to mitochondria when
transiently expressed in N2A cells and can bind to subunits of mitochondrial respiratory
complexes 11, 1V, and V and perturb the activities of complexes 111 and 1V (93). The same
study reported that expression of apoE4 in N2A cells reduced the levels of mitochondrial
gene transcripts from both the nuclear genome (complex V subunit ) and mtDNA (complex
IV subunit 1). Thus, regardless of the genetic cause of AD, data from cell and animal models
of AD and from cells and brain tissue derived from AD patients indicate major
mitochondrial metabolic dysfunctions.

These metabolic dysfunctions correlate with abnormal mitochondrial morphology.
Mitochondria fragmentation is noted in many models of AD as well as in cells and brain
tissue derived from AD patients. Additionally, mitochondrial fragmentation is an early
feature normally preceding AD pathology in transgenic animal models, suggesting the key
role of mitochondrial structural and functional abnormalities in disease progression (94, 95).
The structural abnormalities are associated with accelerated mitochondrial degradation and a
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significant decrease in mitochondrial numbers in AD models and in cells and tissue derived
from AD patients (54, 95). There is also altered expression of mitochondrial fusion and
fission proteins, such as Drpl, OPA1, Mfn1/2, and Fis1 along with abnormal post-
translational modifications of Drpl in animal models and in brains of AD patients (53, 96—
99). Increased levels of mitochondrial fission proteins, Drpl and Fis1 and decreased levels
of mitochondrial fusion proteins, Mfn1, Mfn2 and Opal were found in 12-month-old tau
mice relative to age-matched WT mice, indicating that the presence of abnormal
mitochondrial dynamics in tau mice as well (100, 101). These abnormalities in
mitochondrial dynamics are not restricted to brain tissue; we observed increase
mitochondrial fission even in cultured fibroblasts of sporadic and familial AD patients (54,
102). In further support of the role of abnormal mitochondrial dynamics in
neurodegeneration, recent studies reported that the inhibition of mitochondrial fragmentation
by partial Drpl deficiency, or through inhibition of Drpl hyperactivation, is sufficient to
alleviate mitochondrial dysfunction and synaptic loss in multiple mouse models (96, 103),
and we have reported similar beneficial effects in patient-derived cells and in 5XFAD mouse
model of AD when using a pharmacological inhibitor of pathological fission ((54); vide
infra).

Mitochondrial Dysfunction and Defective Mitochondrial Dynamics in
Amyotrophic Lateral Sclerosis (ALS)

ALS, also called Lou Gehrig’s disease, is a fatal neurodegenerative disease resulting from
the loss of upper motor neurons in the cerebral cortex and lower motor neurons in the
brainstem and spinal cord (104). Similar to other neurodegenerative diseases, the prominent
pathological hallmark of ALS is the presence of inclusion bodies of aggregated proteins in
degenerating motor neurons (105-108). Abnormal mitochondrial morphology was noted in
neurons and peripheral cells of sporadic or familial ALS patients, and, in the past decade,
mitochondrial fragmentation has been well documented in ALS cell and animal models
(109, 110). Genetic mutations in Cu/Zn superoxide dismutase 1 (SOD1) were the first
mutations identified in ALS patients (111). This enzyme binds copper and zinc ions and
forms a homodimer whose main known function is as a dismutase, removing dangerous
superoxide radicals by metabolizing them to molecular oxygen and hydrogen peroxide, thus
providing a defense against oxygen toxicity. Recently, SOD1 has been found to be critical
for repressing respiration and directing energy metabolism through integrating responses to
02, glucose and superoxide levels (112). In experimental models expressing ALS-
associated mutant SOD1, mitochondrial fragmentation is concurrent with the changed
expression of several mitochondrial fusion and fission proteins, including Drpl, OPAL,
Mfn1, and Fisl, and these all these changes are also observed in the presymptomatic phase
(113, 114). TDP-43 is a nuclear protein with transcriptional repressor activity. It is highly
conserved and ubiquitously expressed in a variety of tissues including the brain. Although,
its physiological function in the nervous system is not currently known, a recent study
suggests that that it is involved in the regulation of neuronal plasticity (115). Similarly,
TDP-43 mutant neurons also show mitochondrial fragmentation and altered expression of
mitochondrial fusion and fission regulators (116, 117). In neurons expressing another ALS-
associated mutant, FUS/TLS (Fused in Sarcoma/Translocated in Sarcoma, FUS), an

Pharmacol Res. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi and Mochly-Rosen Page 9

RNA/DNA binding protein, excessive mitochondrial fission is observed (117-119). As
discussed in the following, we observed the same abnormal morphology in three lines of
patient-derived fibroblasts (55), suggesting that abnormal mitochondrial dynamics and
excessive fission is also a hallmark of ALS pathology.

Mitochondrial mobility from neuron bodies down the axon to the synapses ensures
mitochondrial recycling and functioning (120). In ALS, a disease of the longest neurons in
our body, the motor neurons, is associated with impairment in this mitochondrial mobility.
Mitochondria accumulate in the soma and proximal axon hillock of spinal cord motor
neurons of sporadic ALS patients (121). Similarly, abnormal mitochondrial clusters in
proximal axons or around the peri-nuclear area were also observed in transgenic animals
expressing ALS-associated SOD1 or TDP-43 mutant, strongly suggesting impaired
mitochondrial transportation in ALS (116, 122-124). Furthermore, cultured neurons
expressing ALS-associated SOD1 or TDP-43 mutants showed deficits in axonal trafficking
of mitochondria (125-127).

What is the connection between the mutant proteins in ALS and mitochondria? Both wild
type and mutant SOD1 are found in the mitochondrial outer membrane, intermembrane
space, and matrix (128), and both wild type and mutant TDP-43 reside in the mitochondrial
inner mitochondrial membrane facing matrix (129). Likewise, RNA-binding protein
FUS/TLS is found to enter mitochondria and interact with the mitochondrial chaperonin
HSP60 in the matrix (118). The presence of ALS-associated SOD1, TDP-43, and FUS in
mitochondria indicates the possibility of their direct interaction with mitochondrial fusion,
fission, and trafficking machineries. Blocking mitochondrial fission by overexpression of
either Drpl or Mfn2 mutants abolishes mitochondrial trafficking defects in motor neurons
expressing disease SOD1 or TDP-43 mutants, indicating that mitochondrial fusion and
fission dynamic abnormalities may be responsible for impaired mitochondrial movement in
ALS (116, 130). Importantly, TDP-43 can be imported into mitochondria and directly
interfere with OXPHOS complex assembly (129). However, a direct physical association
between ALS-associated proteins and mitochondrial dynamic regulators has yet to be
investigated. Due to the close interplay of mitochondrial dynamics and bioenergetics, an
indirect effect of ALS-associated proteins on mitochondrial dynamics is plausible.

NEK1 was associated in 3% of the ALS cases, and it was present in both the inherited and
sporadic form of the disease (131, 132). NEK1 is a member of the NIMA- (never in mitosis
A) related kinase family of serine/threonine kinases and is involved in the early cellular
response to genotoxic stress and plays an important role in preventing cell death induced by
DNA damage (133, 134). NEK1 also plays a role in mitochondrial function regulating a
pathway of mitochondrial cell death through phosphorylation of voltage-dependent anion
channel 1 (VDACL) on serine 193 (134). Thus, mutations in NEK1 may be associated with
mitochondrial dysfunction in these ALS patients. Dominant mutations in CHCHD10 also
cause amyotrophic lateral sclerosis (ALS)/frontotemporal dementia, and mutations in
CHCHD2 have been associated with Parkinson’s disease, although the function of these
proteins remains unknown (135-139). The coiled-helix coiled-helix domain containing
protein 10, CHCHD10, and its paralogue CHCHD?2, belong to a family of twin CX9C motif
proteins, most of which localize to the intermembrane space of mitochondria (140). Multiple
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different functions and activities have been suggested for CHCHD2. These include a role as
a transcription factor that regulates the expression of a COX subunit during stress, as an
inhibitor of Bax oligomerization through its interaction with Bcl-xL, and as a protein that
sequesters SMADA4 to mitochondria, suppressing the activity of the TGF signaling pathway
(141-143). Abnormalities in any of these individual functions may provide a mechanistic
insight to the role of CHCHD2 in mitochondrial dysfunction and neurodegeneration.
CHCHD10 mutations promote loss of mitochondrial cristae junctions with impaired
mitochondrial genome maintenance and inhibition of apoptosis (140). Respiratory chain
deficiency was also observed, suggesting that CHCHD10 is critical for maintaining ATP
production and oxygen consumption (140). Furthermore, repair of the mitochondrial
genome after oxidative stress is impaired in CHCHD10 mutant fibroblasts (140).

Recently, TANK-binding kinase 1 (TBK1) mutations have been reported in eight
independent human genetics studies linking them with ALS (144). TBK1 has a critical role
in modulating autophagy, including the phosphorylation of the autophagy adaptors p62,
Optineurin (OPTN), and nuclear dot protein 52 kDa (NDP52) (144). TBK1 interacts with
OPTN, which binds to ubiquitin chains on mitochondria (145). This recruits TBK1 to
mitochondria and promotes its kinase activation. Thus, a mutation in TBK detrimentally
affects autophagy and mitophagy, potentially leading to mitochondrial dysfunction and
bioenergetic failure (145). OPTN is involved in a numerous cellular processes, but its
function as an autophagy receptor is possibly the most relevant to ALS pathogenesis (146).
Recently, OPTN regulates PINK1-Parkin-mediated mitophagy through nucleation of the
autophagosome by recruitment of LC3 (147, 148). ALS-causing mutations in OPTN disable
this process, implicating inefficient mitochondrial clearance in ALS, leading to
accumulation of dysfunctional mitochondria (147, 148).

We and other groups reported that the inhibition of mitochondrial dynamics abnormalities
improve mitochondrial and neuronal dysfunction caused by mutant SOD1/ TDP-43/ FUS1
in neurons (3, 114), in cells derived from ALS patients, and in a SOD1 ALS mouse model
(55). Together, these data indicate that mitochondrial fragmentation and dysfunction in ALS
patients and experimental models is likely the downstream event or consequence of disease
onset.

Mitochondrial Dysfunction and Defective Mitochondrial Dynamics in
Huntington’s Disease (HD)

HD is a rare and fatal autosomal-dominant neurodegenerative disease caused by an
expanded trinucleotide CAG (cytosine-adenine-guanine) repeat in the gene encoding the
huntingtin protein (149, 150). The hallmark of HD includes the extensive loss or
degeneration of striatal and cortical neurons, along with the presence of intracellular
inclusion bodies composed of ubiquitinated or truncated Htt-containing long polyglutamine,
that is progressively accompanied by a loss of voluntary and involuntary movements as well
as psychiatric and cognitive disturbances (149, 150). Mitochondria isolated from the
lymphoblasts of HD patients, brain tissue of mtHtt mice, and mtHtt-expressing cells all
exhibit decreased mitochondrial membrane potential (A'Y'm), increased susceptibility to
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calcium-induced mitochondrial depolarization, and reduced mitochondrial calcium uptake
capacity (51, 57, 151). Further, an increase in mitochondrial fission proteins and a
corresponding decrease in mitochondrial fusion proteins was observed in frontal cortex of
HD patients. Importantly, the levels of fission proteins were significantly increased in
correlation with disease progression (152, 153). Additionally, increased levels of s-
nitrosylation in Drpl, a detrimental post- translational modification associated with
mitochondrial fission, were found in the striatum of an HD transgenic mouse as well as in
the neurons from patients with HD (154, 155). Unsurprisingly, numerous studies
demonstrated abnormal mitochondrial morphology in experimental models for HD. For
example, mitochondrial fragmentation following mitochondrial dysfunction accompanied by
an increase in ROS was observed in neuronal cells treated with 3-nitropropionic acid (3-NP),
a mitochondrial complex Il inhibitor (156, 157). Furthermore, iPSC-derived human
GABAergic neurons from an HD patient, and neuronal cells expressing Htt protein
containing expanded poly-glutamine tracts, also displayed fragmented mitochondria neurites
with a decreased membrane potential, increased ROS, and enhanced apoptosis (158, 159).

Mitochondrial dynamic abnormalities in toxin-based models could be prevented by
antioxidant treatment, indicating that mitochondrial dynamic changes might be the
consequence of impaired mitochondrial biogenetics (156, 157). However, mutant Htt
directly interacts with Drp1 on mitochondria, indicating that there is an interplay between
mutant Htt and mitochondrial dynamics (51, 151). The dominant negative Drpl (51) or
pharmacological inhibition of Drpl and Fisl interaction (57) significantly reduce
mitochondrial defects in HD neurons, suggesting the direct involvement of mutant Htt in
regulating mitochondrial fusion and fission dynamics. Further, mutant Htt impairs vesicular
and mitochondrial trafficking in neurons /n vitroand in vivo, and this impairment
corresponds with the length of the polyglutamine tract and occurs in the absence of cellular
toxicity. Mutant Htt directly interacts with HAP1 to disrupt the association of motor proteins
with microtubules as well as inactivates motor proteins such kinesis and dynactin (160, 161).
Overall, mutant Htt affects both mitochondrial dynamics and motility, and might lead to
failure of ATP synthesis, energy depletion, and, ultimately, cell death in HD.

Mitochondrial Dysfunction and Defective Mitochondrial Dynamics in
Parkinson’s Disease (PD)

PD is a long-term degenerative disorder of the central nervous system that predominantly
affects the motor system, causing tremors or trembling, slow movement, body rigidity and
stiffness, and problems walking (162). Pathologically, PD is characterized by the progressive
loss or degeneration of the dopaminergic (DA) neurons in the substantia nigra and by the
presence of intracytoplasmic inclusions bodies (i.e., Lewy bodies) of which fibrillar
aggregates of misfolded aSynuclein are the major components in DA neurons (163-165).
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) was found to cause DA
neurodegeneration and progressive and levodopa-responsive parkinsonism resembling
sporadic PD when several young intravenous drug addicts mysteriously developed a
profound parkinsonian syndrome. It was later found that certain illicit street preparations of
meperidine analogs were contaminated with MPTP (166, 167). Once in the brain, MPTP is
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metabolized to 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP+) by the enzyme
monoamine oxidase B within non-dopaminergic cells, and subsequently to 1-methyl-4-
phenylpyridinium (MPP+), the active toxic compound. MPP+ (1-methyl-4-phenylpyridium
ion), concentrates within DA neurons viathe dopamine transporter (DAT) and specifically
targets and inhibits OXPHOS complex | (50, 168). Interestingly, MPP™ tips the
mitochondrial fusion and fission balance towards excessive fission, resulting in
mitochondrial fragmentation concurrent with mitochondrial dysfunction, but preceding
neuronal death (50). Further, impaired mitochondrial function is a classical feature of PD
with decreased activity in OXPHOS complexes and/or high levels of mitochondrial DNA
deletions observed in PD-affected neurons. Thus, in addition to suggesting an unexpected
important role of mitochondrial fusion and fission dynamics in mediating MPP* toxicity,
these data directly link mitochondrial dysfunction to mitochondrial dynamics in PD
neurotoxin models (50, 169-171).

Mitochondrial structural and functional defects have also been reported in peripheral cells
from PD patients (169-171). As such, mitochondrial fragmentation in experimental models
of PD has been extensively investigated. Loss of, or mutations in, PINK1, Parkin, or DJ-1
result in fragmented mitochondrial morphology in muscle and DA neurons (172). Further,
mitochondrial fragmentation, associated dysfunction and energy depletion have been
extensively reported in models associated with autosomal dominant PD forms (50). a.-
synuclein, the major structural constituent of cytoplasmic inclusion bodies (Lewy bodies)
and neurites (Lewy neurites) that are characteristic of both familial and sporadic PD cases,
mis-localizes to mitochondria to induce mitochondrial function and fragmentation (173,
174). The expression of disease-causing leucine-rich repeat kinase 2 (LRRK2) mutants, a
common cause of PD, results in mitochondrial fragmentation in a Drp1-dependent manner
(175). In the same study, co-expression of Drpl mutant or WT Mfn2 blocked LRRK2-
induced mitochondrial fragmentation, dysfunction and neuronal toxicity. Consistently,
progressive dopaminergic alterations and mitochondrial abnormalities in LRRK2 G2019S
knock-in mice were reported with changes in Drpl phosphorylation (176). In addition, S-
nitrosylation of Parkin reduced its ability as a suppressor of Drpl expression, leading to
upregulation of Drpl in neurotoxin-based PD models, /n vitroand in vivo (177). In most PD
models (both genetic and toxin based), the inhibition of mitochondrial fission machinery
alone is sufficient to reduce mitochondrial dysfunction (50, 175, 178), indicative of the
critical role of mitochondrial dynamics in mediating neurotoxicity observed in PD.

Innate Immunity and Mitochondrial Dysfunction in Neurodegenerative

diseases

Two main cell types, astrocytes and microglia, regulate the health and function of the brain
through a variety of processes. Their role in neuroinflammation and the contribution of
neuroinflammation to neurodegenerative disease is highlighted by many recent discoveries.
In the following, we describe the contribution of mitochondrial dysfunction and imbalanced
mitochondrial dynamics to neuroinflammation in these cells.
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Astrocytes

Astrocytes are the main neural cell type responsible for the maintenance of brain
homeostasis (179). They form extensive networks that modulate neuronal activity through
the expression of various receptors for neurotransmitters, several transporters, cytokines, and
growth factors. Astrocytes undergo a pronounced transformation called ‘reactive
astrocytosis’ after brain injury and disease, whereby they upregulate many genes (180-182).
‘Reactive astrocytes’ release an array of molecules, including inflammatory modulators,
chemokines and cytokines, as well as neurotrophic factors which are either neuroprotective
or neurotoxic (180-182). Reports show the presence of reactive astrocytes at the site of A
deposits in postmortem human AD brains and in animal models of AD (182-185), and
astrocytes can internalize Ap from their surrounding /n vitro and ex vivo (183, 186). For
example, astrocytes plated on Ap-bearing brain sections from an AD mouse model bind and
degrade AP deposits, thereby decreasing Ap levels (187). AD astrocytes show perturbations
in energy metabolism and oxidative stress (188), which make them toxic to neurons (189,
190). Pre-treatment of astrocytes with A activates them and leads to decreased neuronal
viability in co-culture models while sensitizing neurons further to Ap treatment (191).
Furthermore, multiple reports provide evidence for astrocytic contribution to cellular and
functional degeneration, disrupting glial-neuronal and glial-vascular signaling in AD (192-
195).

As in AD, mutant huntingtin (Htt) in astrocytes, being ubiquitously expressed is damaging
to both astrocytic and, subsequently, neuronal health. Mutant huntingtin-expressing
astrocytes are toxic to WT neurons and show reduced brain-derived neurotrophic factor
(BDNF) expression which is critical for neuronal health; Mutant Htt in cultured astrocytes
decreased their protection of neurons against glutamate excitotoxicity (196, 197). Further,
expression of mutant Htt in astrocytes leads to its accumulation in nuclei and subsequently
decreases the expression of glutamate transporter through specificity protein 1 (Sp1) (198).
Mutant huntingtin also hinders the suppression of production and secretion of the chemokine
CcI5/RANTES, which is another major trophic function of astrocytes (199). Furthermore,
inflammation-prone HD astrocytes were reported to provide less pericyte coverage by
promoting angiogenesis and reducing the number of pericytes, thereby impairing vascular
reactivity. This impairment possibly hinders cerebral hemodynamics and increases brain
atrophy during HD progression (200).

Astrocytes are thought to be involved in both pathological stages of PD: contributing to
triggering inflammation prior to neuronal loss and subsequent progressive
neurodegeneration. Recently a study demonstrated that many of the genes where monogenic
mutations have been identified are expressed in astrocytes at levels comparable to, or in
some cases higher than, those in neurons (201). Increased expression levels of astrocytic
PARKY as compared to neurons have been observed in postmortem PD samples human
(202). Further, reducing the levels of PARKY in astrocytes results in a reduced ability to
protect neurons against neurotoxicity in rotenone and 6-hydroxydopamine neurotoxin
models (203, 204). In the same study, knockdown of PARK?7 reduced astrocytic
mitochondrial motility and further decreased mitochondrial membrane potential in response
to rotenone treatment. While the expression of a-synuclein in astrocytes is low, non-
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Microglia

fibrillized a-synuclein accumulates in the cytoplasm of protoplasmic (but not fibrous)
astrocytes early in disease (205, 206). a-synuclein-containing astrocytes are found in regions
lacking Lewy bodies (e.g., in striatum and dorsal thalamus, where there are likely to be
dysfunctional neuron terminals) (205). A53T mutant a-synuclein, when selectively
expressed in astrocytes, induced rapidly progressed paralysis in mice and produced
increased levels of proinflammatory cytokines and chemokines and neuroinflammatory
mediators, such as IFN-y and TNF-a,, synergistically activating microglia (206). In the same
study, pre-symptomatic and symptomatic accumulation of a-synuclein aggregated in
astrocytes disrupted astrocytic glutamate transporters as well as the ability of astrocytic
regulation of the blood-brain barrier. Thus, a variety of astrocytic functions are impaired in
PD to directly and indirectly contribute to the disease.

While ALS is a predominantly motor-neuron-specific disease, expression of human ALS-
causing mutant genes specifically in motor neurons does not lead to typical ALS-like disease
in mice (207). In the time since this observation, experiments revealed that non-neuronal
cells expressing mutant ALS-causing SOD1 transgenes damage nearby WT mator neurons,
while WT non-neuronal cells can delay degeneration of nearby neurons that express mutant
SOD1 (208, 209). ALS astrocytes directly contribute to motor neuron death /7 vitro, and
primary astrocytes from the SOD1 Gg3A mouse model of ALS adversely affect motor
neuron viability of both WT and ALS motor neurons (210, 211). /n vivo experiments in
mouse models of ALS in which the mutant SOD1 transgene was deleted in a cell-specific
manner revealed that reducing the levels of SOD1 expression in astrocytes alone was
sufficient to delay disease onset and /or progression (212, 213). Conversely, transplanting
precursors of mutant SOD1 astrocytes into the spinal cord of WT rats lead to the
degeneration of motor neurons, which is thought to be mediated in part by the activation of
host microglia (214). Thus, ALS astrocytes, by acting through microglia either directly
and/or indirectly, can be toxic to motor neurons /in vivo.

A critical function of microglia is their ability to rapidly respond to immune-mediated
insults and physical damage in the brain (215-217). Microglia modulate the stress response
to a variety of pathological triggers in CNS diseases. Microglial activation in
neuroinflammatory conditions is mediated by a host of interconnected signaling pathways
(215-217). The role of microglia in AD has recently gained renewed interest due to
identification of rare coding variants associated with AD in genes highly expressed in these
cells (218). In AD brain, microglia (or peripherally-derived macrophages) cluster around
neuritic plaques but appear to have a loss of phagocytic capacity and possibly a gain of toxic
function as well (219). Recent evidence suggests that microglia’s neuroprotective functions
are impaired in individuals with a triggering receptor expressed on myeloid cells 2 (TREM2)
variants, resulting in increased AD risk (220, 221). TREM2 has been implicated in
microglial phagocytosis of dead neurons, damaged myelin, and Ap plaques (220, 221).
TREM2-deficient microglia adopt a severely divergent cellular state that does not reflect
homeostasis during neurodegeneration, resulting in a robust induction of autophagy, which
may reflect mitochondrial defects (220, 221). Hence, abnormal microglial mitochondrial
dynamics may contribute to mitochondrial dysfunction and neuronal dysfunction in the AD
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brain. Furthermore, many AD risk genes, in addition to TREM2, are preferentially or
selectively expressed in microglia; e.g., CD33, INPP5D, MS4A6A, and PLCGZ2, and could
impact on the same microglial activities and pathways regulated by TREM2 and have been
recently reviewed (222). Additionally, given their pattern of microglial expression, several
AD risk-related genes analyzed in neurons in the context of APP trafficking, Ap production,
or tau pathology should also be considered for potential roles in microglia (222).

Microglia, once activated, accumulate in all grades of HD patients’ brains, with their density
correlating with the degree of neuronal loss (223). 11C-(R)-PK11195 (PK) positron
emission tomography (PET) in HD patients revealed widespread microglial activation in
preclinical HD which correlated with striatal neuronal dysfunction (224). Since over-
activated microglia release neurotoxins, a decreased number of reactive microglia coupled
with downregulation of inflammatory cytokines are thought to represent an improvement in
HD (225). iNOS, IL-1pB, IL-6, and TNF-a are significantly elevated after LPS treatment of
primary glia cells including microglia, isolated from R6/2 transgenic mouse model (226) and
higher levels of IL-1p and IL-8 are secreted by microglia in HD transgenic porcine model
(227). Pro-inflammatory cytokines IL-1p, IL-6, TNF-a and IL-8 are elevated both in the
striatum and cerebrospinal fluid as well as in the plasma of HD patients (228-231).
However, healthy microglia can contribute towards neuroprotection in HD: adding
exogenous primary microglia to mHtt-expressing neurons increases survival that is
proportional to the amount of healthy microglia (232). Similarly, supplementing normal
human glia to transgenic R6/2 HD mice /n vivo produce neuronal protection as well as
phenotypic improvement (233). Thus, healthy microglia can protect, and over- activated
microglia can exacerbate, HD progression in multiple models.

Microglia-mediated neuroinflammation is a signature of PD. Similar to the findings in HD,
in the brains of patients with PD, microglia have both neurotoxic and neuroprotective
effects, depending on their activation state (234, 235). Recently, GWAS indicate that variants
in the HLA protein (involved in immune-surveillance) are linked to sporadic PD (236). In
addition, levels of pro-inflammatory mediators, including TNFa, IL-1p, IL-6, and
eicosanoids are elevated in the brains and peripheral PBMC of patients with PD (237).
Microglial phagocytosis occurs in response to aggregated a-synuclein, the major component
of LBs in PD (205, 238, 239) and ATP, released from damaged neurons, activate microglia
by binding to purinergic receptors on microglia (240, 241). Activated microglia are found
the brains of both monkeys and mice/rats after systemic injection of PD-inducing agents,
MPTP as well as hydroxy dopamine (242-247). Infiltration of T-lymphocytes has also been
detected in the brains of MPTP-treated mice and ROS produced by activated microglia plays
an important role in MPTP-induced neurotoxicity (248-250).

Together, both microglia and astrocytes are activated in a number of neurodegenerative
diseases, and although known first for their neuroprotective role, in the context of the
aforementioned diseases these cells appear to hyperactivated, thus contributing to
neurodegeneration. However, a potential role for mitochondrial dysfunction and abnormal
mitochondrial dynamics in these cells remains to be determined.
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Mitochondrial Dynamics as Common Therapeutic Targets for
Neurodegeneration

Numerous studies have already demonstrated the feasibility of using the inhibition of
mitochondrial fragmentation as a novel approach to prevent neuronal loss and to improve
behaviors in different experimental models for neurodegenerative diseases. Mdivi-1
(mitochondrial fission inhibitor-1), which contains a quinazolinone core substituted with a
thiol moiety and an aryl (2,4-dichloro-5-methoxyphenyl) side chain attached to the N3
position, is the first inhibitor of the mitochondrial fission protein Drpl (251). Mdivi-1 was
shown to target Drpl in mammalian cells by binding to an allosteric site and suppressing its
ability to catalyze GTP hydrolysis and to self-assemble into ring-like structures around the
mitochondria (251). Mdivi-1 delays mitochondrial permeability transition pore opening,
preserves mitochondrial membrane potential, increases adenosine levels, attenuates
oxidative stress, and reduces endoplasmic reticulum stress (252). Mdivi-1 also increases
release of the neuroprotective agent, adenosine, through the cAMP/PKA/CREB pathway
(253). However, recent studied indicated that Mdivi-1 is not a specific Drpl inhibitor and
that the ability of Mdivi-1 to reversibly inhibit complex | and modify mitochondrial ROS
production may contribute to effects observed [e.g., (254)].

Inhibition of mitochondrial division with Mdivi-1 attenuates mitochondrial functional
defects observed in AD cybrid cells (255). Mdivi-1 treatment rescues both mitochondrial
fragmentation and distribution deficits and improves mitochondrial function in the CRND8
neurons both /n vitroand /n vivo (256). Mdivi-1 treatment significantly reduces extracellular
amyloid deposition and AB1_42/AB1_49 ratio, prevents the development of cognitive deficits
in Y-maze test and improves synaptic parameters (256). Mdivi-1 pre- and post-treated cells
treated with AP exhibit a reduced mitochondrial dysfunction, and maintain cell viability,
mitochondrial dynamics, mitochondrial biogenesis, and synaptic activity (257). In another
study, inhibition of Drpl by Mdivi-1 restored amyloid-p (Ap)-mediated mitochondrial
dysfunctions and synaptic depression in neurons and significantly reduced lipid
peroxidation, the expression of the Ab processing enzyme, BACE1, as well as Ap deposition
in the brain of AD mice (103). Treatment with Mdivi-1 in a cell culture model rescues
toxicity in stem cell-derived neurons as well as functional and structural mitochondrial
defects in a PINK1 mutant Parkinson’s cell culture model (258, 259). Mdivi-1 reduces a-
synuclein aggregates, mitochondrial fragmentation, mitochondrial dysfunction and oxidative
stress and normalized motor function in a-synuclein overexpression mouse model (260).
Additionally, Mdivi-1 is protective in other models of PD by limiting mitochondrial
structural damage (261, 262). In an ALS model, Mdivi-1 treatment improves skeletal muscle
function by reducing mitochondrial defects (114). Treatment with Mdivi-1 also partially
improves mitochondrial structure and function in primary osteocytes (263). Unfortunately,
general toxicity and developmental defects are associated with Mdivi-1 treatment in animal
models (264—-268). Based on the reported non-Drpl related targets, it is likely that the effects
of Mdivi-1 are not only through inhibition of fission, but rather are likely dependent on its
effect as a complex I inhibitor. In addition to potential effects of Mdivi-1 on molecular
targets other than Drp1, the inherit limitation of these inhibitors may relate to attenuation
physiological fission. Whereas excessive fission is pathological, tightly-regulated

Pharmacol Res. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi and Mochly-Rosen Page 17

physiological fission is necessary for cell survival (2). However, the mechanism
distinguishing between physiological and pathological fission are only now being uncovered
(269).

Since an interaction between Drpl and its mitochondrial adaptor/s is essential for
mitochondrial fission, an inhibitor of this interaction may have a therapeutic utility. To this
end, we developed a specific inhibitor of excessive mitochondrial fragmentation: P110.
P110, a seven-amino acid peptide, specifically blocks the interaction of Drpl and Fis1 while
having no effect on Drpl’s interaction with Mff, MiD49 or MiD51 (269, 270). In response
to treatment with MPP*, P110 reduced dopaminergic neuronal degeneration by inhibiting
Drpl-mediated mitochondrial excessive fission and dysfunction (270). In another study,
using the subacute MPTP model of PD /n vivo, P110 treatment completely blocked MPTP-
induced Drpl mitochondrial translocation both in SN and striatum and reduced disease
severity (50). P110 treatment corrects LRRK2 Gyg19S-induced mitochondrial dysfunction,
inhibits excessive autophagy, and reduces cell death in various cell culture models, including
dopaminergic neurons derived from LRRK2 Gyg19S PD patient-derived pluripotent stem
cells (270). P110 inhibits mtHtt-induced excessive mitochondrial fragmentation, improves
mitochondrial function, and increases cell viability in HD cell culture models (271).
Moreover, we found that sustained treatment of R6/2 HD transgenic mice with P110 from
the age of 5 weeks, for two months, reduces mitochondrial dysfunction, motor deficits,
neuropathology, and mortality (5, 271). We also found that P110 treatment attenuates AB42-
induced mitochondrial recruitment of Drpl and prevents mitochondrial structural and
functional dysfunction in cultured neurons, in cells expressing mutant amyloid precursor
protein (KM670/671NL), and in five different AD patient-derived fibroblasts, including
from individuals familial forms of the disease (54). Additionally, sustained P110 treatment
significantly improved behavioral deficits, and reduced AP accumulation, energetic failure
and oxidative stress in 5XFAD AD mouse model (54). We also found that P110 treatment
rescues mitochondrial bioenergetic defects in fibroblasts of ALS patients carrying
pathogenic mutations in SOD1 (l113T), in FUS1 (fused in sarcoma; R521G) or in TDP43
(TAR DNA-binding protein 43; GggS) genes, by improving mitochondrial structure (55).
Importantly, sustained P110 treatment that begins after the onset of paralysis in SOD1-G93A
model significantly improves motor activity by improving muscle mitochondrial integrity
and prolongs life span and shows no negative side effects even after sustained delivery in
wildtype mice for 5 months (55).

Concluding remarks:

Mitochondria are dynamic organelles that undergo continuous cycles of fission and fusion.
These dynamic processes allow mitochondria to communicate, migrate and adapt to
changing energy demands and cellular conditions. It also ensures segregation of defective
and damaged parts for removal (mitophagy) and maintenance of quality mitochondria. Since
mitochondria provide most of the ATP required for neuronal function, it is important to
consider the possible link between changes in mitochondrial dynamics and bioenergetic
failure. Such a link between mitochondrial dynamics and function and neuroinflammation is
also likely to be present. Overall, it is becoming increasingly clear that mitochondrial
dysfunction leads to neurodegeneration and aging; AD, PD, ALS, HD, and many other
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urodegenerative diseases are all characterized by mitochondrial structural and functional
fects. All these diseases are expected to account for a greater socioeconomic pressure as

the world population grows and individuals live longer than before, and yet, there is no cure

or

effective treatment for neurodegeneration. Mitochondrial excessive fission as such may

provide an attractive therapeutic target to improve mitochondrial and neuronal function that

Wi

Il slow down or even prevent neurodegeneration.
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Figure 1. All roads lead to mitochondrial dysfunction.
Genetic mutations in proteins leading to Alzheimer’s disease, Huntington’s disease,

Parkinson’s disease as well as Amyotrophic lateral sclerosis lead to protein aggregation.
Through either direct/ indirect interactions with mitochondria or mitochondrial proteins,
these toxic gain of function proteins lead to oxidative stress. This stress eventually
culminates into mitochondrial dysfunction, depolarization and subsequent fission. Currently,
Mdivi-1 and P110 present two opportunities to rescue both mitochondrial structural and
functional deficits in these diseases. However, recent studies indicate that Mdivi-1 is not a
specific Drpl inhibitor; it has multiple off target effects which may affect its utility in both
pre-clinical and clinical studies.
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Figure 2. Mitochondrial damage and oxidative stress occur in all CNS cells.
Neurons are sensitive to oxidative stress caused by misfolded proteins. These proteins then

lead to mitochondrial dysfunction in neurons as well as the release of nucleic acids, cell
debris as well as damaged mitochondria. This then leads to the activation of both microglia
as well as astrocytes which leads to enhanced oxidative stress. A vicious cycle then occurs
when additional damage occurs in these important cell type. This eventually leads to
disruption of blood brain barrier allowing for the immune cells in some diseases to infiltrate
eventually leading to complete bioenergetic failure.
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