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ABSTRACT 
 
 

Amyotrophic lateral sclerosis (ALS) is an adult-onset fatal neurodegenerative disease characterized 

by muscle wasting, weakness and spasticity, due to a progressive degeneration of cortical, brainstem 

and spinal motor neurons, whose causes are still largely obscure, although astrocytes surely play a 

role in neuronal damage. Several mechanisms have been proposed to concur to ALS 

neurodegeneration, including mitochondrial dysfunction. We have previously shown profound 

modification of glutamate release and presynaptic plasticity in the spinal cord of mice expressing 

mutant SOD1G93A, a model of ALS. In this work, for the first time, we characterized the aerobic 

metabolism in two specific compartments actively involved in neurotransmission, i.e. the pre-

synaptic district, using purified synaptosomes, and the perisynaptic astrocyte processes, using 

purified gliosomes, in SOD1G93A mice at different stages of the disease.   

ATP/AMP ratio appeared lower than controls in synaptosomes isolated from spinal cord, but not from 

other brain areas of SOD1G93A mice. Such energy impairment was linked to altered oxidative 

phosphorylation (OxPhos) and increment of lipid peroxidation. These metabolic dysfunctions were 

present during disease progression, starting at the very pre-symptomatic stages and did not depend 

on a different number of mitochondria or a different expression of OxPhos proteins in SOD1G93A mice 

synaptosomes. Conversely, gliosomes showed altered ATP/AMP ratio, only at the late stages of the 

disease, and increment of oxidative stress, although it did not display a significant decrement in the 

OxPhos activity. Data suggest that the presynaptic neuronal moiety plays a pivotal role in the energy 

metabolism dysfunction. Changes in the perisynaptic compartment seem subordinated to the neuronal 

damage. 

 
 
Keywords: 

amyotrophic lateral sclerosis; SOD1G93A mouse; oxidative phosphorylation; synaptosomes; 

gliosomes. 
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INTRODUCTION 

 

Amyotrophic lateral sclerosis (ALS) is an adult-onset fatal neurodegenerative disease 

characterized by a progressive degeneration of cortical, brainstem and spinal motor neurons (MNs) 

leading to muscle wasting, weakness and spasticity [1, 2]. In the ALS patients, death essentially 

occurs because of respiratory failure, usually within three to five years after diagnosis [3, 4]. To date, 

no cure is available for ALS and the only FDA approved drugs are riluzole, that increases survival in 

patients of a few months with no evidence for amelioration of the quality of life [5], and edaravone, 

that was only very recently approved by the FDA and demonstrated to be active only with people 

who suffer from early-stage ALS [6]. 

ALS occurs in two different forms: sporadic (sALS) and familial (fALS), the latter accounting 

for 5-10% of the whole ALS population, and at least fifteen genes involved in different cellular 

pathways have been related to ALS [7]. About 25% of the total fALS cases are due to mutations in 

the gene encoding Cu/Zn superoxide dismutase type 1 (SOD1). More than 100 distinct SOD1 

mutations have been identified [8], the most abundant of which is the substitution of glycine in 

position 93 with alanine (G93A).Accordingly, the SOD1G93A mutation-expressing mouse represents 

at present the most popular animal model to study human ALS [9]. 

Different cellular and molecular mechanisms have been proposed to concur to motor neuron 

death in ALS, including glutamate induced excitotoxicity, endoplasmic reticulum stress, proteasome 

inhibition, secretion of detrimental factors by non-neuronal cells, oxidative stress, axonal 

disorganization, neuromuscular junction abnormalities, aberrant RNA processing, and mitochondria-

mediated damage [10–18]. 

As to the last item, several authors reported alterations of energy metabolism in ALS animal 

models, as well as in ALS patients [19, 20]. Electron transport chain (ETC) defects were observed 

[21–27], determining an impairment of mitochondrial energy metabolism, also before the clinical 

onset of the pathology [20]. Furthermore, mitochondria show altered morphology  in skeletal muscle, 



4 
 

liver, spinal cord and motor cortex neurons [28–30] as well as a defect in Ca2+ buffering [21, 23]. 

Modifications of the metabolic equilibrium has been also demonstrated in NSC34 cells expressing 

the SOD1G37R or the SOD1G93Amutation [29, 31]. All the above findings support the assumption that 

alteration of energy metabolism could play a pivotal role in ALS onset and progression, but, at 

present, the synergic contribution of neurons and glia has not been fully characterized.  

Strong evidence from literature highlights the role of astrocytes, microglia and 

oligodendrocytes in ALS, supporting the idea that this is a non-cell autonomous disease [32, 33]. In 

particular, astrocytes, surrounding the pre- and postsynaptic elements, are considered a key 

component of the synapse domain, playing an essential role in regulating the synaptic function, 

strength and plasticity [34–36]. Interestingly, the interaction between astrocytes and the neighbouring 

motor neurons, in terms of trophic support and metabolic activity,  may be altered in ALS [37, 38]. 

In this scenario, it has been demonstrated that SOD1G93A mouse-derived astrocytes can induce defects 

in mitochondria of motor neurons and reduce neuronal survival [38–40].  

We previously reported that glutamate release elicited from nerve terminals by exocytotic and 

non-exocytotic mechanisms is abnormal in SOD1G93Amouse spinal cord [41–44]. This excessive 

release of glutamate occurs as early as in 30 days-old mice [42, 45] and is supported by profound 

modifications of the presynaptic release machinery [44–46]. Interestingly, the abnormal glutamate 

release was observed also in SOD1G93A mouse spinal cord astrocyte preparations and it was very 

precocious during the disease development [47]. 

Along this view, we have focused our attention on the mitochondrial metabolism of the pre-

synapse and of the astroglial districts deputed to the neuro- and glio-transmission; i.e. those astrocytic 

regions surrounding the synapse itself (perisynaptic astrocyte processes; PAP). In particular, we have 

exploited the characteristics of synaptosomes, as an in-vitro model of presynaptic axon terminals [48, 

49] and of gliosomes, as an in-vitro model of PAP, that has been fully characterized by our research 

group [50–52]. The data obtained show that bioenergetics is impaired in spinal cord axon terminals 

of SOD1G93A mice, already before the clinical onset of the pathology, while PAP of SOD1G93A mice 
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display a little decrement of the ATP/AMP ratio at the late phase of the disease, only. These results 

support the idea that these two districts may differently contribute to the synaptic damage in ALS.  

 

 

MATERIALS AND METHODS 

 

Reagents 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA), unless otherwise 

indicated. Ultrapure water (Milli-Q; Millipore, Billerica, MA, USA) was used throughout. All other 

reagents were of analytical grade. 

 

Animals 

B6SJL-TgN SOD1/G93A(+)1Gur mice expressing high copy number of mutant human SOD1 

with a Gly93Ala substitution [SOD1G93A] and B6SJL-TgN (SOD1)2Gur mice expressing wild-type 

human SOD1 (wtSOD1)[53] were originally obtained from Jackson Laboratories (Bar Harbor, ME) 

and bred at the animal facility of the Pharmacology and Toxicology Unit, Department of Pharmacy 

in Genoa. Transgenic animals have been crossed with background-matched B6SJL wild type female 

and selective breeding maintained each transgene in the hemizygous state. All transgenic mice were 

identified analyzing tissue extracts from tail tips as previously described[54]. Tissue was 

homogenized in phosphate-buffer saline, freeze/thawed twice and centrifuged at 23,000 x g for 15 

min at 4° C and the human SOD1 was evaluated by staining for its enzymatic activity after 10% non-

denaturing polyacrylamide gel electrophoresis. Animals were housed at constant temperature (22 ± 

1°C) and relative humidity (50%) with a regular 12 h-12 h light cycle (light 7 AM-7 PM), throughout 

the experiments. Food (type 4RF21 standard diet obtained from Mucedola, Settimo Milanese, Milan, 

Italy) and water were freely available. Sexes were balanced in each experimental group to avoid bias 

due to sex-related intrinsic differences. For experimental use, animals were sacrificed at different 
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stages of disease, according to their age. Experiments were carried out in accordance with the 

guidelines established by the European Communities Council (EU Directive 114 2010/63/EU for 

animal experiments published on September 22nd, 2010) and with the Italian D.L. n. 26/2014, and 

were approved by the local Ethical Committee and by the Italian Ministry of Health (Project 

Authorization No. 31754-3-2013 and project No. 75f11.2, Authorization No.97/2017-PR). All efforts 

were made to minimize animal suffering and to use only the number of animals necessary to produce 

reliable results. All the performed experiments using animals comply with the ARRIVE guidelines. 

A total number of 27wtSOD1 and 30 SOD1G93A, mice were utilized in this study.  

 

Purification of synaptosomes and gliosomes 

wtSOD1and SOD1G93Amice (30, 60, 90, and 120 days old) were euthanized and the different 

central nervous system tissues (motor cortex, hippocampus, cerebellum and spinal cord) rapidly 

removed. Synaptosomes and gliosomes were prepared essentially as previously described [51]. The 

tissue was homogenized in 0.32 M sucrose, buffered at pH 7.4 with Tris-HCl, using a glass-teflon 

tissue grinder (clearance 0.25 mm - Potter-Elvehjem VWR International). The homogenate was 

centrifuged (5 min, 1,000 x g) to remove nuclei and debris. The supernatant was harvested and 

centrifuged at 12,000  x g for 10 min and the pellet was resuspended in Tris-buffered0.32 M sucrose 

and gently layered on a discontinuous Percoll® (Sigma-Aldrich, St Louis, Missouri, USA) gradient 

(2, 6, 10 and 20% v/v in Tris-buffered 0.32 M sucrose). After centrifugation at 33,500 x g for 5 min, 

the layer between 2 and 6% (gliosomal fraction) and between 10 and 20% (synaptosomal fraction) 

Percoll® were collected and washed by centrifugation at 20,000xg for 15 min with phosphate buffer 

saline (PBS). Gliosomal and synaptosomal pellets were resuspended in PBS in the presence of 20mM 

glucose for bioenergetics determinations or in lysis buffer for western blotting. All the above 

procedures were conducted at 4°C. Protein content was measured according to Bradford [55], using 

bovine serum albumin (Sigma-Aldrich, St Louis, Missouri, USA) as a standard.  
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Assay of intracellular ATP and AMP levels   

Quantification of ATP and AMP was based on the enzyme coupling method. 20 µg of total 

protein of mouse synaptosomes or gliosomes from 30, 60, 90, and 120 days-old wtSOD1 and 

SOD1G93A mice were used. Briefly, ATP was assayed spectrophotometrically at 340 nm, following 

NADP reduction. Medium contained 50 mM Tris-HCl pH 8.0, 1 mM NADP, 10 mM MgCl2, and 5 

mM glucose in 1 ml final volume. Samples were analysed before and after the addition of 4 µg of 

purified hexokinase plus glucose-6-phosphate dehydrogenase. AMP was assayed 

spectrophotometrically at 340 nm, following NADH oxidation. Medium contained 100 mM Tris-HCl 

pH 8.0, 75 mM KCl, 5 mM MgCl2, 0.2 mM ATP, 0.5 mM phosphoenolpyruvate, 0.2 mM NADH, 10 

IU adenylate kinase, 25 IU pyruvate kinase, and 15 IU of lactate dehydrogenase [56].  

 

Oxymetric analysis  

Oxygen consumption was measured with an amperometric oxygen electrode in a closed 

chamber, magnetically stirred at 37 °C. For each assay, 50 µg of total protein of mouse spinal cord 

synaptosomes and gliosomes from 30, 60, 90, and 120 days old wtSOD1 and SOD1G93Amice were 

used. After permeabilization with 0.03 mg/ml digitonin for 10 minutes, sampleswere suspended in a 

medium containing 137 mM NaCl, 5 mM KH2PO4, 5 mM KCl, 0.5 mM EDTA, 3 mM MgCl2 and 25 

mM Tris–HCl, pH 7.4. To activate the pathway composed by Complexes I, III and IV, 5 mM pyruvate 

+ 2.5 mM malate were added. To activate the pathway composed by Complexes II, III and IV, 20 

mM succinate was used [57]. 

 

Respiratory complexes activity assay 

The activity of the redox complexes I, II, III and IV was measured on 50 µg of mouse spinal 

cord synaptosomes and gliosomes from 30, 60, 90, and 120 days old wtSOD1 and SOD1G93Amice. 
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Complex I (NADH-ubiquinone oxidoreductase) was assayed following the reduction of ferricyanide 

at 420 nm; the reaction mixture was composed by: 10 mM phosphate buffer pH 7.2, 30 mM NADH, 

40 mM ferricyanide, 40 µM antimycin A.  

Complex II (Succinic dehydrogenase) activity was measured at 600 nm, in 2 mM EDTA, 0.2 mM 

ATP, 20 mM succinate, 0.5 mM cyanide, 80 µM dicloroindophenol (DCIP), 50 µM decylubiquinone, 

40 µM antimycin A, 10 µM rotenone and 10 mM phosphate buffer, pH 7.2. Complex III (Cytochrome 

c reductase) activity was measured at 550 nm followed the reduction of oxidized Cytochrome c. The 

reaction mixture containing: 10 mM phosphate buffer pH 7.2, 0.03% oxidized cytochrome C and 0.5 

mM KCN. Complex IV (Cytochrome c oxidase) was assayed following the oxidation of ascorbate-

reduced Cytochrome c at 550 nm, in a solution containing 10 mM phosphate buffer pH 7.2, 0.03/ 

reduced cytochrome C and 40 µM antimycin A 

 

Evaluation F1Fo-ATP synthase activity 

F1Fo-ATP synthase activity was detected by measuring ATP production by the highly sensitive 

luciferin/luciferase method. Assays was conducted at 37°C, over 2 min, by measuring ATP produced 

from di-adenosine-5'penta-phosphate (ADP). 50 µg of total protein of mouse spinal cord 

synaptosomes and gliosomes from 30, 60, 90, and 120 days-old wtSOD1and SOD1G93Amice were 

added to the incubation medium (0.1 ml final volume), which contained 10 mM Tris-HCl pH 7.4, 50 

mM KCl, 1 mM EGTA, 2 mM EDTA, 5 mM KH2PO4, 2 mM MgCl2, 0.6 mM ouabain, 0.040 mg/ml 

ampicillin, 0.2 mM ADP and the metabolic substrates (5 mM pyruvate + 2.5 mM malate or 20 mM 

succinate). Cells were equilibrated for 10 min at 37°C, then ATP synthesis was induced by addition 

of 0.2 mM ADP. ATP synthesis was measured using the luciferin/luciferase ATP bioluminescence 

assay kit CLSII (Roche, Basel, Switzerland), on a Luminometer (GloMax® 20/20 Luminometer – 

Promega, Wisconsin, USA). ATP standard solutions (Roche, Basel, Switzerland) in the concentration 

range 10-10 - 10-7 M were used for calibration [58]. 
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Malondialdehyde assay  

To assess the extent of lipid peroxidation, the levels of malondialdehyde (MDA) were evaluated 

using the thiobarbituric acid reactive substances (TBARS). The TBARS solution contained: 15% 

trichloroacetic acid in 0.25 N HCl and 26 mM 2-Thiobarbituric acid. To evaluate the basal 

concentration of MDA, 600 µl of TBARS solution were added to 50 µg of total protein of mouse 

spinal cord synaptosomes and gliosomes from 30, 60, 90, and 120 days old wtSOD1 and SOD1G93A 

mice dissolved in 300 µl of water. Synaptosomes and gliosomes were incubated for 40 min at 100°C, 

then centrifuged at 20,000 x g for 2 min and the supernatant analysed spectrophotometrically at 532 

nm [59]. 

 

Western Blotting 

 Mouse spinal cord synaptosomes and gliosomes from 30, 60, 90, and 120 days-old wtSOD1 

and mice SOD1G93Amice were lysed and used for Western blot analyses. Protein extracts (20 µg) were 

loaded onto 8-20% gradient polyacrylamide gel (BioRad, Hercules, California, USA), separated by 

SDS-PAGE, and transferred to nitrocellulose membranes. Non-specific membrane binding sites were 

saturated in 5% skimmed-milk solution and membranes were incubated over-night at 4 °C with the 

following primary antibodies: rabbit anti-ATP5B 1:500 (a subunit of F1 moiety of ATP synthase, 

Sigma Aldrich, Saint Louis, Missouri, USA), antiMT-CO2 (a subunit of respiratory complex IV, 

Abcam, Cambridge, UK), anti-mitochondrial import inner membrane translocase, subunit8A (TIM, 

Santa Cruz Biotechnology, California, USA) and mouse anti-Gapdh 1:5000 (Sigma Aldrich, Saint 

Louis, Missouri, USA). After washing, membranes were incubated for 60 min at room temperature 

with the following peroxidase-coupled secondary antibodies: goat anti-rabbit 1:2000 (Sigma Aldrich, 

Saint Luis, Missouri, USA). Bands were detected and analyzed for optical density using an enhanced 

chemiluminescence substrate (ECL, LiteAblot PLUS, Euroclone, Milan, Italy) and a 

https://www.google.it/search?espv=2&biw=1366&bih=574&site=webhp&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&sqi=2&ved=0ahUKEwj_9aiJ04XRAhXBWxQKHbEAA_EQmxMIfygBMBE
https://www.google.it/search?espv=2&biw=1366&bih=574&site=webhp&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&sqi=2&ved=0ahUKEwj_9aiJ04XRAhXBWxQKHbEAA_EQmxMIfygBMBE
https://www.google.it/search?espv=2&biw=1366&bih=574&site=webhp&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&sqi=2&ved=0ahUKEwj_9aiJ04XRAhXBWxQKHbEAA_EQmxMIfygBMBE
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chemiluminescence system (Alliance 6.7 WL 20M, UVITEC, Cambridge, UK), and UV1D software 

(UVITEC). Bands of interest were normalized for Gapdh level in the same membrane. 

 

Electron microscopy 

 For ultrastructural analysis, synaptosomes were fixed in 2.5% glutaraldehyde in cacodylate 

buffer 0.1 M, pH 7.2, postfixed in 1% osmium tetroxide in cacodylate buffer 0.1 M, pH 7.2, en bloc 

stained with a 1% aqueous solution of uranyl acetate, dehydrated through a graded ethanol series. 

Samples were then embedded in LX112 (Polysciences Inc., Warrington, PA, USA), polymerized for 

12 h at 42 °C, followed by 48 h at 60 °C. Gray–silver ultrathin sections, obtained using a Leica 

Ultracut E microtome, were stained with uranyl acetate and lead citrate, and analyzed with a FEI 

CM10 electron microscopy. To quantify the number of mitochondria, 12 electron micrographs were 

obtained at 8,900× from ultrathin sections of each sample [43]. Seventy synaptosomes and contained 

mitochondria were examined for each sample. To evaluate the ratio of mitochondria surface and total 

synaptosomes surface, Image J software (U. S. National Institutes of Health, Bethesda, Maryland) 

has been employed.  

 

Statistics 

Data are expressed as mean ± s.e.m. and p value < 0.05 was considered significant. Statistical 

comparison of two means were performed by unpaired two-tailed Student’s t-test while multiple 

comparisons were performed using the analysis of variance (two-way ANOVA) followed by 

Bonferroni post hoc test. Analyses were performed by means of SigmaStat (Systat Software, Inc., 

San Jose, CA, USA) software. 

 

 
RESULTS 
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ATP/AMP ratio in synaptosomes and gliosomes from SOD1G93A mouse spinal cord, motor cortex, 

hippocampus and cerebellum. 

Figure 1 shows the ATP/AMP ratio, a marker of the chemical energy status, in synaptosomes 

and gliosomes (Panels A and B, respectively) isolated from spinal cord of SOD1G93A and wtSOD1 

control mice. Synaptosomes from spinal cord of SOD1G93Amice displayed a significant reduction in 

ATP/AMP ratio in comparison to wtSOD1 control mice (p<0.001, F(3,1,3,16)=0.777 at 30, 60, 90 and 

120 days of age). By contrast, such reduction was less evident in gliosomes, being significantly 

detectable in SOD1G93Amice only at day 90 (p<0.05, F(3,1,3,16)=2.039) and 120 (p<0.05, 

F(3,1,3,16)=2.039). Of note, the ATP/AMP ratio was unmodified in synaptosomes isolated from the 

motor cortex, hippocampus and cerebellum of 90 days old SOD1G93A mice, with respect to control 

mice (Fig. 1C); the same was true also in gliosomes purified from the above brain regions (Fig. 1D). 

Thus, the chemical energy supply appears strongly and precociously reduced in the nerve 

terminal and, less so, in the perisynaptic astrocyte compartment. Moreover, the energy impairment of 

the presynaptic district is apparently restricted to spinal cord, suggesting that the alterations of 

mitochondrial metabolism observed in the brain of SOD1G93Amice [21, 60] may be ascribed to other 

parts of neurons. 

 

Oxygen consumption and activity of the respiratory complexes in synaptosomes and gliosomes from 

SOD1G93A mouse spinal cord. 

Since mitochondria are the principal source of ATP, through the OxPhos metabolism, the 

oxygen consumption was evaluated in synaptosomes and gliosomes from the spinal cord of SOD1G93A 

and wtSOD1 mice at 30, 60, 90 and 120 days of life.  

Oxygen consumption induced with pyruvate+malate was significantly reduced in SOD1G93A 

synaptosomes at any time point analysed (p<0.001, F(3,1,3,16)=8.859 at 30, 60, 90 and 120 days) 

(Fig.2A). Actually, a significant reduction of the pyruvate+malate-induced oxygen consumption 

could be observed also in wtSOD1 mice at day 120 when compared to day 30 (p<0.001, F(3, 1, 3, 
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16)=8.859). The same significant reduction of oxygen consumption was detected in SOD1G93A mouse 

synaptosomes in the presence of succinate (p<0.001, F(3,1,3,16)=2.93 at 30, 60, 90 and 120 days) (Fig. 

2C), but not in gliosomes (Fig. 2D). The succinate induced oxygen consumption was diminished also 

in wtSOD1 mice at day 90 and 120 (p<0.01 F(3,1,3,16)=2.93vs. day 30) (Fig 2C). Conversely, no changes 

were detected in gliosomes in the presence of pyruvate+malate (Fig 2B) or of succinate (Fig. 2D).  

To evaluate whether the alterations of OxPhos depend on a specific respiratory complex or on 

the entire ETC, the activities of the four respiratory complexes were analysed in 30, 60, 90, and 120 

days-old SOD1G93A and wtSOD1 mice.  

Figure 3A shows that the activity of Complex I was compromised in SOD1G93A mice at all 

stages of the pathology (p<0.001, F(3,1,3,16)=13.049 at 30, 60, 90 and 120 days). Similar reduction 

patterns were displayed also by Complex II (p<0.001, F(3,1,3,16)=10.802 at 30, 60 and 90 days; p<0.05, 

F(3,1,3,16)=10.802 at 120 days) (Fig. 3C), Complex III (p<0.001, F(3,1,3,16)=18.16 at 30, 60, 90 and 120 

days) (Fig. 3E) and Complex IV p<0.001, F(3,1,3,16)=17.214 at 30, 60, 90 and 120 days) (Fig. 3G) in 

synaptosomes from SOD1G93A respect to wtSOD1 mice. Reduction of the respiratory complex 

activities were observed in wtSOD1 mice at day 120 vs. day 30 as to Complex I (p<0.001 

F(3,1,3,16)=13.049) and Complex II (p<0.001, F(3,1,3,16)=10.802) (Fig. 3A and Fig. 3C) and at day 90 

and 120 vs. day 30 as to Complex III (p<0.001, F(3,1,3,16)=18.16 at 90 and 120 days) (Fig. 3 E) and 

Complex IV (p<0.001, F(3,1,3,16)=17.214 at 90 and 120 days) (Fig. 3G). Conversely, no differences 

could be observed in gliosomes from SOD1G93A and wtSOD1 mice in the case of Complex I (Fig. 3B), 

Complex II (Fig. 3D), Complex III (Fig. 3F) and Complex IV (Fig. 3H). 

Thus, as for ATP/AMP ratio, the oxygen consumption and the activity of the four respiratory 

Complexes are impaired in SOD1G93A spinal cord synaptosomes but not in gliosomes. 

 

F1Fo-ATP synthase activity in synaptosomes and gliosomes from SOD1G93A mouse spinal cord. 

 Oxygen consumption is associated to the proton gradient formation, necessary to synthetize 

ATP trough F1Fo-ATP synthase [61]. Therefore, to evaluate if the impairment of ETC activity, 
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observed in SOD1G93A mouse synaptosomes, causes a decrement in the ATP production, we measured 

the synthesis of ATP induced by pyruvate+malate or by succinate, as an index of the F1Fo-ATP 

synthase activity.  

ATP synthesis was significantly reduced in spinal cord SOD1G93A mouse synaptosomes, both 

in the presence of pyruvate+malate (p<0.001, F(3,1,3,16)=2.222 at 30 and 60 days; p<0.01, 

F(3,1,3,16)=2.222 at 90 and 120) (Fig. 4A) or succinate (p<0.001, F(3,1,3,16)=5.989 at 30, 60, 90 and 120 

days) (Fig. 4C).  As shown above for oxygen consumption, also ATP synthesis induced by 

pyruvate+malate in wtSOD1 mice was diminished at day 120 (p<0.001, F(3,1,3,16)=5.989 vs. day 30) 

(Fig 4A) and that induced by succinate at day 90 and 120 (p<0.001, F(3,1,3,16)=5.989vs. day 30) vs. day 

30 (Fig 4C). Once again, SOD1G93A mouse gliosomes did not show changes, when ATP synthesis was 

induced by pyruvate+malate (Fig. 4B) or by succinate (Fig. 4D).  

Thus, F1Fo-ATP synthase activity is reduced in of SOD1G93A spinal cord synaptosomes but not 

in gliosomes, supporting the data shown in the previous experiments, although ATP synthase 

expression barely couples with the ATP supply reduction. 

 

Mitochondrial presence and TIM, MT-CO2 and β subunit of ATP synthase expression in 

synaptosomes from SOD1G93A mouse spinal cord. 

ALS animal models show altered mitochondrial localization in synapses and Ranvier nodes 

due to defects in the axonal transport [62, 63]. In order to determine whether the decrement of OxPhos 

activity in synaptosomes of SOD1G93A mice could be caused by a reduced presence of mitochondria 

at the terminal level, we analysed the number and the area occupied by mitochondria in spinal cord 

synaptosomes from SOD1G93A and wtSOD1 mice at 120 days of life. Data show that both the number 

of mitochondria (Fig. 5B) and the mitochondrial area (Fig. 5C) did not differ significantly in 

SOD1G93A and wtSOD1 mice. The same results have been obtained measuring the expression of TIM, 

a typical inner mitochondrial membrane protein not involved in the aerobic metabolism [64]: TIM 
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expression was similar in SOD1G93A mice synaptosomes with respect to control samples (Figure 5D 

and 5E). 

It should be noted, however, that the most part (around 60%) of mitochondria in synaptosomes 

purified from SOD1G93A mice appeared swollen, with cristae less defined, in comparison with those 

observed in control synaptosomes (Fig. 5A for representative images).  

Therefore, to evaluate if the altered OxPhos observed in synaptosomes from SOD1G93A mice 

may depend by a lower content of the proteins involved in the aerobic metabolism, the expression of 

MT-CO2 (Figure 5D and 5F), a subunit of complex IV [65], and β subunit of ATP synthase (Figure 

5D and 5G) has been analysed. No differences were observed in the expression of the two proteins in 

SOD1G93A mouse synaptosomes when compared to wtSOD1 control mice. 

Thus, these data support the idea that the reduced aerobic metabolism in synaptosomes of 

SOD1G93A mice does not derive from a reduced number of mitochondria or from altered expression 

of OxPhos proteins, but could depend by an alteration of mitochondrial morphology. 

 

Lipid peroxidation in synaptosomes and gliosomes from SOD1G93A mouse spinal cord. 

Finally, considering that dysfunctions of mitochondrial aerobic metabolism are associated 

with massive oxidative stress production [66], we evaluated the MDA levels as a marker of lipid 

peroxidation in synaptosomes and gliosomes isolated from spinal cord of 30, 60, 90, and 120 days-

old SOD1G93A and wtSOD1 mice.  

MDA content was higher than in controls in both SOD1G93A mouse synaptosomes (p<0.01, 

F(3,1,3,16)=0.259 at 30, 90 and 120 days; p<0.001, F(3,1,3,16)=0.259 at 60 days) (Fig. 6A) and gliosomes 

(p<0.01, F(3,1,3,16)=1.509 at 30, 60 and 90 days: p<0.001, F(3,1,3,16)=1.509 at 120 days) (Fig. 6B). MDA 

concentration increased with animal age also in synaptosomes from wtSOD1 mice, being significant 

at day 120 (p<0.01, F(3,1,3,16)=0.259 vs. day 30). The same tendency was observed in gliosomes, even 

though the increase was quantitatively lower compared to the neuronal counterpart. 
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Thus, the high MDA content in synaptosomes from SOD1G93A mice suggests that the 

dysfunction of aerobic metabolism is associated with an increment in lipid peroxidation, a sign of 

enhanced ROS production. Also gliosomes from SOD1G93A mice show an increment of MDA level, 

although this event does not seem linked to the alteration of OxPhos function.  

 
 
DISCUSSION 

 

In the present work, for the first time, we characterised the alteration of mitochondrial energy 

metabolism in synaptic nerve terminals and perisynaptic astroglial processes isolated from the spinal 

cord of SOD1G93A mice, at different stages of the disease. We focused our attention on those districts 

because, in face of the already reported ALS-associated energy impairment [15, 29, 67], less is known 

about the distinct contribution of neurons and glia, in particular at the synaptic level. Data show 

specific presynaptic energy metabolism dysfunctions, due to OxPhos impairment and oxidative stress 

production.  

To study the pre- and perisynaptic energy metabolism we exploited the characteristics of two 

acutely-purified ex-vivo preparations, i.e. synaptosomes and gliosomes. Synaptosomes, that are the 

site of neurotransmitter release, are pinched-off nerve terminals acutely prepared here from the spinal 

cord and other brain regions of differently aged wtSOD1 and SOD1G93A mice. It has been widely 

demonstrated that isolated synaptosomes retain most of the characteristics of the nerve terminals in-

vivo. They express functional ionic channels to provide the correct neuronal membrane potential, 

which undergoes depolarization upon chemical stimulation, possess the machinery to synthetize and 

release neurotransmitters, store functional mitochondria, express release-regulating receptors and 

transporters to sense or recapture the released neurotransmitters, respectively [48, 49, 68]. It is also 

well known that astrocytes play a pivotal role in affecting motor neuron wellness and viability in ALS 

[32, 69]. To investigate this important issue, we took advantage of gliosomes, a subcellular 

preparation of astrocytic origin, purified during synaptosome isolation [51]. We and others have 
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demonstrated that the gliosomal preparation expresses astrocytic but not neuronal, microglial or 

oligodendroglial markers [51, 52]. In addition, gliosomes possess a large amount of the biochemical 

and functional characteristics of astrocytes in-situ: they contain proteins and vesicles for exocytosis, 

operate gliotrasmitter uptake and release [50, 51, 70] and, likely, represent the astrocytic regions 

surrounding the synapses, since a recent proteomic study revealed that they are enriched in proteins 

distinctive of the PAP [52]. Therefore, purified synaptosomes and gliosomes represent a unique tool 

to investigate the bioenergetic signature of the presynaptic and perisynaptic compartments of the 

tripartite synapse and to reveal changes across the ALS disease course. 

Data reported herein show that the energetic metabolism was impaired in SOD1G93A-derived 

spinal cord synaptosomes, but not in SOD1G93A mouse cortex, hippocampus or cerebellum 

synaptosomes, suggesting that this presynaptic phenomenon specifically occurs in the spinal cord. 

Interestingly, the deficit of OxPhos activity in spinal cord synaptosomes was already evident at the 

very early stage of the disease (30 days-old SOD1G93A mice), well before the onset of clinical 

symptoms, and span along the whole animal life, supporting the view that it may represent a cause of 

the presynaptic pathological changes rather than a consequence of the disease progression. Even 

though the intracellular ATP concentration depends on different biochemical pathways, the principal 

source of ATP is the aerobic metabolism, occurring in mitochondria; thus, to shed light on the 

energetic impairment of the neuronal presynaptic district, we evaluated the mitochondrial function in 

synaptosomes isolated from SOD1G93A mice. We observed a decrement of oxygen consumption, both 

in the presence of pyruvate+malate or succinate, already in the 30 days-old mice, suggesting that the 

entire ETC was not performing appropriately. This assumption was confirmed by assays of the 

activities of the four respiratory complexes, which appeared to be impaired in a very similar way at 

any age during disease progression. These metabolic alterations did not depend on different 

expression of the OxPhos proteins, as shown by the WB analyses assessing the expression of the β 

subunit of F1Fo-ATP synthase [61] and MT-CO2 [65]. Moreover, also the synaptosomal 

mitochondrial content was similar in SOD1G93A synaptosomes with respect to the control samples, as 
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suggested by the expression levels of TIM, a typical mitochondrial inner membrane protein not 

involved in the aerobic metabolism [64] and by the stereological analyses.  

It is well known that OxPhos activity is related to the integrity of the mitochondrial membrane 

[71, 72]; any alteration of this lipid-based structure, as occurs in the case of high lipid peroxidation, 

may impair ATP synthesis. This occurrence can increment, in turn, the oxidative stress production 

[66, 73, 74], being the ETC a major ROS producer [75, 76]. Along this line, we observed that the 

morphology of mitochondria of SOD1G93A mouse synaptosomes appeared altered with respect to the 

control and that the MDA content was increased in SOD1G93A mouse synaptosomes compared to 

wtSOD1mice.  

Summarizing, in our experiments, the altered ETC activity has two consequences on cellular 

metabolism of SOD1G93A mice: first, it determines a reduction of F1Fo-ATP synthase activity, thus 

reducing the ATP production and favouring a decrease of the ATP/AMP ratio; second, it increases 

oxidative stress. These events determine a vicious circle, which increments the OxPhos dysfunction, 

causing endoplasmic reticulum stress, proteasome inhibition and ultimately axonal disorganization 

[66, 77]. Accordingly, it has been reported that mutant SOD1 induces ROS and nitric oxide 

production in mitochondria and promotes cytochrome C release, activating caspase-dependent cell 

death mechanisms [23]. 

The metabolic alterations observed in synaptosomes were not replicated in gliosomes. In 

particular, gliosomes did not show a substantial decrement of the OxPhos activity, except for the 

impairment of ATP/AMP ratio at the symptomatic stage of the disease, in 90 and 120 days-old 

SOD1G93Amice. However, lipid peroxidation appeared higher in gliosomes from SOD1G93Amice , 

already at 30 days of age, although this occurrence does not seem linked to the alteration of OxPhos 

function. The lack of metabolic alterations in the presymptomatic phase of the disease suggests that 

SOD1G93A mouse-derived astrocytic gliosomes do not suffer metabolic impairment, at least at the 

early phases of the disease.  
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The differences observed between synaptosomes and gliosomes leads us to hypothesize that the 

energy metabolism alterations in the perisynaptic compartment of the tripartite synapse may be 

subordinated to neuronal damage, which would play a primary role although the importance of 

astrocyte for motor neuron injury in ALS has been widely reported and different mechanisms have 

been investigated [39, 78, 79]. As to the energetic metabolism here studied, perisynaptic astrocytes 

seem to be bystanders, contributing to synapse impairment as a consequence of a deleterious cycle 

starting in nerve terminals. Whether this consequentiality is not restricted to the presynaptic and 

perisynaptic structures but represents also a characteristic of motor neuron and astrocyte cells is worth 

investigating. 

Correlations between the impairment of the OxPhos in synaptosomes, here described, and the 

previously reported abnormal glutamate exocytosis in SOD1G93A mice (see [45] and references 

therein) are not obvious. Considering that glutamate release is a highly energy-dependent mechanism, 

it is possible to speculate that the impairment of ATP production in SOD1G93A mice, paralleled by the 

increment of the activity of the glutamate release machinery, determines a stress condition, which 

could favour synaptic damage and neuron degeneration. These events likely occur all over the central 

nervous system during the disease progression; however, it is widely established that MNs are 

particularly prone to energetic metabolism failure, because of their huge need of energy supply due 

to their unique morphology and to the particular sensitivity to the increase of calcium levels, due to 

impaired Ca2+ buffering processes. Our results imply that upper motor neuron nerve terminals in the 

spinal cord, differently from PAP, are strongly and precociously affected by excessive 

neurotransmitter release activity and concomitant energy impairment.  

In conclusion, the present results suggest that nerve endings are a primary site of defective 

energy metabolism within the spinal cord and point to the synaptic energy metabolism as a key aspect 

to explore, in light of potential neuroprotective strategies, effective also in hindering the propagation 

of bioenergetics impairment from MNs to astrocytes. 
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FIGURE LEGENDS 

 

Figure 1. Energy status in spinal cord synaptosomes and gliosomes from wtSOD1 and SOD1G93A 

mice 

ATP/AMP ratio, as a marker of the energy status, was measured in synaptosomes and in gliosomes 

isolated from spinal cord, cortex, hippocampus and cerebellum of wtSOD1 and SOD1G93A mice at 

different stage of the disease (30, 60, 90 and 120 days of life). Panels A and B report the energy status 

of spinal cord synaptosomes and gliosomes. Panels C and D report the energy status of cortex, 

hippocampus and cerebellum synaptosomes and gliosomes. Data are the expressed as the ratio 

between ATP and AMP concentrations and are the mean ± s.e.m of 4 independent experiments run 

in triplicate. * p<0.05 and ** p<0.001 vs wtSOD1 mice (two-way ANOVA followed by Bonferroni 

post-hoc test).  

 

Figure 2. Oxygen consumption in spinal cord synaptosomes and gliosomes from wtSOD1 and 

SOD1G93A mice 

Oxygen consumption was measured in synaptosomes and gliosomes isolated from the spinal cord of 

wtSOD1 and SOD1G93A mice at different stage of the disease (30, 60, 90 and 120 days of life). Panels 

A and C report the synaptosomal oxygen consumption induced, respectively, by pyruvate + malate, 

that activate Complexes I, III and IV pathways or by succinate, that activates Complexes II, III and 

IV pathways. Panels B and D report the same experiments in gliosomes. Data are expressed as nmol 

of oxygen consumption per min per mg protein and are the mean ± s.e.m of 4 independent 

experiments run in triplicate. * p<0.01 and ** p<0.001 vs wtSOD1 mice; # p<0.01 and ## p<0.001 

vs. 30 days-old wtSOD1 mice (two-way ANOVA followed by Bonferroni post-hoc test). 
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Figure 3.  Activity of respiratory complexes in spinal cord synaptosomes and gliosomes purified 

from wtSOD1 and SOD1G93A mice 

The activity of the respiratory complexes was measured in synaptosomes and gliosomes isolated from 

the spinal cord of wtSOD1 and SOD1G93A mice at different stage of the disease (30, 60, 90 and 120 

days of life). The activity of NADH ubiquinone oxidoreductase (Complex I; panels A and B), of 

succinic dehydrogenase (Complex II; panels C and D),  of  cytochrome c reductase (Complex III; 

panels E and F), or of cytochrome c oxidase (Complex IV; panels G and H) in synaptosomes and 

gliosomes is reported. Data are expressed as international milliunits (mUI) of each respiratory 

complex per mg of protein  and are the mean ± s.e.m. of 4 independent experiments run in triplicate. 

* p<0.05 and ** p<0.001 vs wtSOD1 mice; # p<0.001 vs. 30 days-old wtSOD1 mice (two-way 

ANOVA followed by Bonferroni post-hoc test).  

 

Figure 4. ATP production in spinal cord synaptosomes and gliosomes from wtSOD1 and 

SOD1G93Amice 

ATP synthesis, as a marker of F1Fo-ATP synthase activity, was measured in synaptosomes and 

gliosomes isolated from spinal cord of wtSOD1 and SOD1G93A mice at different stage of the disease 

(30, 60, 90 and 120 days of life). ATP synthesis induced by pyruvate + malate, that activate Complex 

I, III and IV pathways in synaptosomes (panel A) and gliosomes (panel B) or by succinate, that 

activates Complex II, III and IV pathways in synaptosomes (panel C) and gliosomes (panel D) is 

reported. Data are expressed as nmol of ATP produced per min per mg of protein and are the mean ± 

s.e.m of 4 independent experiments run in triplicate. * p<0.01 and **p<0.001 vs wtSOD1 mice; # 

p<0.001 vs wtSOD1 mice at 30 days-old (two-way ANOVA followed by Bonferroni post-hoc test).  

 

Figure 5. Mitochondrial content and expression of F1Fo-ATP synthase β subunit, MT-CO2 and 

TIM in spinal cord of wtSOD1 and SOD1G93A mice 



31 
 

The morphology of mitochondria (indicated with m) in synaptosomes purified from spinal cord of 

wtSOD1 and SOD1G93A mice (120 days of age) was evaluated by electron microscopy (A). All data 

are representative of 3 independent experiments run in triplicate. Scale bar = 200 nm. 

The content of mitochondria in spinal cord synaptosomes wtSOD1 and SOD1G93A mice (120 days of 

age) was evaluated as the ratio of mitochondria number/synaptosomes number (B) and as the ratio of 

the surface occupied by mitochondria compared with the total surface of synaptosomes (C).  

The expression of mitochondrial import inner membrane translocase (TIM), the β subunit of F1Fo-

ATP synthase and MT-CO2 (a subunit of complex IV) was evaluated in SOD1G93A mouse spinal cord 

synaptosomes at different stage of the disease (30, 60, 90 and 120 days of life). Representative blots 

(D) and densitometric analyses (E, F and G) are shown. Data are expressed as relative signal densities 

for SOD1G93A vs wtSOD1 mice and are the means ± s.e.m of 4 independent experiments run in 

triplicate. The signal densities were normalized for GAPDH.  

 

 

Figure 6. Evaluation of lipid peroxidation in spinal cord synaptosomes and gliosomes purified 

from wtSOD1 and SOD1G93A mice 

Malondialdehyde (MDA), a marker of lipid peroxidation, was measured in synaptosomes (A) and 

gliosomes (B) isolated from the spinal cord of wtSOD1 and SOD1G93A mice at different stage of the 

disease (30, 60, 90 and 120 days of life). Data are expressed as µmol of MDA per mg of protein and 

are the mean ± s.e.m. of 4 independent experiments run in triplicate. * p<0.01 and **p<0.001 vs 

wtSOD1 mice; # p<0.001 vs. 30 days-old wtSOD1 mice (two-way ANOVA followed by Bonferroni 

post-hoc test). 
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