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Impairment of mitochondrial transport has long been implicated in the pathogenesis of neuropathy and neu-
rodegeneration. However, the role of mitochondria in stabilizing motor nerve terminals at neuromuscular
junction (NMJ) remains unclear. We previously demonstrated that mice lacking the antioxidant enzyme, su-
peroxide dismutase-1 (Sod1 —/—), develop progressive NMJ denervation. This was rescued by expression of
SOD1 exclusively in the mitochondrial intermembrane space (MitoSOD1/Sod1 —/—), suggesting that oxidative
stress within mitochondria drives denervation in these animals. However, we also observed reduced mi-
tochondrial density in Sod1 —/— motor axons in vitro. To investigate the relationship between mitochondrial
density and NMJ innervation in vivo, we crossed Sod1 —/— mice with the fluorescent reporter strains ThyI-YFP
and Thy1-mitoCFP. We identified an age-dependent loss of mitochondria at motor nerve terminals in Sod1 —/—
mice, that closely correlated with NMJ denervation, and was rescued by MitoSOD1 expression. To test whether
augmenting mitochondrial transport rescues Sod1 —/ — axons, we generated transgenic mice overexpressing the
mitochondrial cargo adaptor, Mirol. This led to a partial rescue of mitochondrial density at motor nerve
terminals by 12 months of age, but was insufficient to prevent denervation. These findings suggest that loss of
mitochondria in the distal motor axon may contribute to denervation in Sod1 —/— mice, perhaps via loss of key
mitochondrial functions such as calcium buffering and/or energy production.

1. Introduction NMJ stability, are poorly understood.

Superoxide dismutase-1 (SOD1) is an antioxidant enzyme that

Motor nerve terminals at the neuromuscular junction (NMJ) have
long been known to have a high density of mitochondria (de Harven
and Coérs, 1959). Synaptic mitochondria have numerous vital functions
including ATP production and maintenance of calcium homeostasis
(David and Barrett, 2003). Neuronal mitochondria undergo dynamic
trafficking to sites of metabolic demand, such as synapses and nodes of
Ranvier (Hollenbeck, 1996). Mutations that impair mitochondrial dy-
namics, either through disruption of axonal transport or fission and
fusion, are an important cause of hereditary peripheral neuropathies
(Baloh, 2008). Abnormal mitochondrial trafficking is also reported in
neurodegenerative disorders such as amyotrophic lateral sclerosis (ALS)
(De Vos et al., 2007; Magrané et al., 2014). However, the specific cause
of impaired mitochondrial trafficking in ALS, and the consequences for

neutralizes superoxide radical, produced as a byproduct of mitochon-
drial electron transport (McCord and Fridovich, 1969). Data from SOD1
loss-of-function (SOD1 knockout, Sod1 —/ —) (Fischer et al., 2012; Jang
et al.,, 2009), and gain-of-function models (SOD1 mutant models of
familial ALS) (Fischer et al., 2004; Frey et al., 2000), show progressive
denervation at the NMJ, illustrating the importance of SOD1 for NMJ
stability in aging and motor neuron disease. Whereas the SOD1 mutant
ALS models show widespread spinal motor neuron death by endstage,
the Sod1 —/ — mouse develops a milder motor neuropathy, in which the
pathology is restricted to the distal motor axon, and no loss of ventral
root axons or motor neurons is seen even at advanced ages (Fischer
et al., 2012). Therefore, the Sodl —/— mouse is a useful model for
studying the events leading to NMJ denervation in the context of
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chronic oxidative stress.

Although SOD1 is commonly regarded as a cytoplasmic enzyme, it is
also found in the mitochondrial intermembrane space (IMS), the pri-
mary site of superoxide radical release (Sturtz et al., 2001). Moreover,
oxidative stress in Sod1 —/— models appears preferentially targeted to
mitochondria (Aquilano et al., 2006; Jang et al., 2009; Muller et al.,
2007; Yanase et al., 2009). When we replaced SOD1 exclusively within
the mitochondrial intermembrane space of the knockout mice (Mi-
toSOD1/Sod1 —/—), this was sufficient to prevent NMJ denervation
(Fischer et al., 2011). These data raised the important question of the
role of mitochondria, and specifically mitochondrial SOD1, in the
maintenance of the NMJ. When we examined mitochondrial density in
Sod1 -/ — motor axons in vitro, we found that the density was reduced,
and this was correlated with reduced axon outgrowth (Fischer et al.,
2012). These in vitro data led to the hypothesis that oxidative stress-
mediated impairment of mitochondrial transport, and subsequent re-
duction of mitochondrial density in axons, may lead to denervation at
the NMJ.

To test this hypothesis in vivo, we crossed Sodl —/— mice with a
Thy1-mitoCFP reporter mouse and analyzed mitochondrial density in
motor nerve terminals. We observed a progressive loss of presynaptic
mitochondria at Sod1—/—/Thyl-mitoCFP NMJs, which preceded de-
nervation. This was rescued by mitoSOD1, suggesting that mitochon-
drial oxidative stress indeed disrupts mitochondrial localization in this
model. To test whether augmenting mitochondrial transport prevents
denervation, we generated mice overexpressing the mitochondrial
cargo adaptor, Mirol. When crossed with Sodl—/— mice, Mirol
overexpression conferred only a modest rescue of presynaptic mi-
tochondrial density at 12 months of age, but did not protect against
denervation. Taken together, our data demonstrate that oxidative stress
leads to loss of mitochondria at motor nerve terminals in vivo, and
supports the hypothesis that mitochondria play an essential role in
maintenance of the NMJ. Further studies are needed to determine the
mechanism by which oxidative stress alters mitochondrial transport
and/or turnover in axons, and identify strategies for intervention.

2. Material and methods
2.1. Animals

All animal experiments were in compliance with the Emory
University Institutional Animal Care and Use Committee. Sodl1—/—,
Thy1-YFP16, and MitoSOD1 mice were obtained as previously described
(Fischer et al., 2011). ThyI-MitoCFP mice expressing CFP fused to the
human cytochrome ¢ oxidase mitochondrial targeting sequence were
from Jackson Laboratories (Misgeld et al., 2007). All transgenic lines
were on a C57BL/6 background, except for MitoSOD1, which were on a
B6SJL background. Genotyping was by standard PCR analysis on tail
snip DNA. Thyl-YFP16 mice were identified by examination of epi-
dermal nerve fibers in ear punches.

2.2. Miro1 plasmids and transgenic mice

The human Mirol plasmid was generously provided by Pontus
Aspenstrom (Fransson et al., 2003). To generate Mirol transgenic mice,
an N-terminal 3xFLAG tag (Sigma) was added prior to insertion into a
Thy1l.2 expression cassette (Addgene) (Caroni, 1997). Thyl-3xFLAG-
Mirol transgenic mice were generated by pronuclear injection into
fertilized eggs of C57BL/6 mice (Emory Transgenic Mouse and Gene
Targeting Core Facility). Seven founders were identified by PCR, with
the following primers: 5-GAGTTGGGAAGACATCACTG-3’ (forward)
and 5’-AGTAGTTTCGTGTCTCCCTC-3’ (reverse) to generate a 620 bp
product. The line with the highest level of expression by anti-FLAG
Western blot was subsequently used for breeding with Sod1 —/— mice.
Motor neuron expression was also verified in paraffin-embedded sec-
tions of the lumbar spinal cord by FLAG immunohistochemistry.
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2.3. Neuromuscular junction analysis

Mice were sacrificed and perfused with 4% paraformaldehyde, and
30 um frozen sections of tibialis anterior muscles prepared as previously
described (Fischer et al., 2004). Acetylcholine receptors at the motor
endplate were labeled with Alexa Fluor 555-conjugated a-bungarotoxin
(BTX) (Invitrogen), 1: 3000 in PBS (30 min). Motor axon terminals were
identified by YFP, and axonal mitochondria by CFP. Innervated, par-
tially denervated, and denervated endplates were defined by complete,
partial or absent overlap between nerve terminal and endplate, re-
spectively. Presence or absence of mitochondria was scored only in
terminals with partial or full overlap of endplates. Examiners were
blinded to genotypes. All endplates were evaluated in every fourth
section.

2.4. Primary motor neuron culture

Spinal motor neurons were enriched from wild-type E12.5 mouse
embryos by density centrifugation as previously described (Fischer
et al., 2011). Two days after plating, cells were co-transfected with
dsred-Mito (Clontech) and either Mirol-GFP or GFP alone using Neu-
roMag beads (Oz Biosciences) as described (Fallini et al., 2010). Live
cell imaging of mitochondrial transport was done on a Nikon AIR
confocal microscope with a heat- and CO,-controlled stage. Images
were collected every 5s for 5min using a 60 X oil objective. Kymo-
graphs were processed and analyzed using ImageJ (Miller and Sheetz,
2004). Mitochondria were considered mobile if displaced =5 pm (Kang
et al., 2008).

2.5. Mitochondrial fractionation and Western blot

Spinal cord and sciatic nerves were collected in 10 mM Tris, pH 7.4,
320 mM sucrose, and 20% DMSO and snap frozen in liquid nitrogen.
For mitochondrial isolation, tissues were homogenized in MSE buffer
(225 mM mannitol, 75 mM sucrose, 5mM HEPES, 0.1% BSA, 1 mM
EGTA, 0.1 mM EDTA pH 8.0), using a dounce homogenizer (Wheaton).
Tissue debris was discarded after centrifugation for 4 min at 1500 g, and
the supernatant was spun for 15 min at 20,000 g. The pellet was rinsed
twice with SET buffer (50 mM Tris-HCl pH7.5, 0.25M sucrose, and
0.2mM EDTA), and the resulting mitochondria-enriched pellet was
resuspended in SET buffer, frozen and stored at —80°C until use.
Proteins were separated by SDS-PAGE according to standard protocols,
and transferred onto nitrocellulose membranes with the Trans Blot
Turbo system (Bio-Rad). Primary antibodies included: Mirol (Novus,
1:1000), MFN2 (Sigma, 1:1000), TIM23 (BD Biosciences, 1:5000), and
FLAG (Sigma M2, 1:1000). Blots were visualized with enhanced che-
miluminescence on the Chemidoc Touch (Bio-Rad), and quantified
using Image Lab software (Bio-Rad).

3. Results
3.1. Mitochondrial loss in presynaptic motor terminals in Sod1 —/— mice

We previously demonstrated that Sod1 —/— primary motor neurons
show reduced axonal mitochondrial density (Fischer et al., 2011, 2012).
To evaluate the density of mitochondria at motor nerve terminals in
vivo, we crossed Sodl—/— mice with fluorescent reporter mice ex-
pressing Thyl-YFP (to label axons), and Thyl-mitoCFP (to label mi-
tochondria, Fig. 1A). At 4, 12, and 20 months of age, NMJ innervation
(fully denervated, partially innervated, and fully innervated terminals)
and the presence or absence of mitochondria in motor nerve terminals
were scored in tibialis anterior muscle. Mitochondria were scored only
in partially or fully innervated terminals.

As we previously reported, by 4 months of age, Sodl —/— mice
develop NMJ denervation, that worsens over time (Fig. 1B, note: only
fully denervated endplates are shown). In 4-month-old Sod1 —/— mice,
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Fig. 1. Mitochondrial loss at the NMJ in Sod1 — / — mice correlates with denervation and is rescued by MitoSOD1. (A) Representative innervated NMJs from Sod1 —/
— tibialis anterior muscle, one of which lacks CFP-labeled mitochondria (arrow). The motor endplate (a-bungarotoxin) is labeled in red, motor axon (YFP) in green
and mitochondria (CFP) in grayscale. (B) Percent fully denervated endplates vs. mitochondrial loss among innervated and partially innervated endplates. N = 3-6
animals per group. 300-600 endplates were assessed per muscle. Values are mean
hoc). (C) Correlation between percent mitochondrial loss and NMJ innervation, across all ages and genotypes (Spearman's r — 0.7924, p < .0001, n = 35). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a trend toward increasing mitochondrial loss was seen, with 15.3% of
Sodl—/— NMJs devoid of mitochondria, increasing to 51% at
12 months (p < .0001) and 68% at 20 months (p < .0001). This was
in contrast to Sodl+/+ littermates, where the proportion of nerve
terminals lacking mitochondria increased only minimally with aging,
from 6.1% at 4 months, to 12.6% at 20 months. In addition to preser-
ving innervation, replacement of SOD1 in the mitochondrial IMS (Mi-
toSOD1/Sod1 —/—) normalized mitochondrial density at 4 and
12 months (n.s. versus Sodl+/+), and significantly reduced mi-
tochondrial loss at 20 months (68.7% for Sod1 —/—, versus 31.1% for
MitoSOD1/Sod1—/—, p < .0001). When mitochondrial loss was
plotted against endplate innervation, across all genotypes, a strong
negative correlation was observed (Fig. 1C, Spearman's r = —0.7924,
p < .001). These data demonstrate age-dependent loss of mitochondria
at Sodl —/— motor nerve terminals that is rescued by expression of
SOD1 in the mitochondrial IMS. These findings suggest that oxidative
stress impairs axonal mitochondrial dynamics in vivo, which may
contribute to NMJ denervation.

3.2. Mitochondrial transport proteins are unaffected by loss of SOD1

The distribution of mitochondria in neurons is dependent on mul-
tiple processes including retrograde and anterograde transport, fusion,
and fission. For example, the outer membrane protein, Mirol (mi-
tochondrial Rho GTPase), plays an essential role in microtubule-medi-
ated fast axonal transport of mitochondria (Fransson et al., 2003,
2006), and Mitofusin 2 (MFN2), also on the outer mitochondrial
membrane, is critical for mitochondrial fusion and motility (Misko
et al., 2010). Mutation of both of these proteins has been linked to
neurodegeneration (Baloh et al., 2007; Nguyen et al., 2014). We

+

SEM (*p < .05, **p < .01, ***p < .001, two-way ANOVA with Tukey post-

hypothesized that these key mitochondrial proteins may undergo oxi-
dative stress-mediated damage in Sodl—/— mice, resulting in ab-
normal mitochondrial dynamics. However, levels of Mirol and MFN2,
as well as the inner membrane protein TIM23 were unaltered in spinal
cord (Fig. 2A-D) and sciatic nerve homogenates (not shown) from
Sodl —/— mice, including mitochondrial fractions. Thus, depletion of
mitochondrial transport proteins is unlikely to contribute to the ab-
normal mitochondrial distribution in Sod1 —/— mice, though we were
unable to specifically isolate mitochondria located at the nerve term-
inal.

3.3. Mirol increases mitochondrial movement and attenuates mitochondrial
loss at the NMJ

Next, we investigated whether augmenting mitochondrial transport
could rescue NMJ denervation in Sod1 —/— mice. In Drosophila, over-
expression of dMiro leads to accumulation of mitochondria at the NMJ,
while knocking it out causes mitochondrial retention in motor neuron
cell bodies (Guo et al., 2005). In rat hippocampal neurons, over-
expression of human Mirol increases anterograde and retrograde
movement of mitochondria, and results in increased mitochondrial
density in neuronal processes (MacAskill et al., 2009a, 2009b). To test
whether Mirol overexpression increases mitochondrial movement in
motor neurons, we co-transfected primary motor neurons with Mirol
and a fluorescent mitochondrial tag (dsred-Mito) and monitored mi-
tochondrial movement by live imaging. As was reported in hippo-
campal neurons, overexpression of Mirol increased mitochondrial
movement by over two-fold (Fig. 3A-B). The frequency of anterograde
vs. retrograde movement was not altered (Fig. 3C).

To evaluate the protective effect of Mirol in vivo, we generated



L.R. Hayes, et al.

A MitoSOD1/

Sod1-/- Sod1+/+ Sod1-/-

Mfn2

C MitoSOD1/

Sod1-/- Sod1+/+ Sod1-/-

W R e e e e e | Miro

N — — N — S — — | OV

(a2

e S —— | CoV

Miro1

Tim23

R-actin

B-actin

Experimental Neurology 318 (2019) 251-257

Sod1+/+
B 200+ u
Sod1-/-
] MitoSOD1/
1504 Sod1-/-
e
£ 100
[+
N
50
Miro1
D 150
_9100—
€
o
[*)
R 504
0_

Miro1

Mfn2

Fig. 2. Mitochondrial transport protein levels are unaffected by loss of SOD1. (A-B) Western blots of spinal cord homogenates, probed for Mirol, Tim23, and Mfn2.
(B) Densitometry for the blots in A, normalized to B-actin loading control. (C) Western blots of spinal cord mitochondrial fractions, probed for Mfn2 and Mirol. (D)
Densitometry for the blots in C, shown as percent ATPase subunit 3 (CoV) loading control. N = 3 mice per genotype. Values are mean *= SEM. No significant

differences were observed between genotypes.

A crp
MIRO1-GFP _ i}
: =[5 min
—_—
anterograde
B C Il anterograde 9
@4 retrograde
50 80+
40
@ 604 T
2 30 g
] S 401
£ 20 o
< £
)
10 R 204
GFP MIRO1-GFP GFP MIRO1-GFP
Fig. 3. Mirol increases mitochondrial mobility in motor axons. (A)

Representative kymographs depicting axonal transport of dsRed-Mito labeled
mitochondria in wild type primary motor neurons cotransfected with GFP (top)
or Mirol-GFP (bottom). (B) Percent mobile mitochondria. (C) Percent mi-
tochondrial movements that were in the anterograde versus retrograde direc-
tion. Solid bars indicate anterograde transport, hashed bars indicate retrograde
transport. N = 10 axons (248 mitochondria) for GFP, n = 8 axons (214 mi-
tochondria) for Miro-GFP (**p < .01, Student's t-test).

transgenic mice overexpressing human Mirol, under the control of the
pan-neuronal Thyl promoter (Fig. 4A). Given the lack of specific an-
tibodies to distinguish human and mouse Mirol, we added a 3 X -FLAG
tag. Multiple transgenic lines were generated, and the line with the
highest expression was selected for further studies. In this line, robust
overexpression was seen by anti-FLAG Western blot and im-
munohistochemistry in spinal cord and sciatic nerve (Fig. 4B, C), as well
as by anti-MIRO1 Western (Fig. 4D). Mirol-overexpressing mice were
crossed with Sodl—/— mice (expressing the Thyl-YFP and -MitoCFP
reporters), and NMJ innervation and mitochondrial density were again
analyzed in tibialis anterior muscle.

At 4 months, no apparent benefit of Mirol overexpression was seen

(Fig. 4E). At 12 months, there was a 22% increase in the percent of
motor nerve terminals with mitochondria (p = .0260), accompanied by
a trend toward reduced denervation (29.5% denervation in Sodl1 —/—,
versus 17.6% in Mirol/Sod1—/—), although this did not reach statis-
tical significance.

4. Discussion

Denervation at the NMJ disrupts communication between spinal
motor neurons and their target muscles, leading to muscle weakness
and atrophy. Understanding mechanisms of NMJ denervation in aging
and disease is therefore important for developing therapeutic strategies.
In this study, we demonstrate progressive loss of presynaptic mi-
tochondria at the NMJ in the Sod1 —/— mouse, a model of increased
oxidative stress. Evacuation of mitochondria from the nerve terminal,
along with NMJ innervation, is rescued by replacement of SOD1 in the
mitochondrial IMS, but not by overexpression of the mitochondrial
transport adaptor, Mirol. These findings confirm our earlier in vitro
findings and support the hypothesis that chronic oxidative stress leads
to depletion of mitochondria at the nerve terminal. This may in turn
contribute to denervation, perhaps via loss of key mitochondrial func-
tions such as calcium buffering and/or energy production.

4.1. Oxidative stress impairs mitochondrial dynamics

Mitochondrial distribution within axons is controlled by a complex
interplay between anterograde and retrograde axonal transport, fission,
fusion, and mitophagy. There is growing evidence that oxidative stress
may disrupt these processes at multiple levels. In primary rat hippo-
campal cultures, application of hydrogen peroxide directly to axons,
using microfluidic chambers, rapidly inhibits both anterograde and
retrograde mitochondrial transport (Fang et al., 2012). In Drosophila,
exposure to the superoxide-generating herbicide, paraquat, slows
transport of mitochondria but not dense core vesicles, and also reduces
mitochondrial size consistent with fission-fusion disruption (Liao et al.,
2017). We previously demonstrated that at 4 months, the redox state of
glutathione, a major intracellular redox buffer in cells, is significantly
oxidized in tibial nerve from Sod1 —/— mice (Fischer et al., 2012). We
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Fig. 4. Mirol overexpression modestly in-
creases mitochondrial density at the NMJ
but does not prevent denervation. (A)
Schematic of the Thy1-3xFLAG-Mirol con-
struct used to generate human Mirol-over-
expressing mice. (B) Anti-FLAG Western
blot showing 3xFLAG-Mirol expression in
spinal cord and sciatic nerve (1 = proximal
sciatic nerve, 2 = mid-sciatic nerve,
3 = distal sciatic nerve, 4 = spinal cord).
(C) Anti-FLAG immunohistochemistry.
Representative images of the ventral horn
of lumbar spinal cord are shown
(arrow = motor neuron). (D) Anti-Mirol
Western blot showing 3xFLAG-Mirol ex-
pression in spinal cord. (E) Percent fully
* denervated endplates and mitochondrial
loss at tibialis anterior NMJs in Sodl —/—
versus Mirol/Sodl—/— mice at 4 and
12 months of age. Values are mean = SEM.
At 4months, n =10 Sodl—/— and n= 8
Miro1/Sod1 —/— mice were used for in-
nervation and n = 3 mice per genotype for
mitochondrial analysis. At 12 months, n = 4
Sodl—/— and n=5 Mirol/Sodl—/—
mice were used for both parameters.
*p < .05, two-way ANOVA with Tukey
post-hoc analysis.
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also analyzed the redox state of cytoplasmic (TRX1) vs. mitochondrial
(TRX2) thioredoxin in primary Sodl —/— neurons, and observed se-
lective oxidation of TRX2 (Fischer et al., 2011). Here, we hypothesized
that excess mitochondrial ROS in this model may damage key mi-
tochondrial regulatory proteins to disrupt transport. However, levels of
Mirol, MFN2, and TIM23 were unchanged in Sodl —/— spinal cord
and sciatic nerve. These proteins may still be oxidatively modified,
without changes in their expression level. Or, changes may be isolated
to nerve terminals, since the mitochondrial loss we observe is very
distal. In addition to altered transport, ROS-induced mitochondrial
membrane depolarization has also been shown to trigger mitophagy
(Wang et al., 2014), which could lead to accelerated degradation of
mitochondria at nerve terminals. In support of this, SOD1-G93A mice
show abnormal mitophagy activation, which is rescued by ablation of
Parkin, slowing denervation and prolonging survival in these mice
(Palomo et al., 2018). Mitophagy warrants further study in the SodI —/
— model as a potential mechanism of mitochondrial loss at nerve
terminals.

4.2. Loss of mitochondria and NMJ denervation

The loss of mitochondria at motor nerve terminals in Sodl—/—
mice closely parallels the time course of NMJ denervation. Additional
studies are needed to determine whether depletion of mitochondria
from nerve terminals directly results in denervation. Mitochondria are
normally highly enriched at the presynaptic motor nerve terminal,
where they are presumed to be critical for ATP production and calcium
buffering (Ly and Verstreken, 2006). However, studies looking at the
consequences of mitochondrial transport disruption in Drosophila and
mouse models show conflicting results. Drosophila larvae lacking dMiro
and Milton show striking absence of mitochondria at the NMJ with
accumulation at the cell body (Guo et al., 2005; Stowers et al., 2002).
However, NMJ innervation and basal signaling is maintained, with
deficits only at high frequency stimulation. In contrast, Mirol —/—
mice die at birth due to lack of respiration, attributed to failure of de-
velopment of cranial and cervical motor neurons (Nguyen et al., 2014).

[Miro1,Sod1-/-

255

Sod1-/- |[Miro1,Sod1-/-
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Conditional knockout of Mirol in cortical, hippocampal, and spinal
cord neurons (via the neuron-specific enolase 2 promoter) causes pro-
gressive neurological dysfunction and death by postnatal day 35. NMJs
were not evaluated in these mice, however reduced mitochondrial
density was seen in corticospinal tract axons. MFN2 knockout is also
embryonic lethal (Misko et al., 2010), and MFN2 mutations associated
with CMT2A severely impair mitochondrial transport (Baloh et al.,
2007) and cause motor axon degeneration (Detmer et al., 2007). These
studies suggest that in mice, as opposed to Drosophila, primary im-
pairment of mitochondrial transport is sufficient to trigger axonal de-
generation.

4.3. Role of Mirol in motor axons

Guo and colleagues found that neuronal overexpression of
Drosophila dMiro resulted in a significant increase in the density of
mitochondria in distal motor axons (Guo et al., 2005), whereas we
found only a modest improvement in mitochondrial density in Sod1 —/
— nerve terminals. There was also a trend toward reduced denervation,
however our study was insufficiently powered to detect subtle changes
(n = 18 mice per group would have been required). Perhaps the level of
Mirol expression was not high enough to overcome ROS-mediated
transport impairment. In addition, our data from primary motor neu-
rons suggest that although Mirol overexpression increases mitochon-
drial mobility, this occurs in both the anterograde and retrograde di-
rection. Unlike Drosophila, there are two isoforms of Miro (Mirol and
Miro2) in mammals. The severe motor degenerative phenotype seen in
Mirol knockout mice supports the idea that Mirol plays an important
role in motor neurons (Nguyen et al., 2014). However, siRNA experi-
ments in primary dorsal root ganglia sensory neurons show that Miro2
plays a more important role in mitochondrial transport in these cells
(Misko et al., 2010). Further studies are needed to understand cell- and
isoform-specific roles for Mirol and Miro2 in motor vs. sensory axons.
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4.4. Mitochondrial transport dysfunction and motor neuron disease

In addition to mitofusin mutations in CMT2A, impaired mitochon-
drial transport in motor neurons has also received significant attention
in ALS (Magrané and Manfredi, 2009). Mirol expression has been
shown to be reduced in the spinal cord of patients with sporadic ALS, as
well as SOD1-G93A and TDP43 M337 V mutant mice (Zhang et al.,
2015; Palomo et al., 2018), suggesting a potential role for loss of Mirol
in impaired mitochondrial transport in ALS. As in Sod1 —/— mice, we
have also observed early loss of mitochondria at SOD1-G93A motor
nerve terminals, but crossing these animals with our Mirol over-
expressing line did not rescue the phenotype (not shown). Similarly,
when Zhu and colleagues knocked out syntaphilin, a mitochondrial
docking protein, in SOD1-G93A mice, they saw an increase in ante-
rograde and retrograde mitochondrial transport but no motor neuron
rescue or change in survival (Zhu and Sheng, 2011). Perhaps, as in
Sod1 —/— mice, improving mitochondrial transport alone without also
correcting other insults, such as oxidative stress and/or activation of
mitophagy, is insufficient to prevent motor pathology.

5. Conclusion

We have identified an age-dependent loss of mitochondria at the
NMJ in Sodl—/— mutant mice, that strongly correlates with NMJ
denervation. This defect was rescued by expression of SOD1 in the
mitochondrial IMS, supporting the idea that the abnormal mitochon-
drial distribution in this model is due to oxidative stress. Manipulation
of transport via Mirol overexpression was insufficient to rescue NMJs.
Additional studies are needed to precisely determine how loss of SOD1
affects mitochondrial dynamics in axons and identify targets for inter-
vention.
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