
 

主 論 文 

 

Mitochondrial Fusion and Fission Proteins Expression Dynamically Change in a Murine 

Model of Amyotrophic Lateral Sclerosis 

(筋萎縮性索側硬化症マウスモデルにおけるミトコンドリア融合と分裂タンパ

ク質の動的変化) 

 

[緒言] 

ALS is a neurodegenerative disorder that progressively causes muscle weakness, atrophy, and eventual death 

by respiratory failure within 2-5 years of diagnosis. Two forms of ALS exist (sporadic and familial), and familial 

forms of ALS (FALS) account for about 10% of all ALS cases. Mutations in the Cu/Zn superoxide dismutase 

(SOD1) gene account for 15-20% of all FALS cases. Transgenic mice in which glycine has been substituted by 

alanine at position 93 (G93A) is widely used as an animal model to study ALS. 

Double membrane-bound mitochondria are essential organelles involved in aerobic adenosine triphosphate 

(ATP) generation, oxidative phosphorylation, calcium homeostasis, reactive oxygen species management, and 

programmed cell death. The shape of these highly dynamic organelles changes continuously through frequent 

fusion and fission. The balance of these changes in mitochondrial morphology between fusion and fission is 

controlled by several high molecular weight dynamin family GTP-binding proteins in mammals. Mitofusin 1 

(Mfn1) and Mitofusin 2 (Mfn2), which are located in the mitochondrial outer membrane, and optic atrophy 1 

(Opa1), which may be found in the mitochondrial inner membrane and cristae, are involved in fusion. On the 

other hand, dynamin-related protein 1(Drp1) and fission 1 (Fis1) are required for mitochondrial fission. 

Containing a quantify the number of mitochondria, spinal MNs constantly produce a quantify the levels of 

ATP to work. Although changes in mitochondrial morphology have been reported in ALS, detailed changes of 

mitochondrial fusion and fission proteins have not been reported in ALS model mice. In the present study, 

therefore, we focused on such mitochondrial fusion/fission proteins during the course of motor neuron (MN) 

degeneration in ALS model mice. 

 

[材料と方法]   

動物実験 

A Tg mouse line with the G93A human SOD1 mutation (G93ASOD1) was obtained from the Jackson 

Laboratory, and maintained as hemizygotes by mating Tg males with C57BL/6J females. The offspring were 

genotyped using a PCR assay with DNA obtained from tail tissue samples. G93ASOD1 Tg mice showed the 

onset of disease at about 13 W of age and died approximately 3-4 W later. Thus, we used 10, 14, and 18-W-old 

G93A male mice and age-matched non-Tg C57BL/6J male littermates (WT) as controls. The 10-W-old Tg mice 

were considered to be at the presymptomatic stage, the 14-W-old mice at the early symptomatic stage, and the 

18-W-old mice at the end stage of the disease. The experimental protocol and procedure was approved by the 

Animal Committee of the Graduate School of Medicine and Dentistry, Okayama University. 

 

免疫染色 

Under deep anesthesia with pentobarbital (40 mg/kg, i.p.), 10, 14, and 18-W-old mice (n=6, each) were 
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perfused through the heart with 20 ml of ice-cold heparinized saline followed by 20 ml of 4% paraformaldehyde   

(PFA) in 0.1 M phosphate buffer (PB, pH 7.4). The lumbar spinal cord spanning L4-5 were removed and 

post-fixed by immersion in 4% PFA solution overnight at 4°C, and sequentially dehydrated by 10%, 15% and 

20% sucrose solution each for 1 day at 4°C, then rapidly frozen in dry ice. Transverse sections 10 m in 

thickness were cut on a cryostat at -20°C and were kept at -80°C until subsequent immunohistochemical analysis. 

The sections were first incubated in 0.3% H2O2/methanol for 10 min to block endogenous peroxidase activity, 

and then were rinsed again in phosphate-buffered saline (PBS). The sections were then blocked with 10% bovine 

serum albumin (BSA, Sigma-Aldrich, St.Louis, USA) in PBS for 1 h at room temperature, and incubated with 

primary antibodies in 2% BSA and 0.3% Triton X-100 in PBS overnight at 4°C. The primary antibodies and 

concentrations used were as follows: Polyclonal anti-rabbit Mfn1 (1:400, Abcam, MA, USA), monoclonal 

anti-mouse Opa1 (1:600, BD Transduction Laboratory, NJ, USA), monoclonal anti-mouse Drp1 (1:600, BD 

Transduction Laboratory), and polyclonal anti-rabbit Fis1 (1:400, BioVision, CA, USA). On the next day, the 

sections were washed three times with PBS and incubated with the respective biotinylated secondary antibody 

for 2 h at room temperature. The biotinylated secondary antibodies used were: anti -mouse biotin-labeled

secondary antibody (1:500, Vector Laboratories, Burlingame, CA, USA), and anti-rabbit biotin-labeled  

secondary antibody (1:500, Vector Laboratories). After being washed in PBS, the slices were incubated with 

avidin-biotin-peroxidase complex (Vectastatin ABC kit, Vector Laboratories) for 30 min at room temperature. 

Diaminobenzidine (DAB) was used as a color substrate. A set of sections was stained in a similar manner 

without the primary antibodies to confirm the specificity of the primary antibody. 

 

ウエスダンブロット 

For Western blot analysis, a different set of 10, 14, and 18-W-old mice (n=6, each) were anesthetized with an 

overdose of pentobarbital (40 mg/kg, i.p.), the spinal cords were then removed, and were divided into anterior 

and dorsal halves through the central canal. The anterior and dorsal lumbar cord samples were sonicated in 

ice-cold lysis buffer (50 mM Tris–HCl, pH 7.2, 10% glycerol, 250 mM NaCl, 0.1% NP-40, 2 mM EDTA and 

protease inhibitors). The homogenate was centrifuged at 10,000 g at 4°C for 10 min, and the supernatant 

fractions were collected as samples. After the protein concentrations of the samples were determined by the 

Lowry assay (Amersham Biosciences, Ultrospec 3100 pro), an amount equivalent to 15 µg of total protein for 

each sample was subjected to 8% polyacrylamide gel electrophoresis, separated by sodium dodecyl sulfate 

(SDS)-polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride membranes (Millipore, 

IPVH00010). The membranes were blocked with 5% skimmed milk Tween PBS (skimmed-milk 5 g, 100 ml 

PBS, pH 7.4, 0.1% Tween-20) to block non-specific binding sites. For phosphorylated Drp1 protein, 5% BSA, 

1x TBS (10 mM Tris-HCl, 100 mM NaCl, pH 7.4), and 0.1% Tween-20 was used to block the membrane. 

Western blot analysis was carried out using standard techniques with a SuperSignal
® 

West Dura Extended 

Duration Substrate kit (Thermo Scientific). In brief, the two substrate components were mixed at a 1:1 ratio to 

prepare the substrate working solution. The membrane was then incubated with SuperSignal
 
West Dura 

Extended Duration Substrate for 5 min. After draining excess reagent and covering the blot with clear plastic 

wrap, the membrane was exposed. The signals were quantified with a luminoimage analyzer (LAS 1000-Mini; 

Fuji Film, Tokyo, Japan), and a quantitative densitometric analysis was performed in Scion Image beta 4.0.3.
 

The primary antibodies in this Western blot analysis were as follows: Polyclonal anti-rabbit Mfn1 (1:400,  

Abcam), monoclonal anti-mouse Opa1 (1:600, BD Transduction Laboratory), monoclonal anti-mouse Drp1 

(1:600, BD Transduction Laboratory), polyclonal antibody anti-rabbit P-Drp1 (Ser637) (Cell Signaling, MA,  
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USA), and polyclonal anti-rabbit Fis1 (1:400, BioVision). 

 

[結果]  

In the present study, mitochondrial fusion proteins (Mfn1 and Opal) and fission proteins (Drp1 and Fis1) did 

not show any change with age in the dorsal half of the lumbar spinal cord. However, in the anterior half, both 

mitochondrial fusion proteins (Mfn1 and Opal) and fission proteins (Drp1 and Fis1) showed a significant 

increase in Tg mice already at presymptomatic 10 W compared with WT mice both through 

immunohistochemical as well as Western blot analyses. Furthermore, fusion protein levels of Mfn1 and Opa1 

showed a progressive decrease from 10 to 18 W in Tg mice while fission protein levels of P-Drp1 and Fis1 

retained a high level of expression in Tg mice from 10 to 18 W. 

 

[考察]  

As a key cell organelle, mitochondria are involved in many nerve cell metabolic activities such as energy 

production, Ca
2+

 regulation, maintenance of the plasma membrane, axonal and dendritic transport, and 

release and reuptake of neurotransmitters at synapses. In order to respond to environment changes inside 

and around the cell, mitochondria alter their morphology through continuous fusion and fission. Some 

articles have reported increases in mitochondrial fusion protein to protect cells from apoptosis, and our 

previous study also found an elevated level of mitochondrial fusion protein in nerve cells after cerebral 

ischemia. In terms of ALS, a change in mitochondrial morphology was reported in a mutant mouse model, 

SOD1. Our present study showed increases in mitochondrial fusion proteins (Mfn1 and Opa1) in Tg mice 

at presymptomatic 10 W, which then showed a progressive decrease until the end stage, 18 W, suggesting 

an initial protective response in MNs through mitochondrial fusion and a progressive loss of such a 

protective fusion activity. 

Both Drp1 and Fis1 have been shown to be involved in mitochondria fission. Phosphorylation of Drp1 

(P-Drp1) at Ser637 by Ca
2+

/camodulin-dependent protein kinase 1 (CaMK1 ) is essential to promote 

cytoplasmic Drp1 for translocation to the mitochondrial outer membrane for the subsequent fission process 

to collaborate with Fis1. In response to an apoptotic stimulus, cells undergo mitochondrial fission to 

generate fragmented mitochondria for mitophagy. In the G93A-SOD1 ALS model mice, mitochondrial 

fragmentation was observed from the presymptomatic stage. In the present study, we found with the same 

mice model that P-Drp1 and Fis1 increased in Tg mice from 10 W and retained this increase throughout the 

course of the disease, suggesting continuous mitochondrial fission activity for apoptosis or mitophagy. This 

data may be consistent with our previous studies which showed an increase in autophagy in MNs of 

G93A-SOD1 ALS model mice 

 

[結論]  

Mitochondrial perturbations have long been pointed out as participating in the mechanisms of 

neurodegeneration in ALS patients. A good balance of mitochondrial fusion and fission is essential for 

maintaining cell functions both under normal and pathological conditions. In the present study, increased 

expression of mitochondrial fusion and fission protein was found in 10 W Tg mice, suggesting that abnormal 

mitochondrial morphological changes began before the onset of the disease. The reduction in mitochondrial 

fusion proteins (Mfn1 and Opa1) and the continuous elevation of mitochondrial fission proteins (P-Drp1 and 

Fis1) after the onset suggest that a balance in mitochondrial morphology is altered toward fissions in MNs in this  

ALS model. We recently found that overexpression of mitochondrial transcription factor A (TFAM) showed the  
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potential to reduce oxidative stress in MNs and delay the onset of the disease in ALS model mice. Thus, therapy 

that preserves mitochondria may be a hopeful way to cure ALS in the future. 
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