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Motor neurons in amyotrophic lateral sclerosis (ALS) patients and animal models show degeneration from the nerve terminal, known as dying-back neuropathy. To investigate the mechanism underlying this neuropathy, we analyzed the neuromuscular junctions (NMJs) and motor neuron cell bodies in SOD1G93A mice using electron microscopy. NMJs of SOD1G93A mice exhibited significantly higher numbers of autophagosomes and degenerated mitochondria compared to wild-type controls. Mitophagosomes were identified in the NMJ presynaptic terminals of wild-type mice and SOD1G93A mice. However, the number of mitophagosomes did not increase significantly in SOD1G93A NMJs indicating a defect in mitophagy, the autophagic process to degrade mitochondria. Consistent with this, proteins essential for mitophagy, p62/SQSTM1, Bnip3, Pink1, and Parkin were down-regulated in motor neurons in SOD1G93A mice. Importantly, SQSTM1 is one of the genes mutated in familial ALS patients. We evaluated the effect of impaired mitophagy on motor neurons by analyzing the double knockout mice of Pink1 and Parkin, two genes responsible for sensing depolarized mitochondria and delivering degenerated mitochondria to mitophagosomes. The double knockout mice exhibited NMJ degeneration, including axon swelling and NMJ fragmentation at 4 months of age. These phenotypes were rarely observed in wild-type control mice of the same age. The protein level of ATP synthase β subunit increased in the NMJ presynaptic terminals, suggesting the accumulation of mitochondria at NMJs of the double knockout mice. Importantly, NMJ denervation was observed in the double knockout mice. These data suggest that the reduced mitophagy function in motor neurons of SOD1G93A mice is one of the mechanisms causing degeneration of ALS NMJs.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a common and fatal motor neuron disease, but the etiology has not been elucidated fully (Bordet et al., 2001; Acsadi et al., 2002; Kaspar et al., 2003; Azzouz et al., 2004; Gould et al., 2006; Sorenson et al., 2008; Howe et al., 2009; Reyes et al., 2010; Jeong et al., 2011). In familial ALS patients, causal or risk-increasing roles in the pathogenesis of ALS have been reported for mutations in autophagy- and mitophagy-related genes, including ALS2/Alsin, charged multivesicular protein 2B (CHMP2B), C9orf72, dynactin 1 (DCTN1), Optineurin, p62/SQSTM1 (sequestosome 1), Ubiquilin 2, and Valosin-containing protein (VCP) (Yang et al., 2001; Munch et al., 2004; Parkinson et al., 2006; Johnson et al., 2010; Maruyama et al., 2010; DeJesus-Hernandez et al., 2011; Deng et al., 2011; Fecto et al., 2011; Rubino et al., 2012; Williams et al., 2012; Farg et al., 2014). Autophagy is a selective process by which proteins and organelles are enveloped by a double membrane structure, the autophagosome, for delivery to lysosomes for degradation (Klionsky et al., 2016). The autophagy markers microtubule-associated protein 1 light chain 3 (LC3) and p62/SQSTM1 were detected in aggregated structures in spinal cord motor neurons of sporadic ALS patients suggesting a modulation of autophagy-related proteins in ALS (Sasaki, 2011). Interestingly, mice with nervous system-restricted knockout of the autophagy-essential genes Atg5 or Atg7 exhibited motor impairment, including impaired coordination and balance, reduced grip strength by 3–4 weeks of age, and axon degeneration (Hara et al., 2006; Komatsu et al., 2006, 2007). Nervous system-restricted knockout of the autophagy genes Atg5 or Atg9a exhibited axon degeneration of central nervous system neurons (Nishiyama et al., 2007; Yamaguchi et al., 2017). Together, these observations suggest that autophagy dysfunction contributes to the etiology of ALS (Otomo et al., 2012; Ruffoli et al., 2015; Edens et al., 2016).

In SOD1G93A mice, an ALS animal model, a defect of autophagosome fusion with lysosomes has been reported in the motor neuron cell body (Xie et al., 2015). Furthermore, electron microscopy analyses of motor neurons in SOD1G93A mice and ALS patients have revealed autophagic vacuoles possibly arising from altered mitochondria (Hart et al., 1977; Wong et al., 1995). Increasing evidence suggests that defective mitochondrial function and impaired autophagy play roles in ALS etiology (Edens et al., 2016). Degenerated mitochondria are removed by a specific autophagic mechanism called mitophagy, which targets degenerated mitochondria (Youle and Narendra, 2011; Ding and Yin, 2012). Mitophagy is mediated by the following two major pathways. PTEN-induced putative kinase 1 (PINK1, pink1) is normally degraded rapidly, but it is stabilized at the surface of depolarized mitochondria, where it recruits and activates Parkin (a component of E3 ubiquitin ligase, park2; Matsuda et al., 2010; Narendra et al., 2010). Activated Parkin ubiquitinates outer mitochondrial membrane proteins including mitofusin 1/2 and voltage-dependent anion-selective channel protein 1 (VDAC1; Geisler et al., 2010). p62/SQSTM1 has a ubiquitin binding domain at the C-terminus that recognizes ubiquitinated mitochondrial proteins, accumulates to depolarized mitochondria, and recruits LC3 to mitochondria to induce mitophagy (Geisler et al., 2010; Okatsu et al., 2010). Phagophores are recruited by LC3 to form autophagosomes, and LC3 becomes lipidated to form LC3-II, which is a marker for autophagy levels (Kabeya et al., 2000; Klionsky et al., 2016). In a separate pathway, Nix and BCL2/adenovirus E18 19 kDa protein-interacting protein 3 (Bnip3) are also responsible for recruiting LC3 to the mitochondria to initiate mitophagy (Ding et al., 2010; Hanna et al., 2012). However, the functional level of mitophagy in ALS motor neurons is not well known.

Does mitophagy play a role in ALS etiology, and if so, where in motor neurons would mitophagy cause degeneration? Motor neuron degeneration is preceded by denervation of neuromuscular junctions (NMJs) in ALS patients and animal models, producing what is known as a dying-back neuropathy (Kennel et al., 1996; Siklos et al., 1996; Frey et al., 2000; Fischer et al., 2004; Dadon-Nachum et al., 2011). Furthermore, degenerated mitochondria have been detected at motor neuron presynaptic terminals of SOD1G93A mice (Gould et al., 2006), suggesting that mitochondrial degeneration at the NMJs plays a role in this dying-back neuropathy. Interestingly, NMJ denervation cannot be prevented by blocking motor neuron apoptosis in ALS mice, suggesting that a mechanism other than apoptosis is responsible for the degeneration of axons and NMJs (Gould et al., 2006; Reyes et al., 2010). Therefore, degenerative changes in ALS motor neurons occur at the NMJ. However, the roles of autophagy and mitophagy at the NMJ have not been explored extensively. In this study, we performed ultrastructural analysis to investigate autophagosomes and mitophagosomes at NMJs. We also tested the role of mitophagy in the maintenance of NMJs by depleting both Pink1 and Parkin genes in mice and analyzing the NMJ innervation rate of the double knockout mice.

MATERIALS AND METHODS

Animals

Animal experiments were carried out in accordance with the animal care and use protocol approved by the Institutional Animal Care and Use Committee of University of Kansas Medical Center (KUMC) and in accordance with the Guidelines for the Care and Use of Laboratory Animals of KUMC. SOD1G93A transgenic mice (JAX stock No. 004435, high copy number of transgene SOD1G93A), pink1 knockout mice (JAX stock No. 017946), and park2 knockout mice (JAX stock No. 006582) were purchased from the Jackson Laboratory (Bar Harbor, Maine, USA) and maintained in the animal facility at KUMC until analysis. Three to five animals were analyzed per genotype per age, and the animal numbers of animals are reported in the appropriate figure legend or the Results Section.

SOD1G93A mice on a C57BL/6J background survive longer than those on an SJL/J background (Heiman-Patterson et al., 2005; Wooley et al., 2005). With the C57Bl/6J background, disease onset, as determined by the limb tremor, occurs between P91-111 (Dobrowolny et al., 2005; Hayworth and Gonzalez-Lima, 2009). The survival rate starts to fall below 100% around P125-130 (Heiman-Patterson et al., 2005; Wooley et al., 2005), and the mean survival duration is between P142-161 (Dobrowolny et al., 2005; Heiman-Patterson et al., 2005; Wooley et al., 2005; Hayworth and Gonzalez-Lima, 2009). We analyzed the SOD1G93A mice at three stages: presymptomatic stage (P57) (Wooley et al., 2005; Hayworth and Gonzalez-Lima, 2009), a stage with denervation (P85) (Dobrowolny et al., 2005), and a symptomatic stage (P140) (Dobrowolny et al., 2005; Hayworth and Gonzalez-Lima, 2009).

Transgene Copy Number Analysis

All male SOD1G93A mice produced at our institute by mating SOD1G93A mice with C57BL/6J female mice were analyzed for human SOD1 transgene copy number variation using the TaqMan qPCR genotype method as described in the Jackson Laboratory website (protocol name: Sod TgN Copy Number). Mice were excluded from analyses when they had low transgene copy numbers that showed more than a half cycle difference in qPCR (Leitner et al., 2009).

Electron Microscopy

The methods employed for electron microscopy have been described previously (Nishimune et al., 2004; Chen et al., 2011). In brief, diaphragm muscles and spinal cord at cervical level four were fixed in 5% glutaraldehyde, 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.1, Delbucco's PBS), washed, refixed in 1% OsO4, dehydrated, and embedded in resin. Ultrathin transverse sections were cut by skipping 30 μm minimum between sections for muscles and 100 μm minimum between sections for spinal cords to avoid analyzing the same NMJs or motor neurons. Sections were stained with lead citrate and uranyl acetate and systematically scanned using a transmission electron microscope. All profiles of NMJs and motor neuron cell bodies encountered in the micrographs were quantified. Motor neuron cell bodies were reconstructed by stitching multiple electron micrographs. The levels of electron micrographs in Figures 3A–D were adjusted to maximize the gray scale range of the images.

Autophagosomes were defined as double membrane structures that sequester a portion of the cytoplasm and/or organelles at various stages of degeneration from the cytoplasm, as described in the Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (3rd edition) (Klionsky et al., 2016). As described in these guidelines, autophagy can be both selective and nonselective for the autophagosome content. Mitophagosomes were defined as autophagosomes containing normal or degenerating mitochondria (Klionsky et al., 2016). Degenerated mitochondria were defined as double-membrane organelles with cristae, in which the cristae are not aligned regularly in more than 50% of the mitochondria profile. Mitochondria with large vacuole-like spaces within or between the cristae were recognized as degenerated mitochondria.

Immunohistochemistry and Image Analysis

The following antibodies were used: ATP synthase β subunit (A21351, Molecular Probes), choline acetyltransferase (AB144P, Millipore), Bnip3 (3769, Cell Signaling Tech.), LC3 (NB100-2220SS, Novus), neurofilament (2H3, DSHB, or N4142, Sigma), p62/SQSTM1 (2C11, Abnova), Pink1 (Abcam, ab75487), Parkin (sc-32282, Santa Cruz), SV2 (DSHB), Synaptophysin (18-0130, Zymed), Alexa Fluor 488 and 568 conjugated secondary antibodies, DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride), and Alexa Fluor 594-conjugated α-bungarotoxin (Molecular Probes).

Immunohistochemical analyses have been described previously (Nishimune et al., 2004; Chen et al., 2011). Briefly, mice were fixed by transcardiac perfusion with 2% paraformaldehyde in PBS. Muscles and T12-L1 portions of the lumbar spinal cord were removed and post-fixed in 2% paraformaldehyde at room temperature, washed with PBS, and cryoprotected in 20% sucrose/PBS before being frozen in Optimal Cutting Temperature compound (Sakura, Torrance, CA), and sections were cut using a cryostat (transverse for lumbar spinal cords and both transverse and longitudinal for muscles). Muscles and lumbar spinal cords were sectioned at a thickness of 20 μm, blocked in PBS containing 2% bovine serum albumin (BSA), 2% normal goat serum, and 0.1–0.3% Triton X-100. For the goat anti-choline acetyltransferase antibody, BSA and normal goat serum were replaced with donkey serum for the blocking solution. Sections were then incubated with primary antibodies for 1 day at room temperature or 3 days at 4°C, washed with PBS, and incubated in appropriate secondary antibodies for 2 h at room temperature. Muscle sections were also incubated with Alexa Fluor 594-conjugated α-bungarotoxin. Lumbar spinal cord sections were also incubated with DAPI. Sections were then washed with PBS and mounted using VectaShield (Vector, Burlingame, CA).

Whole-mount immunohistochemical staining of diaphragm muscles was performed as follows. Muscles were fixed in 2% paraformaldehyde/PBS, washed in PBS, permeabilized in 0.5% Triton/0.1 M glycine/PBS overnight at 4°C, and blocked for 48 h at 4°C in 2% BSA/2% normal goat serum/0.5% Triton/PBS. Tissues were incubated with primary antibodies (anti-neurofilament and anti-SV2) for 48 h at 4°C, washed with PBS, and incubated with Alexa Fluor 488-conjugated anti-mouse IgG1 secondary antibody along with Alexa Fluor 594-conjungated α-bungarotoxin for 24 h at 4°C. After final washing, tissues were mounted in mounting medium (glycerol, PBS, p-phenylenediamine).

NMJs with LC3 Puncta

Immunohistochemical staining of LC3 showed puncta with strong signal intensity in presynaptic terminals of NMJ profiles. The NMJs were identified in transverse sections of diaphragm muscles by staining the nerve with anti-neurofilament and SV2 antibodies, and the acetylcholine receptors with Alexa Fluor 594-conjugated α-bungarotoxin. The number of NMJs with LC3 punctate signal overlapping with the nerve signal was quantified and described as the percentage of total NMJs counted.

Immunohistochemical Signal Intensity Quantification

The signal intensities of autophagy- and mitophagy-related proteins in motor neurons were measured using the method described in our previous publication (Chen et al., 2011). In brief, confocal images were obtained using Nikon A1R confocal microscope using PlanApo 20x, NA = 0.75 or PlanFluor 40x, NA = 1.30 lenses. The circumference of the motor neuron cell bodies in the lumbar spinal cord transverse sections was defined by the anti-choline acetyltransferase staining patterns. The average signal intensity within motor neurons was measured using the Show Region Statistics function in MetaMorph software ver. 7.0 (Molecular Devices).

The signal intensities of ATP synthase β subunit in the presynaptic terminals of NMJs were measured using the method described above. The presynaptic terminals of NMJs in the muscle sections were defined by anti-neurofilament and anti-synaptophysin staining patterns. The average signal intensity within the presynaptic terminals of NMJs was measured using the Show Region Statistics function in MetaMorph software. The observer was blinded for the genotype.

P62 Aggregation

Motor neuron cell bodies were identified using ChAT staining to identify their location in the ventral horn of the lumbar spinal cord. The number of motor neurons that displayed large p62 positive structures was quantified and described as a percentage of total motor neurons counted.

NMJs with Axon Swelling

Adjacent to NMJs, axons have a constant diameter similar to the axon diameter that branches from the axon fascicle (Court et al., 2008; Samuel et al., 2012). Axons with abnormal enlargement near NMJs that is greater than the axon near the fascicle were qualitatively assessed, and the number of NMJs with abnormally enlarged axons were quantified as NMJs with axon swelling.

Fragmented NMJs

We used the analytical criteria described previously by Valdez et al. (Valdez et al., 2010; Taetzsch et al., 2017). Briefly, fragmented acetylcholine receptors were defined as acetylcholine receptor cluster with five or more islands and/or a segment of receptor cluster showing small and/or irregularly shaped receptor clusters. In young adult NMJs, acetylcholine receptor clusters show pretzel-like distribution patterns that are connected and not separated.

Denervation Analysis

The denervation analysis has been described previously (Chen et al., 2012). Briefly, muscle sections were stained using antibodies against nerves (anti-neurofilament and anti-SV2) and Alexa Fluor 594-conjugated α-bungarotoxin for acetylcholine receptors. Adult motor nerve terminals show perfect overlap with acetylcholine receptor clusters, which indicates fully innervated NMJs. NMJs were assessed for areas of the acetylcholine receptor clusters that were not occupied by nerves, whether in part or in full, as partially innervated NMJs or denervated NMJs. Quantifications are from four mice of each genotype and more than 98 NMJs per animal. The observer was blinded for the genotype.

Statistics

All statistics were performed using GraphPad Prism software version 6. Significance was assessed by un-paired t-test or one-way ANOVA with Tukey's multiple comparison test. The p- and n-values are reported in the text. All data in the graphs are shown as the mean ± S.E.M.

RESULTS

Increased Autophagosomes at ALS NMJs

Autophagy-related genes are mutated in ALS patients, which suggested altered autophagy function in motor neurons. Therefore, autophagosomes in motor neurons of SOD1G93A mice were analyzed using electron microscopy. The diaphragm was analyzed because ALS patients suffer from respiratory problems (Braun, 1987; Arnulf et al., 2000; Miller et al., 2009; Tateishi et al., 2010). NMJs in diaphragms of SOD1G93A mice revealed double-membraned autophagosomes containing synaptic vesicles and mitochondria at the nerve terminals (Figures 1A,B, 3A, Supplementary Figure 1). The number of autophagosomes in NMJ profiles were significantly higher in the presynaptic terminals of SOD1G93A NMJs compared to those of age- and sex-matched wild-type mice beginning in the presymptomatic stage at postnatal day (P) 57, at stage with denervation (P85), and at symptomatic stage (P140) (Figure 1E; P40: SOD1G93A, 0.22 ± 0.031 autophagosome/synapse profile size (μm), WT, 0.17 ± 0.029; P57: SOD1G93A, 0.38 ± 0.033, WT, 0.12 ± 0.018; P85: SOD1G93A, 0.56 ± 0.080, WT, 0.20 ± 0.030; P140: SOD1G93A, 0.42 ± 0.061, WT, 0.22 ± 0.031; mean ± S.E.M.). Spinal cords of the same set of animals were dissected at cervical level four to analyze the motor neuron cell bodies of phrenic nerves innervating the diaphragms. Similar autophagosomes were detected in the cell bodies of motor neurons (Figures 1C,D). The number of autophagosomes in motor neuron cell bodies in SOD1G93A mice were similar at P57 but significantly higher at P85 and P140 compared to those of age- and sex-matched wild-type mice (Figure 1F; P57: SOD1G93A, 0.0021 ± 0.00040 autophagosomes/μm2, WT, 0.0025 ± 0.00034; P85: SOD1G93A, 0.0049 ± 0.00057, WT, 0.0019 ± 0.00033; P140: SOD1G93A, 0.0058 ± 0.00081, WT, 0.0018 ± 0.00031). These results indicate that autophagosomes accumulate in the presynaptic terminals of NMJs earlier than in motor neuron cell bodies in SOD1G93A mice.
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FIGURE 1. Autophagosomes increase at NMJs in SOD1G93A mice. Representative electron micrographs of autophagosomes in SOD1G93A mice in (A,B) the presynaptic terminals of NMJs at P57 and (C,D) motor neuron cell bodies at P140. Higher-magnification images of (A,C) are shown in (B,D). The colored marks on the micrographs are as follows: plasma membrane of motor neuron cell bodies (yellow) and autophagosomes (yellow boxes and orange arrowheads). Scale bars: (A,B,D) = 500 nm, (C) = 5 μm. Quantification revealed significantly increased numbers of autophagosomes in (E) the presynaptic terminals of NMJs and (F) motor neuron cell bodies of SOD1G93A mice compared to wild-type mice (WT). The number of autophagosomes was normalized by pre- and postsynaptic apposition length for NMJs (synapse profile size) or the area of motor neuron cell bodies (μm2). Graphs show mean ± SEM indicated by whiskers. Asterisks indicate significant differences by one-way ANOVA with Tukey's multiple comparison test (**p < 0.01, ***p < 0.001). NMJ quantifications are from n = five animals and 80–123 NMJs for each age and each genotype. Motor neuron cell body quantifications are from n = two animals for P57, three animals for P85, five animals for P140, and 40–73 cell bodies for each age and each genotype.



Increased Levels of Autophagosome Marker at ALS NMJs

To validate the autophagosome accumulation in the presynaptic terminals of NMJs detected by electron microscopy, immunohistochemistry was used to detect an autophagosome marker, LC3 (microtubule-associated protein 1 light chain 3; Kabeya et al., 2000). LC3 proteins accumulated as large puncta in NMJ presynaptic terminals in diaphragms of SOD1G93A mice (Figure 2A lower panels). However, these LC3 puncta were rarely detected in the presynaptic terminals of wild-type NMJs (Figure 2A upper panels). The proportion of NMJs bearing LC3 puncta in the presynaptic terminal was significantly higher in SOD1G93A mice (23.9 ± 1.9%) than in wild-type mice (10.5 ± 2.2%, Figure 2B). These results suggest accumulation of autophagosomes in the NMJ presynaptic terminals of SOD1G93A mice and are consistent with the electron microscopic quantifications.
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FIGURE 2. Accumulation of an autophagosome marker in the presynaptic terminals of NMJs of SOD1G93A mice (A) Representative confocal micrographs of immunohistochemistry showing accumulation of the autophagosome marker LC3 (grayscale in left panels, green in right panels) in presynaptic terminals of diaphragm NMJs in SOD1G93A mice at P120, but not at NMJs of wild-type mice at P140. Nerves were stained using anti-neurofilament and anti-SV2 antibodies (blue), and postsynaptic acetylcholine receptors were labeled with Alexa 594-conjugated α-bungarotoxin (red). In these cross-section images of NMJs, presynaptic terminals are above the bungarotoxin signal, and postsynaptic myotubes are below the bungarotoxin signal. Scale bar: 10 μm. (B) The number of NMJs with LC3 puncta was significantly higher in SOD1G93A mice than in wild-type mice. Quantifications are from n = three animals and 268–305 NMJs each genotype in confocal images. Asterisks indicate a significant difference by un-paired t-test (**p < 0.01).



Mitochondria Degeneration and Mitophagy at ALS NMJs

The early increase in autophagosomes in the presynaptic terminals of NMJs suggested that the initiation of NMJ degeneration occurred during the presymptomatic stage in SOD1G93A mice. To further investigate the degeneration in ALS motor neurons, the electron micrographs of NMJs and motor neuron cell bodies used in Figure 1 were analyzed for mitochondria. NMJs in diaphragms of SOD1G93A mice contained significantly higher number of degenerated mitochondria in the presynaptic terminals that were still innervating endplates. The degenerated mitochondria had irregular cristae spacing, large vacuoles or degenerated cristae inside a double membrane structure, which were not detected in normal mitochondria in the NMJ presynaptic terminals of age-and sex-matched wild-type mice (Figures 3A,B). The representative example SOD1G93A NMJ contained an autophagosome in the presynaptic terminal, but the autophagosome did not contain any degenerated mitochondria. The numbers of degenerated mitochondria at NMJs were 3–15 times higher in SOD1G93A mice than in that of wild-type mice at the presymptomatic stage P57 and remained higher at P85 and P140 [Figure 3E; P40: SOD1G93A, 0.13 ± 0.038 mitochondria/synapse profile size (μm), WT, 0.047 ± 0.013; P57: SOD1G93A, 0.32 ± 0.034, WT, 0.021 ± 0.0069; P85: SOD1G93A, 0.36 ± 0.045, WT, 0.042 ± 0.012; P140: SOD1G93A, 0.45 ± 0.052, WT, 0.085 ± 0.022]. In the same sets of animals, the numbers of degenerated mitochondria in the cell bodies of motor neurons were three to four times greater in SOD1G93A mice than in wild-type mice among from P57 to P140 (Figure 3F; P57: SOD1G93A, 0.05814 ± 0.0041 degenerated mitochondria/μm2, WT, 0.020 ± 0.0017; P85: SOD1G93A, 0.11 ± 0.0087, WT, 0.029 ± 0.0028; P140: SOD1G93A, 0.15 ± 0.0069, WT, 0.041 ± 0.0026).
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FIGURE 3. Numbers of degenerating mitochondria in the presynaptic terminals of NMJs and in motor neurons. Representative electron micrographs of (A) a NMJ in wild-type mouse, (B) degenerated mitochondria in a NMJ of a SOD1G93A mouse, (C) mitophagosomes (arrowhead) near the presynaptic membrane in a NMJ of wild-type mouse, and (D) a phagophore (arrowheads) around degenerated mitochondria in a NMJ of a SOD1G93A mouse. Scale bar: 500 nm. Quantification of electron micrographs revealed significantly increased numbers of degenerated mitochondria in (E) NMJs and (F) motor neuron cell bodies and of mitophagosomes in (G) NMJs (p = 0.6295) and (H) motor neuron cell bodies of SOD1G93A mice (black bar) compared to age- and sex-matched wild-type mice (white bar). Graphs show mean ± SEM. Asterisks indicate significant differences (**p < 0.005, ***p < 0.0001) between SOD1G93A mice and wild-type mice at each age by one-way ANOVA with Tukey's multiple comparison test. Numbers of animals, NMJs, and motor neuron cell bodies are the same as in Figure 1.



As we have shown previously, the number of autophagosomes increased significantly in ALS motor neurons and NMJs; however, the degenerated mitochondria do not seem to be degraded efficiently by mitophagy in SOD1G93A mice. Mitophagy mediated degradation of damaged mitochondria has been shown to occur locally in distal axons (Ashrafi et al., 2014). Therefore, we searched for mitophagosomes in the electron micrographs and identified clear examples of mitophagy in the NMJ presynaptic terminals of wild-type mice and SOD1G93A mice (Figures 3C,D). A representative micrograph of a wild-type NMJ shows synaptic vesicles accumulating near the presynaptic membrane and an active zone, and dark synaptic cleft and postsynaptic junctional folds are visible (Figure 3C). A mitophagosome was identified near the presynaptic membrane and was surrounded by synaptic vesicles (an arrowhead in Figure 3C). A representative micrograph of a SOD1G93A NMJ shows a phagophore surrounding a degenerated mitochondrion with irregular cristae (arrowheads in Figure 3D). Degenerated mitochondria and synaptic vesicles are visible nearby. Therefore, the number of mitophagosome was analyzed in the presynaptic terminals of NMJs and motor neuron cell bodies. However, mitophagosome number in NMJ was not different between SOD1G93A mice and age- and sex-matched wild-type mice among all the stages analyzed, between P40–140 (Figure 3G; P40: SOD1G93A, 0.0098 ± 0.0047 mitophagosome / synapse profile size (μm), WT, 0.012 ± 0.0062; P57: SOD1G93A, 0.0044 ± 0.0044, WT, 0.0016 ± 0.0016; P85: SOD1G93A, 0.010 ± 0.0049, WT, 0.0097 ± 0.0047; P140: SOD1G93A, 0.015 ± 0.0066, WT, 0.0084 ± 0.0050). These results suggest insufficient function of mitophagy in the presynaptic terminals of ALS NMJs despite the accumulation of degenerated mitochondria. Meanwhile, in motor neuron cell bodies, the number of mitophagosomes was higher in SOD1G93A mice than in wild-type mice at P85 (Figure 3H; P57: SOD1G93A, 0.00037 ± 0.00016 mitophagosomes/μm2, WT, 0.00022 ± 0.000097; P85: SOD1G93A, 0.00090 ± 0.00022, WT, 0.00021 ± 0.000080; P140: SOD1G93A, 0.00091 ± 0.00026, WT, 0.00028 ± 0.000095). However, there were significantly fewer mitophagosomes than autophagosomes in motor neuron cell bodies of SOD1G93A mice (compare Figures 1F, 3H). In addition, the numbers of mitophagosomes increased more slowly than the increase in degenerated mitochondria in motor neuron cell bodies (compare Figures 3F,H). Together, these results suggest decreased function of mitophagy in SOD1G93A mice, especially at NMJs, and this may lead to the accumulation of degenerated mitochondria in the presynaptic terminals of NMJs.

Reduction in Mitophagy-Related Proteins in ALS Motor Neurons

p62/Sequestosome 1 (SQSTM1) is mutated in ALS patients (Fecto et al., 2011; Hirano et al., 2013; Teyssou et al., 2013). p62/SQSTM1 has a ubiquitin binding domain at the C-terminus and accumulates to depolarized and ubiquitinated mitochondria (Geisler et al., 2010; Okatsu et al., 2010). p62/SQSTM1 recruits LC3 to mitochondria to induce mitophagy (Geisler et al., 2010). Pink1/Parkin-mediated mitophagy is dependent on p62/SQSTM1 and VDAC1 (Geisler et al., 2010). Interestingly, a large number of p62 aggregated structure was observed among motor neurons and non-motor neuron cells in the gray matter of lumbar spinal cord of SOD1G93A mice at P85, which was hardly detected in wild-type age- and sex-matched control mice (Figure 4A). This feature was more prevalent in SOD1G93A mice at P140 compared to that of P85 (compare lower panels in Figures 4A,C).
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FIGURE 4. Aggregation of p62/SQSTM1 in a subpopulation of motor neurons despite lower p62 levels in SOD1G93A mice. (A–D) Aggregation of p62/SQSTM1 was observed in a greater percentage of motor neuron cell bodes of the lumbar spinal cord of SOD1G93A mice compared with age- and sex-matched wild-type controls. Representative confocal micrographs of immunohistochemistry for p62/SQSTM1, choline acetyltransferase (ChAT), and DAPI are shown for (A) P85 and (C) P140 mice. Quantification of the percentage of motor neuron cell bodies with p62/SQSTM1 aggregates is shown for (B) P85 and (C) P140 mice and includes 46–86 motor neurons at P85 and 45–101 motor neurons at P140 from n = three animals for each genotype. (E–H) Decreased intensity of p62/SQSTM1 was observed in motor neuron cell bodes of the lumbar spinal cord of SOD1G93A mice compared with age- and sex-matched wild-type controls. Representative confocal micrographs of immunohistochemistry for p62/SQSTM1, choline acetyltransferase (ChAT), and DAPI are shown for (E) P85 and (G) P140 mice. Quantification of average signal intensity shows decreased intensity of p62/SQSTM1 in motor neuron cell bodies for (F) P85 and for (H) P140 mice. Quantification for signal intensity are from n = three animals include 47–56 motor neurons for P85 (F) and 45–50 motor neurons for P140 (H) mice for each genotype. Graphs show mean ± SEM. Asterisks indicate significant differences as analyzed by un-paired t-test (*p < 0.05, ***p < 0.001) (B,D,F,H). Different confocal scanning conditions were used between the two ages; therefore, the signal intensity arbitrary units should not be compared between ages. Scale bar: 100 μm (A,C) and 10 μm (E,G).



First, we examined the number of motor neuron cell bodies of the lumbar spinal cord that displayed large p62/SQSTM1 aggregated structures. At P85, 20.5 ± 4.6% of motor neuron cell bodies of SOD1G93A mice contained p62/SQSTM1 aggregated structures compared to zero observed in wild-type control mice (Figures 4A,B). At P140, 10.4 ± 0.8% of motor neuron cell bodies in SOD1G93A mice displayed large p62/SQSTM1 aggregated structures compared to 0.5 ± 0.5% of that in wild-type control mice (Figures 4C,D).

Next, we used immunohistochemistry to quantify the expression level of p62/SQSTM1 specifically in motor neuron cell bodies without the contamination from other cells in the gray matter. Importantly, the expression level of p62/SQSTM1 in motor neuron cell bodies estimated by average signal intensity was 10.3% lower at P85 and 19.7% lower at P140 in the lumbar spinal cord of SOD1G93A mice compared to that of wild-type control mice (Figures 4E–H, P85: SOD1G93A, 4,936 ± 130; WT, 5,501 ± 133; P140: SOD1G93A, 4,415 ± 119; WT, 5,496 ± 185; arbitrary unit). The decreased protein level of p62/SQSTM1 suggested a reduction of autophagy and/or mitophagy function in SOD1G93A motor neurons.

To investigate whether mitophagy function is altered in motor neurons of SOD1G93A mice, expression levels of mitophagy-related proteins were analyzed using immunohistochemistry to specifically detect protein levels in motor neurons. Bnip3 (BCL2 and adenovirus E1B 19-kDa-interacting protein 3) forms a homodimer and is integrated into the mitochondrial outer membrane by C-terminal transmembrane domains. The LC3-interacting region in the N-terminal domain interacts with LC3-II at the phagophores to induce mitophagy (Springer and MacLeod, 2016). The expression level of Bnip3 in motor neuron cell bodies was 29% lower at P85 and 52% lower at P140 in lumbar spinal cords in SOD1G93A mice compared to that of age- and sex-matched wild-type control mice at P85 and P140 (Figure 5; P85: SOD1G93A, 4,343 ± 140; WT, 6,151 ± 124; P140: SOD1G93A, 2,335 ± 144; WT, 4,864 ± 301; arbitrary unit).
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FIGURE 5. Decreased expression of Bnip3 in motor neurons in SOD1G93A mice. Bnip3 protein expression levels were significantly reduced in motor neurons in lumbar spinal cords of SOD1G93A mice compared to age- and sex-matched wild-type controls. Representative confocal micrographs of immunohistochemistry for Bnip3, choline acetyltransferase (ChAT), and DAPI are shown for P85 and P140 mice (A). Quantification for signal intensity is shown for (B) P85 and (C) P140 mice. Quantification for signal intensity are from n = three animals include 42–56 motor neurons for P85 and 31–34 motor neurons for P140 mice for each genotype. Graphs show mean ± SEM. Asterisks indicate significant differences as analyzed by un-paired t-test (***p < 0.001). Different confocal scanning conditions were used between the two ages; therefore, the signal intensity arbitrary units should not be compared between ages. Scale bar: 10 μm.



Mitochondrial protein PTEN-induced putative kinase 1 (Pink1) is degraded rapidly in normal mitochondria, but is stabilized at the surface of depolarized mitochondria, where it recruits and activates Parkin (Matsuda et al., 2010; Narendra et al., 2010). Activated Parkin ubiquitinates mitochondrial outer membrane proteins, which recruit LC3 to initiate mitophagy (Geisler et al., 2010). Pink1 levels were significantly lower in motor neuron cell bodies of lumbar spinal cord of SOD1G93A mice at P85 and P140 (18 and 19% lower, respectively) compared to that of age- and sex-matched wild-type control mice (Figures 6A–D; P85: SOD1G93A, 10,013 ± 447; WT, 12,199 ± 407; P140: SOD1G93A, 9,241 ± 390; WT, 11,385± 395; arbitrary unit). Furthermore, Parkin signal intensity in motor neuron cell bodies was significantly lower in motor neuron cell bodies of lumbar spinal cords of SOD1G93A mice at P85 and P140 (14 and 7% lower, respectively) compared to wild-type control mice (Figures 6E–H; P85: SOD1G93A, 6,851 ± 171; WT, 7,988 ± 239; P140: SOD1G93A, 3,698 ± 76; WT, 4,004 ± 61; arbitrary unit). These protein-level analyses also suggested a reduction of mitophagy function in motor neurons of SOD1G93A mice.
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FIGURE 6. Decreased expression of mitophagy-related proteins in motor neurons of SOD1G93A mice. Pink1 and Parkin protein expression levels were significantly reduced in motor neurons in lumbar spinal cords of SOD1G93A mice compared to age- and sex-matched wild-type controls. (A–D) Representative confocal micrographs of immunohistochemistry for Pink1, choline acetyltransferase (ChAT), and DAPI are shown for (A) P85 and (C) P140 mice. Quantification for signal intensity is shown for Pink1 at P85 (B) and P140 (D) mice. Quantification for signal intensity are from n = three animals include 37–43 motor neurons for P85 and 41–50 motor neurons for P140 mice for each genotype. (E–H) Representative confocal micrographs of immunohistochemistry for Parkin, choline acetyltransferase (ChAT), and DAPI are shown for (E) P85 and (G) P140 mice. Quantification for signal intensity is shown for Parkin at P85 (F) and P140 (H) mice. Quantification for signal intensity are from n = three animals include 32–38 motor neurons for P85 and 28–43 motor neurons for P140 for each genotype. Graphs show mean ± SEM. Asterisks indicate significant differences as analyzed by un-paired t-test (**p < 0.01, ***p < 0.001) (B,D,F,H). Different confocal scanning conditions were used between the two ages; therefore, the signal intensity arbitrary units should not be compared between ages. Scale bar: 10 μm.



Pink1/Parkin Double Knockout Mice Exhibit Severe Degeneration of NMJs in Young Adults

The potential reduction of mitophagy function may lead to accumulation of degenerated mitochondria at NMJs and dying-back neuropathy of ALS motor neurons in SOD1G93A mice. We have identified that the levels of p62/SQSTM1, Bnip3, Pink1, and Parkin are significantly reduced in motor neuron cell bodies of SOD1G93A mice (Figures 4–6). p62/SQSTM1 is necessary for Pink1/Parkin-mediated mitophagy (Geisler et al., 2010). Therefore, double knockout mice (DKO) mice for Pink1 (pink1) and Parkin (park2) were analyzed to investigate the role of mitophagy in NMJ maintenance.

The loss of Pink1 and Parkin caused significant degeneration of NMJs in young adult mice. Diaphragm NMJs were analyzed at ages between P85 and P110 using whole-mount immunohistochemistry to minimize potential damage to NMJs due to sectioning. We have not detected premature death of DKO mice for Pink1 and Parkin to the age of 3.5 months. Both presynaptic nerve terminals and postsynaptic specialization showed abnormalities. Axons adjacent to NMJs showed swelling at a significantly higher rate in the DKO mice (22.5 ± 4.5%) than in age matched wild-type mice (4.9 ± 1.7%, Figures 7A,B). Postsynaptic acetylcholine receptors are clustered in a pretzel-like morphology that are mostly connected to each other in the muscles of wild-type mice. However, NMJs in the DKO mice showed fragmentation of acetylcholine receptor clusters at a significantly higher rate (16.7 ± 1.8%) than in wild-type NMJs (4.9 ± 1.7%, Figures 7A,C). Importantly, the DKO mice had significantly lower numbers of fully innervated NMJs in diaphragm (55.6 ± 5.1%) than wild-type mice (93.7 ± 0.8%, Figure 7D). Denervated NMJs were significantly more common in the DKO mice (33.5 ± 5.5%) but were rarely detected in wild-type mice (2.8 ± 1.0%). Furthermore, the toe muscle of DKO mice showed similar NMJ innervation rate and had significantly lower numbers of fully innervated NMJs (58.9 ± 5.5%) than wild-type mice (88.0 ± 4.5%, Figure 7E). The increased NMJ denervation is less likely to be caused by muscle fiber degeneration and regeneration because the muscle fiber cross-sectional area was not significantly different between the DKO mice and wild-type control mice (DKO, 7,146 ± 309 μm2; WT 6,225 ± 369 μm2), and central nuclei was not observed in muscle fibers. These data demonstrate that mitophagy is essential for the maintenance of NMJ innervation.


[image: image]

FIGURE 7. Pink1/Parkin DKO mice have denervated NMJs. (A) Representative confocal images of individual NMJs in diaphragms of age-matched wild-type control mouse (top row) and Pink1/Parkin DKO mouse (middle and bottom rows). DKO diaphragm showed significantly increased NMJ denervation (white asterisks). NMJs of DKO mice showed axon swelling (white arrows) and fragmentation of acetylcholine receptor cluster (white arrowheads) at ages between P85 and P110. NMJs of wild-type mice of the same age did not show these phenotypes. Quantifications of (B) NMJ with axon swelling and (C) fragmented NMJs are from n = four animals (3 male, 1 female) for each genotype, and (B) 45–161 NMJs and (C) 58–206 NMJs were counted for each animal. NMJ denervation rate of DKO mice was compared to wild-type mice in diaphragm (D) and toe (E) muscles. Quantification data are presented as a percent of NMJs that are either fully innervated, partially innervated, or denervated. Quantifications are from n = four animals for each genotype and (D) 175–407 NMJs and (E) 98–212 NMJs were counted for each animal. Graphs show mean ± SEM. Asterisks indicate significant differences as analyzed by un-paired t-test (C,D) and one-way ANOVA with Tukey's multiple comparison test (D,E) (*p < 0.05, **p < 0.01, ***p < 0.001). Scale bar: 10 μm.



Finally, we asked whether reduced mitophagy cause accumulation of mitochondria at motor nerve terminals. Immunohistochemical signal intensity of the ATP synthase β subunit was measured at NMJ presynaptic terminals. The ATP synthase signal intensity was significantly higher in the DKO mice than in wild-type mice (DKO, 729.3 ± 10.86; WT, 499.8 ± 12.54; arbitrary unit, Figure 8). These results suggest that a lack of one of the mitophagy pathways, here, Pink1 and Parkin, results in the accumulation of mitochondria at nerve terminals. The reduced mitophagy function and the accumulation of degenerated mitochondria is likely to cause NMJ denervation in ALS model SOD1G93A mice.
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FIGURE 8. Higher level of ATP synthase protein in presynaptic terminals of Pink1/Parkin DKO mice. (A) Representative confocal micrographs of immunohistochemistry for mitochondrial protein ATP synthase β subunit (ATP Syn) in presynaptic terminals (arrowheads) of tibialis anterior NMJs in the Pink1/Parkin DKO mice at ages between P85 and P110 compared to wild–type mice of the same age. Presynaptic terminals of NMJs were defined by anti-neurofilament and anti-synaptophysin staining pattern (NF + Synp). Postsynaptic acetylcholine receptors were labeled with Alexa 594-conjugated α-bungarotoxin (BTX). In these cross-section images of NMJs, presynaptic terminals are above the bungarotoxin signal, and postsynaptic myotubes are below the bungarotoxin signal. Scale bar: 10 μm. (B) Average signal intensity of ATP synthase β subunit is greater in presynaptic terminals of Pink1/Parkin DKO mice than in those of wild-type mice. Quantifications are from n = four animals and 97–101 NMJs for each genotype in confocal images. Graph shows mean ± SEM. Asterisks indicate significant differences as analyzed by un-paired t-test (*p < 0.05).



DISCUSSION

Ultrastructural analysis revealed clear examples of mitophagy in the presynaptic terminals of NMJs of wild-type mice and SOD1G93A mice (Figure 3). To our knowledge, this report is the first to show electron micrographs of mitophagosomes at mammalian NMJs. We identified significant increases in the number of autophagosomes and degenerated mitochondria in the NMJ presynaptic terminals of SOD1G93A mice compared to wild-type controls. The accumulation of degenerated mitochondria at NMJs is consistent with that observed at ALS patient NMJs (Siklos et al., 1996). However, mitophagosome number did not increase significantly, and the expression levels of mitophagy-related proteins, p62/SQSTM1, Bnip3, Pink1, and Parkin were significantly lower in SOD1G93A mice than in aged- and sex-matched wild-type controls. These results suggest a reduced function of mitophagy in the NMJ presynaptic terminals of SOD1G93A mice, which may lead to accumulation of degenerated mitochondria, NMJ denervation, and dying back neuropathy. Consistent with this hypothesis, Pink1 and Parkin DKO mice exhibited NMJ denervation at young adult ages and increased immunohistochemical signal intensity of the ATP synthase β subunit, which suggested an accumulation of mitochondria in the NMJ presynaptic terminals. To our knowledge, this study is the first report to test the effect of deleting both Pink1 and Parkin in the maintenance of NMJs. Overexpression of human wild-type SOD1 in mice has been reported to cause mitochondrial vacuolization and axonopathy around 1 year of age (Jaarsma et al., 2000). We have not analyzed the phenotype of the transgenic mouse overexpressing wild-type SOD1 to compare against that of SOD1G93A mice, which is a limitation of the current study.

We have detected both autophagosomes and mitophagosomes in the presynaptic terminals of wild-type NMJs by using electron microscopy. This observation is consistent with a previous report that describes mitophagy in the distal axons of hippocampal neurons (Ashrafi et al., 2014). These functions of autophagy and mitophagy at the distal end of axons allow local mechanisms to preserve the function of nerve terminals without relying on the mechanisms in the cell body, which is a long distance away. However, the mitophagy function seems to show defects in presynaptic terminals of ALS NMJs and is not capable of depleting the accumulation of degenerated mitochondria. This reduced mitophagy function may be related to the lysosomal deficits that have been identified in SOD1G93A mice (Xie et al., 2015).

As a potential mechanism of the mitophagy defect, we revealed the down regulation of p62 in motor neurons of SOD1G93A mice. However, a previous publication reported progressive accumulation of p62 in lumbar spinal cord of SOD1G93A mice at P125 (Gal et al., 2007). We also observed increased level of p62 aggregates in the lumbar spinal cords of SOD1G93A mice at P85 and P140, but the increased signal derived mostly from cells other than motor neurons (Figure 4). The discrepancy between the two studies seems to stem from the difference in the antibodies used to detect p62/SQSTM1 protein. The specificity of the anti-p62/SQSTM1 antibody used in our study was verified using knockout mouse tissue in our previously published study (Yang et al., 2016). The antibody used by Gal et al. (Santa Cruz, SQSTM1 antibody, sc-10117) has not been verified using knockout animals and recognizes a second non-specific band in the western blot analysis, based on the information on the manufacturer's website. This antibody has been discontinued; therefore, the two antibodies could not be compared at this time.

As dysregulation autophagy has been shown in spinal cords of ALS patients, autophagy modulation has been explored as a potential treatment for ALS motor neuron dysfunction. Results of studies stimulating autophagy have been somewhat conflicting. Enhancing autophagy using rapamycin to inhibit mammalian target of rapamycin (mTOR) was shown to worsen ALS related symptomology, decrease life span, and result in a more severe mitochondrial dysfunction, possibly activating apoptosis, in SOD1G93A mice (Zhang et al., 2011). While another study showed that rapamycin treatment of SOD1G93A mice had no effect on survival, but did increase survival of SOD1G93A mice devoid of mature lymphocytes, indicating a delicate interplay with the immune system (Staats et al., 2013). Rapamycin also worsens ALS symptomology in valosin-containing protein mutant mice (Ching and Weihl, 2013), and had no effect on SOD1 H46R/H48Q mutant mice (Bhattacharya et al., 2012), both separate mouse models of ALS. However, enhancing autophagy using trehalose, independent of mTOR, delayed disease onset in SOD1G93A mice, increased life span, reduced motor neuron loss in spinal cord, reduced NMJ denervation, and preserved mitochondrial function (Castillo et al., 2013; Zhang et al., 2014; Li et al., 2015). Furthermore, TAR DNA-binding protein 43 (TDP43) mutations have been identified in familial ALS patients, and animal and cell culture models have been studied. Enhancing autophagy increased cell survival in vitro of primary rat neurons transfected with TDP43(A315T)-GFP or human iPSC-derived motor neurons with TDP43 M337V mutation (Barmada et al., 2014). In addition, enhancing autophagy in mice overexpressing wild-type TDP43 alleviated the progression motor function loss (Wang et al., 2012). Taken together these results provide promise that modulating autophagy may be a treatment option for ALS.

This study has shown that the reduced mitophagy function and the accumulation of degenerated mitochondria are likely to contribute to the dying-back neuropathy of ALS NMJs. Further analyses are necessary to elucidate the mechanism by which mitophagy is down regulated in ALS motor neurons. Homeostatic feedback loop signals link the biogenesis of mitochondria and the level of mitophagy (Palikaras et al., 2015). Therefore, better understanding of the mitophagy defect can aid in the development of a novel intervention to ameliorate mitochondrial defects in ALS.

AUTHOR CONTRIBUTIONS

RR, WD, HN designed the work; RR, ST, TT, YB, LN, HW, HMN, WD, HN acquired, analyzed, and interpreted the data; RR, HN wrote the manuscript. All participated in the final approval of the manuscript.

FUNDING

This work was supported by grants from NIH, R01 NS078214 and R01 AG051470 (HN), R01 AA020518 (WD), from NIH K-INBRE postdoctoral award P20 GM103418 (RR), and core facility supports from the NIH-NCRR (P20RR016475 and P20RR024214) and NIGMS (P20GM104936 and P30GM122731).

ACKNOWLEDGMENTS

We thank B. Fegley for technical assistance on the electron microscope. The monoclonal antibodies SV2 and 2H3 developed by Drs. K.M. Buckley and Tom Jessell were obtained from the Developmental Studies Hybridoma Bank maintained by the NICHD and the University of Iowa, Department of Biological Sciences, Iowa City, IA 52242.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fnins.2017.00473/full#supplementary-material

Supplementary Figure 1. Examples of autophagosomes at NMJs in SOD1G93A mice. Representative electron micrographs of autophagosomes in SOD1G93A mice in the presynaptic terminals of NMJs at P57. Orange arrowheads point to the autophagosomes. (D,E,F) Higher-magnification images of autophagosomes in (A,B,C). (A,D) Double membrane autophagosome structure surrounds synaptic vesicles between the presynaptic membrane and mitochondria, which contains cristae. (B,E) In the four membrane autophagosome structure, the outside double membrane has not closed yet. An autophagosome forms a double-membrane structure or a structure with multiple layers of double-membrane (Klionsky et al., 2016). Given the large evidence suggesting that autophagosomes are originated from endoplasmic reticulum membrane, these structures may reflect the early formation stage of autophagosomes. (C,F) Four membrane autophagosome structure surrounds synaptic vesicles between the presynaptic membrane and degenerating mitochondria. Scale bars: 500 nm.

REFERENCES

 Acsadi, G., Anguelov, R. A., Yang, H., Toth, G., Thomas, R., Jani, A., et al. (2002). Increased survival and function of SOD1 mice after glial cell-derived neurotrophic factor gene therapy. Hum. Gene Ther. 13, 1047–1059. doi: 10.1089/104303402753812458

 Arnulf, I., Similowski, T., Salachas, F., Garma, L., Mehiri, S., Attali, V., et al. (2000). Sleep disorders and diaphragmatic function in patients with amyotrophic lateral sclerosis. Am. J. Respir. Crit. Care Med. 161(3 Pt. 1), 849–856. doi: 10.1164/ajrccm.161.3.9805008

 Ashrafi, G., Schlehe, J. S., LaVoie, M. J., and Schwarz, T. L. (2014). Mitophagy of damaged mitochondria occurs locally in distal neuronal axons and requires PINK1 and Parkin. J. Cell Biol. 206, 655–670. doi: 10.1083/jcb.201401070

 Azzouz, M., Ralph, G. S., Storkebaum, E., Walmsley, L. E., Mitrophanous, K. A., Kingsman, S. M., et al. (2004). VEGF delivery with retrogradely transported lentivector prolongs survival in a mouse ALS model. Nature 429, 413–417. doi: 10.1038/nature02544

 Barmada, S. J., Serio, A., Arjun, A., Bilican, B., Daub, A., Ando, D. M., et al. (2014). Autophagy induction enhances TDP43 turnover and survival in neuronal ALS models. Nat. Chem. Biol. 10, 677–685. doi: 10.1038/nchembio.1563

 Bhattacharya, A., Bokov, A., Muller, F. L., Jernigan, A. L., Maslin, K., Diaz, V., et al. (2012). Dietary restriction but not rapamycin extends disease onset and survival of the H46R/H48Q mouse model of ALS. Neurobiol. Aging 33, 1829–1832. doi: 10.1016/j.neurobiolaging.2011.06.002

 Bordet, T., Lesbordes, J. C., Rouhani, S., Castelnau-Ptakhine, L., Schmalbruch, H., Haase, G., et al. (2001). Protective effects of cardiotrophin-1 adenoviral gene transfer on neuromuscular degeneration in transgenic ALS mice. Hum. Mol. Genet. 10, 1925–1933. doi: 10.1093/hmg/10.18.1925

 Braun, S. R. (1987). Respiratory system in amyotrophic lateral sclerosis. Neurol. Clin. 5, 9–31.

 Castillo, K., Nassif, M., Valenzuela, V., Rojas, F., Matus, S., Mercado, G., et al. (2013). Trehalose delays the progression of amyotrophic lateral sclerosis by enhancing autophagy in motoneurons. Autophagy 9, 1308–1320. doi: 10.4161/auto.25188

 Chen, J., Billings, S. E., and Nishimune, H. (2011). Calcium channels link the muscle-derived synapse organizer laminin beta2 to Bassoon and CAST/Erc2 to organize presynaptic active zones. J. Neurosci. 31, 512–525. doi: 10.1523/JNEUROSCI.3771-10.2011

 Chen, J., Mizushige, T., and Nishimune, H. (2012). Active zone density is conserved during synaptic growth but impaired in aged mice. J. Comp. Neurol. 520, 434–452. doi: 10.1002/cne.22764

 Ching, J., and Weihl, C. (2013). Rapamycin-induced autophagy aggravates pathology and weakness in a mouse model of VCP-associated myopathy. Autophagy 9, 799–800. doi: 10.4161/auto.23958

 Court, F. A., Brophy, P. J., and Ribchester, R. R. (2008). Remodeling of motor nerve terminals in demyelinating axons of periaxin-null mice. Glia 56, 471–479. doi: 10.1002/glia.20620

 Dadon-Nachum, M., Melamed, E., and Offen, D. (2011). The “dying-back” phenomenon of motor neurons in ALS. J. Mol. Neurosci. 43, 470–477. doi: 10.1007/s12031-010-9467-1

 DeJesus-Hernandez, M., MacKenzie, I. R., Boeve, B. F., Boxer, A. L., Baker, M., Rutherford, N. J., et al. (2011). Expanded GGGGCC hexanucleotide repeat in noncoding region of C9ORF72 causes chromosome 9p-linked FTD and ALS. Neuron 72, 245–256. doi: 10.1016/j.neuron.2011.09.011

 Deng, H. X., Chen, W., Hong, S. T., Boycott, K. M., Gorrie, G. H., Siddique, N., et al. (2011). Mutations in UBQLN2 cause dominant X-linked juvenile and adult-onset ALS and ALS/dementia. Nature 477, 211–215. doi: 10.1038/nature10353

 Ding, W. X., Ni, H. M., Li, M., Liao, Y., Chen, X., Stolz, D. B., et al. (2010). Nix is critical to two distinct phases of mitophagy, reactive oxygen species-mediated autophagy induction and Parkin-ubiquitin-p62-mediated mitochondrial priming. J. Biol. Chem. 285, 27879–27890. doi: 10.1074/jbc.M110.119537

 Ding, W. X., and Yin, X. M. (2012). Mitophagy: mechanisms, pathophysiological roles, and analysis. Biol. Chem. 393, 547–564. doi: 10.1515/hsz-2012-0119

 Dobrowolny, G., Giacinti, C., Pelosi, L., Nicoletti, C., Winn, N., Barberi, L., et al. (2005). Muscle expression of a local Igf-1 isoform protects motor neurons in an ALS mouse model. J. Cell Biol. 168, 193–199. doi: 10.1083/jcb.200407021

 Edens, B. M., Miller, N., and Ma, Y. C. (2016). Impaired autophagy and defective mitochondrial function: converging paths on the road to motor neuron degeneration. Front. Cell. Neurosci. 10:44. doi: 10.3389/fncel.2016.00044

 Farg, M. A., Sundaramoorthy, V., Sultana, J. M., Yang, S., Atkinson, R. A., Levina, V., et al. (2014). C9ORF72, implicated in amytrophic lateral sclerosis and frontotemporal dementia, regulates endosomal trafficking. Hum. Mol. Genet. 23, 3579–3595. doi: 10.1093/hmg/ddu068

 Fecto, F., Yan, J., Vemula, S. P., Liu, E., Yang, Y., Chen, W., et al. (2011). SQSTM1 mutations in familial and sporadic amyotrophic lateral sclerosis. Arch. Neurol. 68, 1440–1446. doi: 10.1001/archneurol.2011.250

 Fischer, L. R., Culver, D. G., Tennant, P., Davis, A. A., Wang, M. S., Castellano-Sanchez, A., et al. (2004). Amyotrophic lateral sclerosis is a distal axonopathy: evidence in mice and man. Exp. Neurol. 185, 232–240. doi: 10.1016/j.expneurol.2003.10.004

 Frey, D., Schneider, C., Xu, L., Borg, J., Spooren, W., and Caroni, P. (2000). Early and selective loss of neuromuscular synapse subtypes with low sprouting competence in motoneuron diseases. J. Neurosci. 20, 2534–2542. Available online at: http://www.jneurosci.org/content/20/7/2534/tab-article-info

 Gal, J., Strom, A. L., Kilty, R., Zhang, F., and Zhu, H. (2007). p62 accumulates and enhances aggregate formation in model systems of familial amyotrophic lateral sclerosis. J. Biol. Chem. 282, 11068–11077. doi: 10.1074/jbc.M608787200

 Geisler, S., Holmstrom, K. M., Skujat, D., Fiesel, F. C., Rothfuss, O. C., Kahle, P. J., et al. (2010). PINK1/Parkin-mediated mitophagy is dependent on VDAC1 and p62/SQSTM1. Nat. Cell Biol. 12, 119–131. doi: 10.1038/ncb2012

 Gould, T. W., Buss, R. R., Vinsant, S., Prevette, D., Sun, W., Knudson, C. M., et al. (2006). Complete dissociation of motor neuron death from motor dysfunction by Bax deletion in a mouse model of ALS. J. Neurosci. 26, 8774–8786. doi: 10.1523/JNEUROSCI.2315-06.2006

 Hanna, R. A., Quinsay, M. N., Orogo, A. M., Giang, K., Rikka, S., and Gustafsson, A. B. (2012). Microtubule-associated protein 1 light chain 3 (LC3) interacts with Bnip3 protein to selectively remove endoplasmic reticulum and mitochondria via autophagy. J. Biol. Chem. 287, 19094–19104. doi: 10.1074/jbc.M111.322933

 Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-Migishima, R., et al. (2006). Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature 441, 885–889. doi: 10.1038/nature04724

 Hart, M. N., Cancilla, P. A., Frommes, S., and Hirano, A. (1977). Anterior horn cell degeneration and Bunina-type inclusions associated with dementia. Acta Neuropathol. 38, 225–228. doi: 10.1007/BF00688069

 Hayworth, C. R., and Gonzalez-Lima, F. (2009). Pre-symptomatic detection of chronic motor deficits and genotype prediction in congenic B6.SOD1(G93A) ALS mouse model. Neuroscience 164, 975–985. doi: 10.1016/j.neuroscience.2009.08.031

 Heiman-Patterson, T. D., Deitch, J. S., Blankenhorn, E. P., Erwin, K. L., Perreault, M. J., Alexander, B. K., et al. (2005). Background and gender effects on survival in the TgN(SOD1-G93A)1Gur mouse model of ALS. J. Neurol. Sci. 236, 1–7. doi: 10.1016/j.jns.2005.02.006

 Hirano, M., Nakamura, Y., Saigoh, K., Sakamoto, H., Ueno, S., Isono, C., et al. (2013). Mutations in the gene encoding p62 in Japanese patients with amyotrophic lateral sclerosis. Neurology 80, 458–463. doi: 10.1212/WNL.0b013e31827f0fe5

 Howe, C. L., Bergstrom, R. A., and Horazdovsky, B. F. (2009). Subcutaneous IGF-1 is not beneficial in 2-year ALS trial. Neurology 73, 1247; author reply: 1247–1248. doi: 10.1212/WNL.0b013e3181b26ae6

 Jaarsma, D., Haasdijk, E. D., Grashorn, J. A., Hawkins, R., van Duijn, W., Verspaget, H. W., et al. (2000). Human Cu/Zn superoxide dismutase (SOD1) overexpression in mice causes mitochondrial vacuolization, axonal degeneration, and premature motoneuron death and accelerates motoneuron disease in mice expressing a familial amyotrophic lateral sclerosis mutant SOD1. Neurobiol. Dis. 7(6 Pt. B), 623–643. doi: 10.1006/nbdi.2000.0299

 Jeong, G. B., Mojsilovic-Petrovic, J., Boccitto, M., and Kalb, R. (2011). Signaling events in axons and/or dendrites render motor neurons vulnerable to mutant superoxide dismutase toxicity. J. Neurosci. 31, 295–299. doi: 10.1523/JNEUROSCI.4824-10.2011

 Johnson, J. O., Mandrioli, J., Benatar, M., Abramzon, Y., Van Deerlin, V. M., Trojanowski, J. Q., et al. (2010). Exome sequencing reveals VCP mutations as a cause of familial ALS. Neuron 68, 857–864. doi: 10.1016/j.neuron.2010.11.036

 Kabeya, Y., Mizushima, N., Ueno, T., Yamamoto, A., Kirisako, T., Noda, T., et al. (2000). LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO J. 19, 5720–5728. doi: 10.1093/emboj/19.21.5720

 Kaspar, B. K., Llado, J., Sherkat, N., Rothstein, J. D., and Gage, F. H. (2003). Retrograde viral delivery of IGF-1 prolongs survival in a mouse ALS model. Science 301, 839–842. doi: 10.1126/science.1086137

 Kennel, P. F., Finiels, F., Revah, F., and Mallet, J. (1996). Neuromuscular function impairment is not caused by motor neurone loss in FALS mice: an electromyographic study. Neuroreport 7, 1427–1431. doi: 10.1097/00001756-199605310-00021

 Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich, H., Acevedo Arozena, A., et al. (2016). Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy 12, 1–222. doi: 10.4161/auto.19496

 Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J., Tanida, I., et al. (2006). Loss of autophagy in the central nervous system causes neurodegeneration in mice. Nature 441, 880–884. doi: 10.1038/nature04723

 Komatsu, M., Wang, Q. J., Holstein, G. R., Friedrich, V. L. Jr., Iwata, J., Kominami, E., et al. (2007). Essential role for autophagy protein Atg7 in the maintenance of axonal homeostasis and the prevention of axonal degeneration. Proc. Natl. Acad. Sci. U.S.A. 104, 14489–14494. doi: 10.1073/pnas.0701311104

 Leitner, M., Menzies, S., and Lutz, C. (2009). Working with ALS Mice, Guidelines for Preclinical Testing & Colony Management. PRIZE4LIFE, The Jackson Laboratory, 1–28.

 Li, Y., Guo, Y., Wang, X., Yu, X., Duan, W., Hong, K., et al. (2015). Trehalose decreases mutant SOD1 expression and alleviates motor deficiency in early but not end-stage amyotrophic lateral sclerosis in a SOD1-G93A mouse model. Neuroscience 298, 12–25. doi: 10.1016/j.neuroscience.2015.03.061

 Maruyama, H., Morino, H., Ito, H., Izumi, Y., Kato, H., Watanabe, Y., et al. (2010). Mutations of optineurin in amyotrophic lateral sclerosis. Nature 465, 223–226. doi: 10.1038/nature08971

 Matsuda, N., Sato, S., Shiba, K., Okatsu, K., Saisho, K., Gautier, C. A., et al. (2010). PINK1 stabilized by mitochondrial depolarization recruits Parkin to damaged mitochondria and activates latent Parkin for mitophagy. J. Cell Biol. 189, 211–221. doi: 10.1083/jcb.200910140

 Miller, R. G., Jackson, C. E., Kasarskis, E. J., England, J. D., Forshew, D., Johnston, W., et al. (2009). Practice parameter update: the care of the patient with amyotrophic lateral sclerosis: drug, nutritional, and respiratory therapies (an evidence-based review): report of the Quality Standards Subcommittee of the American Academy of Neurology. Neurology 73, 1218–1226. doi: 10.1212/WNL.0b013e3181bc0141

 Munch, C., Sedlmeier, R., Meyer, T., Homberg, V., Sperfeld, A. D., Kurt, A., et al. (2004). Point mutations of the p150 subunit of dynactin (DCTN1) gene in ALS. Neurology 63, 724–726. doi: 10.1212/01.WNL.0000134608.83927.B1

 Narendra, D. P., Jin, S. M., Tanaka, A., Suen, D. F., Gautier, C. A., Shen, J., et al. (2010). PINK1 is selectively stabilized on impaired mitochondria to activate Parkin. PLoS Biol. 8:e1000298. doi: 10.1371/journal.pbio.1000298

 Nishimune, H., Sanes, J. R., and Carlson, S. S. (2004). A synaptic laminin-calcium channel interaction organizes active zones in motor nerve terminals. Nature 432, 580–587. doi: 10.1038/nature03112

 Nishiyama, J., Miura, E., Mizushima, N., Watanabe, M., and Yuzaki, M. (2007). Aberrant membranes and double-membrane structures accumulate in the axons of Atg5-null Purkinje cells before neuronal death. Autophagy 3, 591–596. doi: 10.4161/auto.4964

 Okatsu, K., Saisho, K., Shimanuki, M., Nakada, K., Shitara, H., Sou, Y. S., et al. (2010). p62/SQSTM1 cooperates with Parkin for perinuclear clustering of depolarized mitochondria. Genes Cells 15, 887–900. doi: 10.1111/j.1365-2443.2010.01426.x

 Otomo, A., Pan, L., and Hadano, S. (2012). Dysregulation of the autophagy-endolysosomal system in amyotrophic lateral sclerosis and related motor neuron diseases. Neurol. Res. Int. 2012:498428. doi: 10.1155/2012/498428

 Palikaras, K., Lionaki, E., and Tavernarakis, N. (2015). Coordination of mitophagy and mitochondrial biogenesis during ageing in C. elegans. Nature 521, 525–528. doi: 10.1038/nature14300

 Parkinson, N., Ince, P. G., Smith, M. O., Highley, R., Skibinski, G., Andersen, P. M., et al. (2006). ALS phenotypes with mutations in CHMP2B (charged multivesicular body protein 2B). Neurology 67, 1074–1077. doi: 10.1212/01.wnl.0000231510.89311.8b

 Reyes, N. A., Fisher, J. K., Austgen, K., VandenBerg, S., Huang, E. J., and Oakes, S. A. (2010). Blocking the mitochondrial apoptotic pathway preserves motor neuron viability and function in a mouse model of amyotrophic lateral sclerosis. J. Clin. Invest. 120, 3673–3679. doi: 10.1172/JCI42986

 Rubino, E., Rainero, I., Chio, A., Rogaeva, E., Galimberti, D., Fenoglio, P., et al. (2012). SQSTM1 mutations in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Neurology 79, 1556–1562. doi: 10.1212/WNL.0b013e31826e25df

 Ruffoli, R., Bartalucci, A., Frati, A., and Fornai, F. (2015). Ultrastructural studies of ALS mitochondria connect altered function and permeability with defects of mitophagy and mitochondriogenesis. Front. Cell. Neurosci. 9:341. doi: 10.3389/fncel.2015.00341

 Samuel, M. A., Valdez, G., Tapia, J. C., Lichtman, J. W., and Sanes, J. R. (2012). Agrin and synaptic laminin are required to maintain adult neuromuscular junctions. PLoS ONE 7:e46663. doi: 10.1371/journal.pone.0046663

 Sasaki, S. (2011). Autophagy in spinal cord motor neurons in sporadic amyotrophic lateral sclerosis. J. Neuropathol. Exp. Neurol. 70, 349–359. doi: 10.1097/NEN.0b013e3182160690

 Siklos, L., Engelhardt, J., Harati, Y., Smith, R. G., Joo, F., and Appel, S. H. (1996). Ultrastructural evidence for altered calcium in motor nerve terminals in amyotropic lateral sclerosis. Ann. Neurol. 39, 203–216. doi: 10.1002/ana.410390210

 Sorenson, E. J., Windbank, A. J., Mandrekar, J. N., Bamlet, W. R., Appel, S. H., Armon, C., et al. (2008). Subcutaneous IGF-1 is not beneficial in 2-year ALS trial. Neurology 71, 1770–1775. doi: 10.1212/01.wnl.0000335970.78664.36

 Springer, M. Z., and MacLeod, K. F. (2016). In brief: mitophagy: mechanisms and role in human disease. J. Pathol. 240, 253–255. doi: 10.1002/path.4774

 Staats, K. A., Hernandez, S., Schonefeldt, S., Bento-Abreu, A., Dooley, J., Van Damme, P., et al. (2013). Rapamycin increases survival in ALS mice lacking mature lymphocytes. Mol. Neurodegener. 8:31. doi: 10.1186/1750-1326-8-31

 Taetzsch, T., Tenga, M. J., and Valdez, G. (2017). Muscle fibers secrete FGFBP1 to slow degeneration of neuromuscular synapses during aging and progression of ALS. J. Neurosci. 37, 70–82. doi: 10.1523/JNEUROSCI.2992-16.2016

 Tateishi, T., Hokonohara, T., Yamasaki, R., Miura, S., Kikuchi, H., Iwaki, A., et al. (2010). Multiple system degeneration with basophilic inclusions in Japanese ALS patients with FUS mutation. Acta Neuropathol. 119, 355–364. doi: 10.1007/s00401-009-0621-1

 Teyssou, E., Takeda, T., Lebon, V., Boillee, S., Doukoure, B., Bataillon, G., et al. (2013). Mutations in SQSTM1 encoding p62 in amyotrophic lateral sclerosis: genetics and neuropathology. Acta Neuropathol. 125, 511–522. doi: 10.1007/s00401-013-1090-0

 Valdez, G., Tapia, J. C., Kang, H., Clemenson, G. D. Jr., Gage, F. H., Lichtman, J. W., et al. (2010). Attenuation of age-related changes in mouse neuromuscular synapses by caloric restriction and exercise. Proc. Natl. Acad. Sci. U.S.A. 107, 14863–14868. doi: 10.1073/pnas.1002220107

 Wang, I. F., Guo, B. S., Liu, Y. C., Wu, C. C., Yang, C. H., Tsai, K. J., et al. (2012). Autophagy activators rescue and alleviate pathogenesis of a mouse model with proteinopathies of the TAR DNA-binding protein 43. Proc. Natl. Acad. Sci. U.S.A. 109, 15024–15029. doi: 10.1073/pnas.1206362109

 Williams, K. L., Warraich, S. T., Yang, S., Solski, J. A., Fernando, R., Rouleau, G. A., et al. (2012). UBQLN2/ubiquilin 2 mutation and pathology in familial amyotrophic lateral sclerosis. Neurobiol. Aging 33, 2527.e3–2527.e10. doi: 10.1016/j.neurobiolaging.2012.05.008

 Wong, P. C., Pardo, C. A., Borchelt, D. R., Lee, M. K., Copeland, N. G., Jenkins, N. A., et al. (1995). An adverse property of a familial ALS-linked SOD1 mutation causes motor neuron disease characterized by vacuolar degeneration of mitochondria. Neuron 14, 1105–1116. doi: 10.1016/0896-6273(95)90259-7

 Wooley, C. M., Sher, R. B., Kale, A., Frankel, W. N., Cox, G. A., and Seburn, K. L. (2005). Gait analysis detects early changes in transgenic SOD1(G93A) mice. Muscle Nerve 32, 43–50. doi: 10.1002/mus.20228

 Xie, Y., Zhou, B., Lin, M. Y., Wang, S., Foust, K. D., and Sheng, Z. H. (2015). Endolysosomal deficits augment mitochondria pathology in spinal motor neurons of asymptomatic fALS mice. Neuron 87, 355–370. doi: 10.1016/j.neuron.2015.06.026

 Yamaguchi, J., Suzuki, C., Nanao, T., Kakuta, S., Ozawa, K., Tanida, I., et al. (2017). Atg9a deficiency causes axon-specific lesions including neuronal circuit dysgenesis. Autophagy. doi: 10.1080/15548627.2017.1314897. [Epub ahead of print].

 Yang, H., Ni, H. M., Guo, F., Ding, Y., Shi, Y. H., Lahiri, P., et al. (2016). Sequestosome 1/p62 protein is associated with autophagic removal of excess hepatic endoplasmic reticulum in mice. J. Biol. Chem. 291, 18663–18674. doi: 10.1074/jbc.M116.739821

 Yang, Y., Hentati, A., Deng, H. X., Dabbagh, O., Sasaki, T., Hirano, M., et al. (2001). The gene encoding alsin, a protein with three guanine-nucleotide exchange factor domains, is mutated in a form of recessive amyotrophic lateral sclerosis. Nat. Genet. 29, 160–165. doi: 10.1038/ng1001-160

 Youle, R. J., and Narendra, D. P. (2011). Mechanisms of mitophagy. Nat. Rev. Mol. Cell Biol. 12, 9–14. doi: 10.1038/nrm3028

 Zhang, X., Chen, S., Song, L., Tang, Y., Shen, Y., Jia, L., et al. (2014). MTOR-independent, autophagic enhancer trehalose prolongs motor neuron survival and ameliorates the autophagic flux defect in a mouse model of amyotrophic lateral sclerosis. Autophagy 10, 588–602. doi: 10.4161/auto.27710

 Zhang, X., Li, L., Chen, S., Yang, D., Wang, Y., Zhang, X., et al. (2011). Rapamycin treatment augments motor neuron degeneration in SOD1(G93A) mouse model of amyotrophic lateral sclerosis. Autophagy 7, 412–425. doi: 10.4161/auto.7.4.14541

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Rogers, Tungtur, Tanaka, Nadeau, Badawi, Wang, Ni, Ding and Nishimune. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-11-00473-g005.gif
CRAT OAPI__ Bnip3.

4000-

g

£ 2000

z

Bt

WT  SOD16%%





OPS/images/fnins-11-00473-g006.gif





OPS/images/fnins-11-00473-g003.gif





OPS/images/fnins-11-00473-g004.gif





OPS/images/fnins-11-00473-g007.gif





OPS/images/fnins-11-00473-g008.gif
ATPSn  NFeSy






OPS/images/fnins-11-00473-g001.gif
eose Apog a0
wn sawososeudoiny

&
-4

(@bus vousodde 150d/0)






OPS/images/fnins-11-00473-g002.gif





OPS/images/cover.jpg
' frontiers
in Neuroscience

Impaired Mitophagy Plays a Role in
Denervation of Neuromuscular
Junctions in ALS Mice









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Neuroscience





