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Abstract  

 

Abnormal Glu release occurs in the spinal cord of SOD1G93A mice, a transgenic animal model 

for human ALS. Here we studied the mechanisms underlying Glu release in spinal cord nerve 

terminals of SOD1G93A mice at a pre-symptomatic disease stage (30 days) and found that the basal 

release of Glu was more elevated in SOD1G93A respect to SOD1 mice, and that the surplus of release 

rely on synaptic vesicle exocytosis. Exposure to high KCl or ionomycin provoked Ca2+-dependent 

Glu release that was likewise augmented in SOD1G93A mice. Equally, the Ca2+-independent 

hypertonic sucrose-induced Glu release was abnormally elevated in SOD1G93A mice.  Also in this 

case, the surplus of Glu release was exocytotic in nature. We could determine elevated cytosolic 

Ca2+ levels, increased phosphorylation of Synapsin-I, which was causally related to the abnormal 

Glu release measured in spinal cord synaptosomes of pre-symptomatic SOD1G93A mice, and 

increased phosphorylation of glycogen synthase kinase-3 at the inhibitory sites, an event that 

favours SNARE protein assembly. Western blot experiments revealed an increased number of 

SNARE protein complexes at the nerve terminal membrane, with no changes of the three SNARE 

proteins and increased expression of Synaptotagmin-1 and ȕ-Actin but not of an array of other 

release-related presynaptic proteins. These results indicate that the abnormal exocytotic Glu release 

in spinal cord of pre-symptomatic SOD1G93A mice is mainly based on the increased size of the 

readily releasable pool of vesicles and release facilitation, supported by plastic changes of specific 

presynaptic mechanisms. 

 

Key words: amyotrophic lateral sclerosis;  pre-symptomatic SOD1G93A mice;  excessive glutamate 

release;  glutamate excitotoxicity;  glutamate release mechanisms;  presynaptic proteins;  Synapsin-

I;  glycogen synthase kinase 3. 
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Abbreviations: Į�ȕ-SNAP, Į�ȕ solube NSF attachment proteins; ALS, amyotrophic lateral 

sclerosis; BoNt-C1, Botulinum Neurotoxin C1; ȕ-Tub III, ȕ-Tubulin III; [Ca2+]c, cytosolic calcium 

concentration; CaMK-II, Ca2+/calmodulin-dependent protein kinase II; DL-TBOA, DL-threo-beta-

benzyloxyaspartate; GSK-3, glycogen synthase kinase 3; HEPES, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid; [3H]D-Asp, [3H]D-Aspartate; mAbs, monoclonal antibodies; MNs, 

motor neurons; Munc-13, mammalian uncoordinated-13; Munc-18, mammalian uncoordinated-18; 

NSF, N-ethylamide sensitive fusion protein; Rab-3A, Ras-related protein 3A; RRP, readily 

releasable pool; SNAP-25, Synaptosome-associated protein of 25kDa; SOD1, superoxide 

dismutase-1; SNARE, soluble NSF attachment protein receptors; Stx-1, Syntaxin 1; Syn-I, 

synapsin-I; Syph-1, Synaptophysin 1; Syt-1, synaptotagmin 1; VAMP-2, Vesicular associate 

membrane protein 2. 
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Introduction  

 

Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscular disorder characterized by 

degeneration of cortical, brainstem and spinal motor neurons (MNs) leading to muscle wasting, 

weakness and spasticity (Brown et al, 1995; Eisen, 2009). Although the clinical outcome in ALS is 

GH¿QHG� E\� MN degeneration, the disease is non-cell autonomous, also involving astrocytes, 

microglia and oligodendrocytes (Boillèe et al., 2006; Haidet-Phillips et al., 2011; Ilieva et al., 

2009;). 

ALS has an incidence of 2±3 new cases/year per 100,000 individuals and it is most commonly 

sporadic, although familial forms represent about 10% of patients (Andersen and Al-Chalabi, 2011). 

The first identified ALS-linked gene was superoxide dismutase-1 (SOD1) that accounts for about 

20% of patients with familial ALS (Birve et al., 2010; Mulder et al., 1986; Rosen et al., 1993). So 

far, at least fifteen more genes involved in different cellular pathways have been associated to ALS 

(Andersen and Al-Chalabi, 2011), thus indicating that multiple cellular events contribute to the 

disease. They include oxidative stress, mitochondrial dysfunction, protein aggregation, impaired 

axonal transport, neuroinflammation, dysregulated RNA signaling, immunological imbalance and 

glutamate(Glu)-mediated excitotoxicity (Cleveland et al., 1996; King et al., 2016; Morrison and 

Morrison, 1999; Peters et al., 2015; Tan et al., 2014; Van Den Bosch et al., 2006).  

Strong evidence support the notion that altered excitatory transmission in spinal cord and 

excitotoxicity, based on high levels of extra-cellular Glu and abnormal function of postsynaptic Glu 

receptors at lower MNs, plays a major role in disease progression and cell death (Kuner et al., 2005; 

Shaw and Eggett, 2000; Tortarolo et al., 2006; Van Damme et al., 2005; Van Den Bosch et al., 

2000; Wuolikainen et al., 2011). Elevation of Glu concentration in plasma and cerebrospinal fluid 

has been documented in ALS patients (Perry et al., 1990; Rothstein et al., 1990; Shaw et al., 1995; 

Spreux-Varoquaux et al., 2002; Wuolikainen et al., 2011) and impaired clearance of Glu by 
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astrocyte uptake, due to reduced expression of Glu transporter 1, has been proposed as a cause of 

neurotoxicity (Cleveland and Rothstein, 2001; Rothstein et al., 1995), although the hypothesis that 

Glu transport dysfunction is a primary event for MN death in spinal cord has been disputed (Corona 

and Tapia, 2004; Tovar-Y-Romo et al., 2009).  

More recent studies of our group with mice expressing human SOD1 carrying the G93A point 

mutation (SOD1G93A) indicated that neuronal Glu release, under basal condition and upon exposure 

to different releasing stimuli, including nerve terminal depolarization, is abnormally high in the 

spinal cord of these animals at the late stage of disease. We found that increased cytosolic calcium 

concentration ([Ca2+]c), the associated over-activation of Ca2+/calmodulin-dependent protein kinase 

II (CaMK-II), which has been already shown in sporadic ALS patients (Hu et al., 2003) and, in turn, 

the phosphorylation of Synapsin I (Syn-I), an event that contributes to fill up the readily releasable 

pool (RRP) of vesicles and to boost vesicles fusion, supports the stimulus-evoked Glu release 

(Milanese et al., 2011). The higher exocytotic release of Glu is detectable also at the early-

symptomatic and pre-symptomatic stages of the disease. This precociousness fosters the hypothesis 

that the increased release of Glu represents a pivotal factor in the pathology rather than a 

consequence of disease progression, pointing to this mechanism in the panorama of the ALS causes.  

Whereas the mechanisms supporting excessive Glu release at the late stage of the disease 

have been, at least in part, elucidated no studies are available at pre-symptomatic stages. In this 

work, we report that the abnormal Glu release in 30 day-old pre-symptomatic SOD1G93A mice is 

exocytotic and that augmentation of [Ca2+]c and of the number of soluble NSF attachment protein 

receptors (SNARE) complexes seem to be major causes for the augmented neurotransmitter release. 

Moreover, we found selective molecular changes in spinal cord nerve terminals, including increased 

phosphorylation/activation of Syn-I, increased expression of Synaptotagmin 1 (Syt-1) and ȕ-Actin, 

inhibition of glycogen synthase kinase 3 (GSK-3), all of which may be related to the abnormal Glu 

release. 
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Materials and methods 

 

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 (SOD1) (Gurney et al., 1994) 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 extracts from tail tips 

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

min at 4° C) by staining for SOD1 after polyacrylamide gel electrophoresis (10 % resolving and 4 

% stacking) (Laemmli et al., 1970, Stifanese et al., 2010). Animals were housed at constant 

temperature (22 ± 1° C) and relative humidity (50%) under a regular dark-light schedule (light on 7 

a.m. to 7 p.m.). Food and water were freely available. Animals of either sex were randomly divided 

into different experimental groups. All 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 Italian Ministry of Health (Prot. No. 31754-3). 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. 

  

Preparation of synaptosomes  

Animals were euthanized and the whole spinal cord rapidly removed. Synaptosomes were 

prepared essentially as described previously (Raiteri et al., 2008). The tissue was homogenized in 
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14 volumes of 0.32 M sucrose, buffered at pH 7.4 with Tris-HCl, using a glass-teflon tissue grinder 

(clearance 0.25 mm). The homogenate was centrifuged (5 min, 1,000 x g at 4° C) to remove nuclei 

and debris and the supernatant was gently stratified on a discontinuous Percoll® (Sigma-Aldrich, St 

Louis, Missouri, USA) gradient (2, 6, 10 and 20% v/v in Tris-buffered sucrose). After 

centrifugation at 33,500 x g for 5 min, the layer between 10 and 20% Percoll® (synaptosomal 

fraction) was collected, washed and resuspended in physiological medium having the following 

compositions (mM): NaCl, 140; KCl, 3; MgSO4, 1.2; NaH2PO4, 1.2; NaHCO3, 5; CaCl2, 1.2; 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10; glucose, 10; pH 7.4 for [Ca2+]c 

determination and release experiments or in lysis buffer for western blotting. Protein was measured 

according to Bradford (1976) using bovine serum albumin (Sigma-Aldrich, St Louis, Missouri, 

USA) as a standard. All the reagents were of laboratory grade.  

 

Ca2+ determination  

 [Ca2+]c was determined in spinal cord synaptosomes using the fluorescent dye fura-2/AM 

(Grynkiewicz et al., 1985). Synaptosomes were incubated for 40 min at 37° C, while gently 

shaking, in the HEPES-containing physiological medium, in the presence of 20 µM of CaCl2 and 5 

µM fura-2/AM (and 0.5% dimethyl sulfoxide (DMSO); Sigma-Aldrich, St Louis, Missouri, USA). 

Synaptosomes, incubated in the presence of 0.5% dimethyl sulfoxide only, were used to measure 

auto-fluorescence. After extra-synaptosomal fura-2/AM removal, the pellets were re-suspended in 

ice-cold standard or Ca2+-free HEPES-buffered medium, divided into 200 µl aliquots (200 µg 

protein/sample), and stored on ice until use. Measures were obtained within 2 hours. Synaptosomes 

were diluted in HEPES-buffered medium containing the appropriate Ca2+ concentration (final 

volume 2 ml) and equilibrated at 37° C for 15 min. The measurements were made at 37° C under 

continuous stirring using an RF-5301PC dual wavelength spectrofluorophotometer (Shimadzu 
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Corporation, Milan, Italy) by alternating the excitation wavelengths of 340 and 380 nm. Fluorescent 

emission was monitored at 510 nm. Basal fluorescence was recorded for 1 min, then synaptosomes 

were exposed to KCl for additional 2 min. Calibration of the fluorescent signals was performed at 

the end of each measure by adding 10 µM ionomycin in the presence of CaCl2 to obtain Fmax, 

followed by 10 mM ethylene glycol tetraacetic acid; adjusted to pH 8.0 with 3 mM; Tris) to obtain 

Fmin. After correcting for extracellular dye, >Ca2+@c was calculated by the equation of Grynkiewicz 

et al. (1985), using a KD of 224 nM for the Ca2+-fura-2 complex. All the reagents were of laboratory 

grade.  

 

Release experiments 

Synaptosomes were incubated at 37° C for 15 min in the presence of 0.05 µM [3H]D-

Aspartate ([3H]D-Asp, specific activity: 11.3 Ci/mmol was purchased from, Perkin Elmer Italia, 

Milan, Italy) a non-metabolizable analogue of Glu used to label the synaptosomal Glu releasing 

pools (Fleck et al., 2001; Wang et al., 2007; Raiteri et al., 2007). In a set of experiments 

synaptosomes were incubated 60 min in presence or in absence of 20 nM of Botulinum Neurotoxin 

C1 (BoNt-C1); in the last 15 min of incubation the radioactive label was introduced. In another set 

of experiments, synaptosomes were entrapped with antibodies that recognize the sites of 

phosphorylation of Syn-I, independently from their phospho/de-phospho state, during their 

preparation (Raiteri et al, 2000). Aliquots of the synaptosomal suspension were distributed on 

microporous filters placed at the bottom of a set of parallel superfusion chambers maintained at 37° 

C (Superfusion System; Ugo Basile, Comerio, IT; Raiteri et al., 1984). Superfusion was then started 

with standard medium at a rate of 0.5 ml/min and continued for 48 min. After 36 min of superfusion 

to equilibrate the system, samples were collected as follows: two 3-min samples (t =36-39 and 45-

48 min; basal release) before and after one 6-min sample (t = 39-45 min; stimulus-evoked release). 

Stimulation with a 90 s pulse of 15 or 25 mM KCl or 0.3 or 1 µM ionomycin (Sigma-Aldrich, St 
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Louis, Missouri, USA) was applied at t = 39 min. In a set of experiments synaptosomes were 

exposed to a 15 s pulse of 150 mM sucrose at t = 39 min. In another set of experiments two 

consecutive 90 s depolarization pulses with 15 or 25 mM KCl were applied at t = 39 and 48 min of 

superfusion. When used, the Ca2+-free medium was introduced at t = 20 min. The broad spectrum 

Glu uptake inhibitor DL-threo-beta-benzyloxyaspartate (DL-TBOA) (Tocris Bioscience, Bristol, UK;  

Shimamoto et al., 1998) was introduced at t = 30 min.  

Radioactivity was determined in each sample collected and in the superfused filters by liquid 

scintillation (Ultima Gold, Perkin Elmer, Milan, Italy) counting. Tritium released in each sample 

was calculated as fractional rate x 100 (percentage of the total synaptosomal neurotransmitter 

content at the beginning of the respective sample collection). The stimulus-evoked neurotransmitter 

overflow was estimated by subtracting the transmitter content of the two 3-min fractions 

representing the basal release from that in the 6-min fraction collected during and after the 

stimulating pulse. All the reagents were of laboratory grade.  

 

Isolation of presynaptic membranes and presynaptic protein determination  

Mouse spinal cord synaptosomes, obtained from SOD1G93A and SOD1, were lysed on ice in 

lysis buffer (120 mM NaCl, 20 mM HEPES pH 7.4, 0.1 mM EGTA, 0.1 mM 1,4-dithiothreitol 

(DTT), containing 20 mM NaF, 5 mM Na2PO4, 1 mM Na2VO4, and 2 mg/ml of protease inhibitor 

cocktail; Sigma-Aldrich, Milano, IT) and centrifuged at 28,500 × g for 30 min (Treccani et al., 

2014). Synaptic membranes were suspended in phosphate-buffered saline and used for western 

blotting experiments by incubating polyvinylidene difluoride membranes containing 

electrophoresed proteins with monoclonal antibodies (mAbs) at appropriate dilutions, as previously 

described (Bonanno et al., 2005). ȕ-Actin, ȕ-7XEXOLQ� ,,,� �ȕ-Tub III), Complexin 1/2, Dynamin I, 

GSK-�Į��*6.-�ȕ, mammalian uncoordinated-13 (Munc-13), mammalian uncoordinated-18 (Munc-

18), Myosin Va, N-ethylamide sensitive fusion protein (NSF), Į�ȕ NSF attachment proteins �Į�ȕ-
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SNAP), phospho-Ser21 GSK-�Į�� SKRVSKR-Ser9 GSK-�ȕ�� phospho-Tyr279 GSK-�Į�� SKRVSKR-Tyr216 

GSK-�ȕ�� phospho-Ser9 (site 1) Syn-I, phospho-Ser566/603 (site 3) Syn-I and phospho-Ser62/67 (site 

4/5) Syn-I, Ras-related protein 3A (Rab-3A), Syntaxin 1 (Stx-1), Syn-I, Synaptosome-associated 

protein of 25kDa (SNAP-25), vesicle associated membrane protein 2 (VAMP-2), Synaptophysin 1 

(Syph-1), Syt-1, were analysed. MAbs were used as follows: VAMP-2 1:2000, SNAP-25 1:2000, 

Syph-1 1:2000, Munc-13 1:1000, Rab-3A 1:5000, Syt-1 1:3000 and Syn-I 1:2000 from Synaptic 

System (Goettingen, Germany); Stx-1 1:5000, Į�ȕ-61$3� �������� ȕ-Actin 1:10000, Myosin Va 

1:1000, phospho-Tyr279 GSK-�Į��������DQG�SKRVSKR-Tyr316 GSK-�ȕ�������� from  Sigma-Aldrich 

(St Louis, Missouri, USA); Munc-18 1:1000 from  BD Bioscience (Milan, Italy); GSK-�Į 1:500 

and GSK-�ȕ� ������ from Merk Millipore (Milan, Italy); ȕ-Tub III 1:5000 from  Promega Italia 

(Milan, Italy). Polyclonal antibodies were used as follows: Complexin-1/2 1:1000 and Syn-I 1:2000 

from Synaptic System (Goettingen, Germany); NSF 1:1000, phospho-Ser9 (site 1) Syn-I 1:1000 and 

phospho-Ser21 GSK-�Į�������from Cell Signaling Technology Europe (Leiden, The Netherlands); 

Dynamin-I 1:1000 from  Fisher Scientific Italia (Milan, Italy); phospho-Ser9 GSK-�ȕ 1:500, 

phospho-Ser62/67 (site 4/5) Syn-I 1:500 from  Merk Millipore (Milan, Italy); phospho-Ser566/603 (site 

3) Syn-I 1:1000 was kindly provided by drs. P. Greengard; The Rockefeller University, NY. After 

incubation with peroxidase-coupled secondary antibodies (anti-mouse 1:2000-1:10000 and anti 

rabbit 1:1000-1:3000 from Sigma-Aldrich, St Louis, Missouri, USA) protein bands were detected 

by using ECLTM (GE Healthcare Life Sciences, Milan, Italy) or Super Signal Dura West (Fisher 

Scientific Italia, Milan, Italy). Standard curves were obtained by loading increasing amounts of 

samples on gels. All of the protein bands used were within linear range of standard curves, and 

normalized for ȕ-Tub III level in the same membrane. Phospho-proteins were normalized for the 

respective total protein. Quantity One software (Bio-Rad Laboratories, Milan, Italy) was used for 

standardization and quantitation, as previously reported (Bonanno et al., 2005, Musazzi et al., 

2014).  
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Measurement of SNARE complex  

For detection of sodium dodecyl sulfate resistant SNARE complexes, western blotting was 

performed on purified synaptosomal membranes non-boiled before gel loading (Musazzi et al., 

2010), incubating polyvinylidene difluoride membranes containing blotted proteins with mAbs for 

Stx-1 1:5000 (Sigma-Aldrich, St Louis, Missouri, USA) or VAMP-2 1:2000 (Synaptic System, 

Goettingen, Germany). The membranes were incubated with anti-mouse secondary antibody 1:4000 

(Sigma-Aldrich, St Louis, Missouri, USA), and immunoreactive bands revealed with ECLTM (GE 

Healthcare Life Sciences, Milan, Italy). Signal detection and quantitation were performed as for 

western blotting experiments. All bands were normalized for Stx-1 or VAMP-2 monomer levels in 

the same membrane. All reagents were of laboratory grade.  

 

Statistics 

Data are expressed as mean ± SEM and p<0.05 was considered significant. Statistical 

comparison of two means were performed by unpaired two-WDLOHG� 6WXGHQW¶V� W-test while 

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

IROORZHG�E\�WKH�%RQIHUURQL¶V�SRVW�KRF�WHVW��$QDO\VHV�ZHUH�SHUIRUmed by means of Sigma Stat 

software (Systat Software, Inc., San Jose, CA, USA). 
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Results 

 

Glu release was previously found abnormally increased in >120 day old, late symptomatic, 

SOD1G93A mice (Milanese et al., 2011). The release of the excitatory neurotransmitter was 

augmented also at early stages of the pathology. In the present study we characterized the 

phenomenon in 30 day-old pre-symptomatic SOD1G93A mice, compared to age-matched SOD1 

control mice.  

 

The release of [3H]D-Asp from spinal cord synaptosomes is increased in pre-symptomatic 

SOD1G93A mice. 

Prior to experiments of release, [Ca2+]c was measured in spinal cord synaptosomes of pre-

symptomatic SOD1 and SOD1G93A mice by means of the fluorescent dye Fura2/AM. Figure 1A 

shows that the basal [Ca2+]c was significantly higher (about 80%; p<0.001, F(1,31)= 32.944). in 

SOD1G93A mice. Exposure to 25 mM KCl produced a further increase of [Ca2+]c in both SOD1 and 

SOD1G93A mice, which was significantly more elevated (about 50%; p<0.001, F(1,31)= 32.944) in the 

latter animals.   

Release experiments with spinal cord synaptosomes in superfusion showed that the basal 

outflow of [3H]D-Asp was more pronounced (about 45%; p=0.033, F(1,61)=16.964) in SOD1G93A 

than in SOD1 mice (Figure 1B). Figure 1B also shows that the spontaneous release was not 

modified by omission of Ca2+ from the superfusion medium in both mouse strains, while it was 

significantly diminished (about 50% and 35% decrease vs. SOD1 and SOD1G93A mice, respectively; 

p=0.049 and p=0.038, F(1,61)=8.132)  by 10 µM DL-threo-beta-Benzyloxyaspartate (DL-TBOA), a 

blocker of the Glu transporters (Shimamoto et al., 1998), suggesting that the basal release was 

partly mediated by reversal of Glu transport. However, it is worth to note that the spontaneous 
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release of [3H]D-Asp was still higher (about 90%; p=0.026, F(1,61)=16.964) in SOD1G93A mice even 

in the presence of  DL-TBOA.   

Also the KCl-evoked (15 mM, 90 s pulse) overflow of [3H]D-Asp was significantly more 

elevated (about 75%; p=0.027, F(1,23)= 3.463) in SOD1G93A mice at the pre-symptomatic stage of 

disease (Figure 1C). The overflow of [3H]D-Asp was abolished in Ca2+-free medium, both in SOD1 

and SOD1G93A mice, supporting the exocytotic origin of release, which includes also the surplus 

observed in SOD1G93A mice. The 15 mM KCl-evoked release of [3H]D-Asp was studied also in the 

presence of  BoNt-C1 that cleaves SNAP 25 thus reducing synaptic vesicle docking and fusion 

(Foran et al., 1996). Figure 1C also shows that the depolarization-evoked [3H]D-Asp overflow was 

significantly reduced (about 50% and 70% vs. SOD1 and SOD1G93A mice respectively; p<0.001 and 

p<0.001; F(1,16)= 181.769) in the presence of BoNt-C1, thus confirming the exocytotic origin of 

release. Noteworthy, BoNt-C1 abolished the excessive release of [3H]D-Asp induced by KCl in 

SOD1G93A mice. The toxin also obliterated the excessive [3H]D-Asp basal release in SOD1G93A mice 

(SOD1:3.78±0.32%; SOD1G93A:5.51±0.24%; p<0.001; F(1,16)=8.355. SOD1/BoNt-C1: 

4.05±0.16%; SOD1G93A/BoNt-C1: 3.88±0.32%;  p=0.662 F(1,16)=8.355).  

To further support the idea that the increase of  [3H]D-Asp overflow observed in SOD1G93A 

mice was due to augmented exocytosis, we also studied the release of [3H]D-Asp evoked by 

ionomycin, that induces neurotransmitter exocytotic release promoting Ca2+ influx into nerve 

terminals with no involvement of voltage-sensitive Ca2+ channels (VSCCs; Sanchez-Prieto et al. 

1987). As shown in Figure 1D, ionomycin (0.3 µM, 90s pulse) stimulated the release of [3H]D-Asp 

in spinal cord of SOD1 and SOD1G93A mice. As observed with KCl, the amount of [3H]D-Asp 

released by ionomycin was more pronounced (about 65%; p=0.017, F(1,15)= 2.310) in SOD1G93A 

mice than in controls. The effects of ionomycin were abrogated in the absence of Ca2, also 

occluding the potentiation of [3H]D-Asp release observed in SOD1G93A mice in standard medium.  
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The experiments above show that the basal and the stimulus-evoked release of Glu are 

abnormal in the spinal cord of SOD1G93A mice and that the augmented Glu release was exocytotic in 

nature. 
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Figure 1. Cytosolic calcium and [3H]D-Aspartate release in the spinal cord of pre-symptomatic SOD1G93A mice. 

(A) [Ca2+]c under resting and depolarizing (25 mM KCl) conditions in synaptosomes  from the spinal cord of SOD1 and 

SOD1G93A mice. Results are expressed as mean (nM) ± SEM of n=8-9 independent measurements. *p<0.001 vs. the 

[Ca2+]c in SOD1 mice; #p<0.001 vs. the respective basal [Ca2+]c (two way ANOVA plus Bonferroni post hoc test). (B) 

Ca2+- and DL-TBOA-dependency of the basal efflux of [3H]D-Asp from spinal cord synaptosomes of SOD1 and 

SOD1G93A mice. Results are expressed as fractional rate x 100 ± SEM of n=8-13 independent experiments run in 

triplicate. *p<0.05 vs. the basal efflux in SOD1 mice; #p<0.05 vs. the respective basal outflow in standard medium (two 

way ANOVA plus Bonferroni post hoc test). (C) Ca2+- and BONT C1-dependency of the 15 mM KCl-evoked overflow 

of [3H]D-Asp from spinal cord synaptosomes of SOD1 and SOD1G93A mice. Results are expressed as percent overflow 

± SEM of n=4-9 independent experiments run in triplicate.  *p<0.05 and **p<0.001 vs. the overflow in SOD1 mice; 
#p<0.01 and ##p < 0.001 vs.  the respective overflow in standard medium (two way ANOVA plus Bonferroni post hoc 

test). (D) Ca2+-dependency of the ionomycin-evoked overflow of [3H]D-Asp from spinal cord synaptosomes of SOD1 

and SOD1G93A mice. Results are expressed as percent overflow ± SEM of n=3-7 independent experiments run in 

triplicate. *p < 0.05 vs. the overflow in SOD1 mice; #p < 0.01 and ##p < 0.001 vs. the respective overflow (two way 

ANOVA plus Bonferroni post hoc test). 
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The release of [3H]D-Asp induced by ionomycin or sucrose and after repeated KCl stimulation in 

SOD1G93A mice  

To gain functional information about the synaptic pool of vesicles involved in the augmented 

exocytosis of Glu in pre-symptomatic SOD1G93A mice, we compared the release of [3H]D-Asp 

LQGXFHG�E\����RU����P0�.&O������RU���ȝ0�LRQRP\FLQ�RU�150 mM sucrose. As shown in Figure 2A, 

the [3H]D-Asp overflows evoked by 15 and 25 mM KCl were increased (about 84% and 55%, 

p<0.001 and p=0.006, respectively; F(1,30)=20.833) in SOD1G93A mice vs. the respective controls. At 

YDULDQFH��LQFUHDVLQJ�WKH�LRQRP\FLQ�FRQFHQWUDWLRQ�IURP�����WR���ȝ0�SURGXFHG�D�KXJH�LQFUHDVH of the 

stimulus-evoked [3H]D-Asp release and led to the disappearance of the abnormal overflow present 

in SOD1G93A mice using ���� ȝ0� LRQRP\FLQ��Figure 2A also shows that hypertonic sucrose (150 

mM), which is known to provoke exocytosis mobilizing selectively the RRP of vesicles by an 

atypical Ca2+-independent mechanism (Rosenmund and Stevens 1996), induced a substantial 

release of [3H]D-$VS��FRPSDUDEOH�WR�WKDW�REVHUYHG�ZLWK����P0�.&O�RU�����ȝ0�LRQRP\FLQ��which 

was, as expected, not reduced by omission of Ca2+ (not shown). Most interestingly, also the 

sucrose-induced [3H]D-Asp overflow was significantly greater (about 45%; p=0.008, t(15)=-3.081) 

in SOD1G93A than in SOD1 mice. 

The stimulus-induced [3H]D-Asp overflow was also measured during application of two 15 

or 25 mM KCl consecutive stimuli of 90 s (Bianchi et al., 2009; Milanese et al., 2011). Figure 2B 

shows that the stimulus-induced [3H]D-Asp overflow remained constant during the first and second 

stimulation in SOD1 mice. On the contrary, a significant decrease (about 41%, p=0.048, 

F(1,30)=0.874 in 15 mM KCl stimulus; about 52%, p<0.001, F(1,25)=5.738 in 25 mM KCl stimulus) 

was observed during the second stimulation in SOD1G93A mice.  

These results support the hypothesis that the augmented [3H]D-Asp release measured in the 

spinal cord of SOD1G93A mice is driven by an augmented size of the RRP of vesicles 
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Figure 2. Single and repetitive stimulus-evoked overflow of [3H]D-Aspartate in the spinal cord 

of pre-symptomatic SOD1G93A mice. (A) KCl-, ionomycin- or sucrose-evoked overflow of [3H]D-

Asp from spinal cord synaptosomes of SOD1 and SOD1G93A mice. Results are expressed as percent 

overflow ± SEM of n=6-11 independent experiments run in triplicate. *p < 0.05 **p < 0.01 and ***p 

< 0.001 vs. the overflow in SOD1 mice; #p < 0.05 and ##p < 0.001 vs. the respective 15mM KCl- 

and 0.3µM ionomycin-evoked overflow (two way ANOVA plus Bonferroni post hoc test and 

unpaired two-WDLOHG� 6WXGHQW¶V� W-test).  (B) KCl-evoked overflow of [3H]D-Asp from spinal cord 

synaptosomes of SOD1 and SOD1G93A mice after repetitive stimuli. Results are expressed as 

percent overflow ± SEM of n = 5-13 independent experiments run in triplicate. *p < 0.05 and **p < 

0.01 vs. the overflow in SOD1 mice;  #p < 0.05 and ##p < 0.001 vs. the respective overflow  (two 

way ANOVA plus Bonferroni post hoc test).  
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SNARE protein complexes are increased in pre-symptomatic SOD1G93A mice 

In order to shed light on the mechanisms supporting the augmented exocytotic release of 

[3H]D-Asp in SOD1G93A mice, we measured the amount of the three SNARE proteins, Stx-1, SNAP-

25 and VAMP-2, and their assembly into SNARE complexes, mediating docking of synaptic 

vesicles (SVs) with presynaptic membranes at the active zone (Rizo and Xu, 2015), in SOD1 and 

SOD1G93A mice. Neither Stx-1 nor VAMP-2 or SNAP-25 expression was modified in SOD1G93A vs. 

SOD1 mice in synaptosomal membranes (Figure 3). 

 

 

 
 
 
 
 

Figure 3. Expression of SNARE proteins in the spinal cord of pre-symptomatic SOD1 and 

SOD1G93A mice.  VAMP-2, Stx-1 and SNAP-25 were determined in synaptic membranes of SOD1 

and SOD1G93A mouse spinal cord. Cropped representative immunoreactive bands and quantitative 

DQDO\VLV� DUH� UHSRUWHG�� ,PPXQRUHDFWLYH� EDQGV� DUH� QRUPDOL]HG� IRU� ȕ-Tub III. Quantification is 

expressed as relative densities and represent the mean ± SEM of n=9 independent experiments. No 

significative differences were detected (unpaired two-WDLOHG�6WXGHQW¶V�W-test). 
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The association of the three SNARE proteins into SNARE complexes was evaluated in the 

non-denatured sinaptosomal membranes by immunoblotting the electrophoresed proteins using 

antibodies anti-Stx-1 and anti-VAMP-2. When challenged with the anti-Stx-1 antibody, four 

different SNARE complex bands were detected, with an apparent molecular weight of ~75, ~100,  

~150, or ~200 kDa. As shown in Figure 4A the ~75 kDa complex was unchanged; instead, the 

higher molecular weight complexes were significantly augmented (about 50%, 65% and 70% in 

~100,  ~150, or ~200 kDa complexes,  respectively; p<0.001, t(6)=-7.864; p=0.003, t(6)=-4.795 and 

p=0.003, t(6)=-4.885). Considering that complexes consisting of only Stx-1 and SNAP-25 serve as 

intermediates in the SNARE complex assembly (Nicholson, et al., 1998), we also quantitated the 

accumulation of SNARE complexes containing VAMP-2. Also the levels of 100, 150 and 200 kDa 

VAMP-2-containing SNARE complexes were significantly increased (about 141%, 70% and 92%, 

in ~100,  ~150, or ~200 kDa complexes, respectively; p<0.001, t(6)=-17.888; p<0.001, t(6)=-12.523 

and p<0.001, t(6)=-7.549) in synaptic membranes of SOD1G93A mice (figure 4B), strongly suggesting 

an increase of active SNARE complexes at presynaptic membranes.  

Since SNARE complexes mediate membrane fusion, these results suggest that the 

accumulation of presynaptic SNARE complexes in SOD1G93A mice may be related to the abnormal 

Glu release measured in the spinal cord of these animals. 
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Figure 4. Expression of SNARE complexes in the spinal cord of pre-symptomatic SOD1G93A. 

75, 100, 150, and 200 kD SNARE complexes were determined in non-denaturated synaptosomal 

membranes of SOD1 and SOD1G93A mice spinal cord, after immune-precipitation with antibodies 

against Stx-1 (A) or VAMP-2 (B). Representative immunoreactive bands and quantitative analysis 

are reported. Immunoreactive bands are QRUPDOL]HG� IRU� ȕ-Tub-III. Quantification is expressed as 

relative densities and represent the mean ± SEM of n=4 independent experiments. *p < 0.01 and **p 

< 0.001 vs. SOD1 mice (unpaired two-WDLOHG�6WXGHQW¶V�W-test). 
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Expression of the presynaptic proteins synaptotagmin and actin is selectively augmented in pre-

symptomatic SOD1G93A mice 

To get more insight into the changes of presynaptic mechanisms in SOD1G93A mice, the 

expression of a number of proteins involved in the regulation of the SNARE complex formation or 

controlling docking, priming, fusion, and recycling of SVs was evaluated in synaptic membranes of 

synaptosomes prepared from the spinal cord of SOD1G93A and SOD1 mice. We measured the 

expression of Syph-1, a protein that binds VAMP-2 and inhibits its interaction with the other 

SNARE proteins; Munc-18, a modulator of the conformation of Stx-1, that regulate the availability 

of this SNARE protein to assemble into complexes (Calakos and Scheller, 1994; Hata et al., 1993); 

Munc-13 and Rab-3a, proteins of the active zone that promote docking and priming of vesicles 

(Betz et al, 1997; Geppert et al., 1994); Syt-1, a vesicle protein acting as Ca2+ sensor for exocytosis, 

and its interacting protein Complexin-1/2 (Kelly, 1995; Roggero et al., 2007); NSF and the adapter 

SURWHLQV�Į�ȕ-SNAP, involved in the dissociation of SNARE complexes, leading to vesicle priming 

and fusion (Woodman, 1997); Dynamin I, involved in the process of recycling of SVs (McClure 

and Robinson, 1996); ȕ-Actin and Myosin Va, two cytoskeletal proteins involved in the trafficking 

of SVs within the nerve terminal (Doussau and Augustine, 2000; Rudolf et el., 2011). 

Figure 5 shows that the expression of all the presynaptic proteins studied did not differ 

between the two mouse strains, with the exception of Syt-1 and ȕ-Actin, which were significantly 

increased (about 15% and 30%, respectively; p=0.045, t(16)=-2.178 and p<0.001, t(16)=-6.228).  

These results indicate that Syt-1, a key presynaptic calcium sensor, and ȕ-Actin, a key 

cytoskeletal protein, are modified in the spinal cord of SOD1G93A mice. The expression changes of 

these two proteins may be causally related to the changes of Glu release. 
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Figure 5. Expression of synaptic proteins in the spinal cord of pre-symptomatic SOD1G93A 

mice. Syph-1, Munc-18, Munc-13, Rab-3a, Syt-1, Complexin-�����16)��Į�ȕ-SNAP, Dynamin-,��ȕ-

Actin and Myosin-Va were determined in synaptosomal membranes of SOD1 and SOD1G93A mice. 

Cropped representative immunoreactive bands and quantitative analysis are reported. 

Immunoreactive baQGV� DUH� QRUPDOL]HG� IRU� ȕ-Tub III. Quantification is expressed as relative 

densities and represent the mean ± SEM of n=8,9 independent experiments. *p < 0.05 vs. SOD1 

mice (unpaired two-WDLOHG�6WXGHQW¶V�W-test). 
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GSK-3 phosphorylation and activation are altered in pre-symptomatic SOD1G93A mice 

Previous studies showed that GSK-3, when activated, inhibits exocytosis by interacting with 

SNARE proteins (Zhu et al., 2007). We measured the expression level of the Į�and ȕ isoforms of 

GSK-3 in presynaptic membranes of synaptosomes prepared from the spinal cord of SOD1 and 

SOD1G93A mice and found a significantly increased expression of both GSK-3Į� DQG� RI�GSK-3ȕ�

isoforms (about 35% and 20% respectively; p=0.001, t(16)=-3.891 and p=0.002, t(16)=-3.639) in 

SOD1G93A mice (Figure 6), thus suggesting an increase of its activity, since the enzyme is 

constitutively operative (Woodgett et al., 1993). However, the analysis of the phosphorylation state 

of GSK-3 in SOD1G93A mice, by means of site-specific phospho-specific antibodies, revealed 

increased phosphorylation at Ser21 GSK-�Į and at Ser9 GSK-�ȕ (about 45% and 20% respectively; 

p=0.001, t(16)=-3.958 and p=0.006, t(16)=-3.127), an occurrence that reduces the activity of both the 

isoforms. As shown in Figure 6, no significant changes where observed in the phosphorylation at 

Tyr279 GSK-�Į or at Tyr216 GSK-�ȕ, which both promote the enzyme activity (Jope and Johnson, 

2004).  

These results suggest that, although GSK-3 expression is higher, inhibition of its activity by 

phosphorylation may play a role in the abnormal exocytosis observed in SOD1G93A mice, by 

favouring the SNARE complex assembly. 
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Figure 6. Expression and phosphorylation state of GSK-3 in the spinal cord of pre-

symptomatic SOD1 and SOD1G93A mice. GSK-�Į�DQG�*6.-�ȕ�(A), phosphorylated GSK-�Į�(B) 

and phosphorylated GSK-�ȕ�(C) were determined in synaptosomal membranes of pre-symptomatic 

SOD1 and SOD1G93A mice. Cropped representative immunoreactive bands and quantitative analysis 

are reported. Immunoreactive bands of  total GSK-�Į�RU�WRWDO�*6.-�ȕ�DUH�QRUPDOL]HG�IRU�ȕ-Tub III; 

immunoreactive bands of  phorphor-GSK-�Į�RU�SKRUSKRU-GSK-�ȕ�ZHUH�QRUPDOL]HG�IRU�WRWDO�*6.-

�Į�DQG� WRWDO�*6.-�ȕ�� UHVSHFWLYHO\��4XDQWLILFDWLRQ� LV� H[SUHVVHG�DV� UHODWLYH�GHQVLWLHV� DQG� UHSUHVHQW�

the mean ± SEM of n=9 independent experiments. *p < 0.01 and **p < 0.001 vs. SOD1 mice 

(unpaired two-WDLOHG�6WXGHQW¶V�W-test). 



 25 

Synapsin-I phosphorylation state is increased in pre-symptomatic SOD1G93A mice 

Syn-I expression in the spinal cord of SOD1G93A mice was not modified when compared to 

SOD1 mice (Figure 7A). The phosphate incorporation was separately analysed at site 1, which is 

phosphorylated by protein kinase A and calcium calmodulin-dependent kinase-I/IV (Czernik et al., 

1987; Kasahara et al, 2000), at sites 3, which is phosphorylated by CaMK-II (Huttner and 

Greengard, 1979; Sihra et al., 1989), and at sites 4/5, which are phosphorylated by ERK-1 and -2 

(Chi et al, 2003; Jovanovic et al., 1996), by using phosphorylation state-specific antibodies. 

Interestingly, all sites displayed increased phosphorylation levels (about 75%, 85% and 35%  as to 

sites 1, 3, and 4/5, respectively; p=0.017, t(10)=-2.857, p=0.029, t(10)=-2.554 and p=0.036, t(10)=-

2.427) in SOD1G93A mice (Figure 7A).  

To clarify whether the more pronounced phosphorylation of Syn-I could be causally linked to 

the excessive Glu release found in spinal cord of pre-symptomatic SOD1G93A mice, we performed 

release experiments exposing synaptosomes purified from SOD1 and SOD1G93A mice to 15 mM 

KCl after entrapping antibodies able to selectively bind the epitope including the phosphorylation 

site 1 (Ser9; Ab1) or the proline-rich D-domain (Ab2) of Syn-I. As shown in Figure 7B, the release 

of [3H]D-Asp induced by 15 mM KCl in SOD1 mice was not modified by Ab1, but was strongly 

reduced (about 67% p=0.012, F(1,32)=26.255) by Ab2. Most important, both antibodies abolished the 

15 mM KCl-evoked potentiation of neurotransmitter release present in SOD1G93A mice (about 57% 

and 80% in Ab1 and Ab2 condition, respectively; p<0.001, F(1,32)=26.255). 

Interestingly, Ab1 and Ab2 reduced also the excessive release of [3H]D-Asp detected in 

SOD1G93A mice under basal conditions, (SOD1 2.81±0.33%; SOD1G93A 4.27±0.33%; p=0.004; 

SOD1/Ab1 3.88±0.36%; SOD1G93A/Ab1: 3.33±0.36%; p=0.289; SOD1/Ab2: 3.21±0.36%; 

SOD1G93A/Ab2: 4.09±0.36%; p=0.09; F(1,32)=4.419), further supporting the idea that the surplus of 

[3H]D-Asp release under resting conditions is driven by fusion of primed vesicle that are augmented 

at the nerve terminal membrane.   
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These results suggest that the augmented exocytosis can be maintained by an increased size of 

the RRP of vesicles that are mobilized from the cytoskeleton due to the increased Syn-I 

phosphorylation state. 
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Figure 7. Expression and phosphorylation state of synapsin I and significance for [3H]D-

Aspartate release in the spinal cord of pre-symptomatic SOD1G93A mice. (A) Syn-I and  its 

phosphorylation state at sites 1, 3 and 4/5 were determined in synaptosomal lysates of SOD1 and 

SOD1G93A mice. Cropped representative immunoreactive bands and quantitative analysis are 

reported. Immunoreactive bands of total Syn-,� ZHUH� QRUPDOL]HG� IRU� ȕ-Tub III; immunoreactive 

bands of  phospho-Syn-I were normalized for total Syn-I. Quantification is expressed as relative 

densities and represent the mean ± SEM of n=6 independent experiments. *p < 0.05 and **p < 0.01 

vs. SOD1 mice (unpaired two-WDLOHG�6WXGHQW¶V�W-test). (B) The overflow of [3H]D-Asp evoked by 15 

mM KCl was measured in synaptosomes of SOD1 and SOD1G93A mice entrapped with antibodies 

anti-Syn-I at site 1 (Ser9; Ab1) or proline rich D-domains (Ab2) during their preparation. Results 

are expressed as percent overflow ± SEM of n = 5,7 independent experiments run in triplicate. *p < 

0.001 vs. the overflow in SOD1 mice;  #p < 0.05 and ##p < 0.001 vs. the respective overflow  (two 

way ANOVA plus Bonferroni post hoc test).  
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Discussion  

 

The basal and the stimulus-evoked exocytotic release of Glu are enhanced in the spinal cord 

of 30 days-old pre-symptomatic SOD1G93A mice. Our results also revealed: (i) rise of the nerve 

terminal [Ca2+]c; (ii) augmentation of assembled SNARE complexes; (iii) increased Syt-1 and ȕ-

Actin expression; (iv) augmented phosphorylation of GSK-3 inhibitory sites; (v) augmented 

phosphorylation of Syn-I (vi) increased RRP of vesicles, (vii) facilitation of Glu release. 

Basal release and stimulus-evoked overflow of Glu are enhanced in SOD1G93A mice.  

The basal release of Glu is augmented in pre-symptomatic SOD1G93A mice and this over-

release could be detected also in presence of DL-TBOA, excluding that it takes place through 

reversal of Glu transporters and suggesting that it is exocytotic, likely due to Ca2+-independent 

random vesicle fusion, sustained by the increase of the RRP of vesicles and the number of SNARE 

complexes (see below). This hypothesis is reinforced by the disappearance of the abnormal release 

in SOD1G93A mouse synaptosomes pre-treated with BoNt-C1 or entrapped with anti-synapsin-I 

antibodies. The KCl-evoked Glu overflow in SOD1G93A and SOD1 mice was abolished by omission 

of Ca2+, suggesting that both overflows and its surplus in SOD1G93A mice are due to exocytosis.  A 

number of observations support the exocytotic origin of the excessive Glu overflow: ionomycin, 

which promotes exocytosis inducing Ca2+ influx into nerve terminals independently from VSCCs 

(Sanchez-Prieto et al., 1987; Verhage et al., 1991), also produced excessive Glu overflow in 

SOD1G93A mice that was abolished in the absence of Ca2+; hypertonic sucrose, which induces Ca2+-

independent exocytosis selectively involving the RRP of vesicles (Lonart and Sudhof, 2000; 

Rosenmund and Stevens, 1996), provoked Glu release that was abnormally increased in SOD1G93A 

mice; hydrolysis of SNAP-25 by BoNt-C1 or inhibition of Syn-I activity abolished the surplus of 

release in SOD1G93A mice.  
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Altered signalling mechanisms may account for the enhanced Glu release in SOD1G93A mice.  

Homeostasis of Ca2+ is altered in pre-symptomatic SOD1G93A mouse spinal cord 

synaptosomes, leading to increased [Ca2+]c . Intracellular Ca2+ has been previously found increased 

in MN nerve terminals of biopsied human ALS muscles and in animal models of familial ALS with 

SOD1 mutations, also at early stages of disease (Siklos et al., 1999). Likely, Ca2+ plays a role in the 

excessive Glu exocytosis, either by directly affecting fusion of vesicles or by modulating processes 

leading to release facilitation. In this framework, we previously proved the Ca2+-induced hyper-

activation of CaMK-II in late symptomatic SOD1G93A mice and the resulting phosphorylation of 

Syn-I at site 3 (Milanese et al., 2011).  

The phosphorylation state of GSK is altered in SOD1G93A mice. This kinase interacts with 

proteins regulating exocytosis, by promoting or inhibiting the SNARE complex formation (Zhu et 

al., 2010; 2007). Phosphorylation of Tyr279 GSK-�Į� or Tyr216 GSK-�ȕ� enhances its enzymatic 

activity, while phosphorylation of Ser21 GSK-�Į�or Ser9 GSK-�ȕ�significantly decreases active site 

availability (Lochhead et al, 2001). The elevated phosphorylation of the inhibitory sites, with no 

changes at the activatory sites, suggests that the GSK-driven inhibition of SNARE complex 

formation is hampered in SOD1G93A mice and may account for the elevated number of assembled 

SNARE complexes. Also Syn-I phosphorylation is increased in pre-symptomatic SOD1G93A mice, 

leading to mobilization of SVs from the reserve pool to the RRP, a mechanism that increases the 

availability of vesicles for release (Benfenati et al., 1989; Ceccaldi et al., 1995; Chi et al., 2003; 

Hvalby et al., 2006).  

Selective changes in presynaptic proteins may support the enhanced Glu release in SOD1G93A mice.  

Presynaptic proteins of the release machinery regulate exocytosis by modulating the size of 

the SV pools and vesicle trafficking between these pools, as well as SNARE complex 

assembly/disassembly. Among the proteins analyzed, only Syt-1 and ȕ-Actin expressions were 

significantly increased. Increase of Syt-1 is of particular interest also in view of the higher [Ca2+]c. 
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The concomitant elevated expression of the Ca2+ sensor protein and the higher Ca2+ availability 

might account for a more elevated probability of primed vesicles to fuse. ȕ-Actin represents a major 

component of the cellular scaffold and plays important roles in shaping excitatory synapse activity 

(Matus et al., 1982). It has been suggested that ȕ-Actin dynamism would facilitate exocytosis, while 

ȕ-Actin filament stabilization would have the opposite effect (Cingolani and Goda, 2008). 

However, the barrier function of ȕ-Actin has been recently challenged since the numbers of 

docked/primed vesicles and their fusion rate were higher in hippocampal synapses of mice lacking 

ȕ-Actin depolymerizing factor and cofilin-1, where synaptic ȕ-Actin cytoskeleton is less dynamic 

(Wolf et al., 2015). Further, we have reported that the proteolytic activity of calpain is enhanced in 

SOD1G93A mice at early and late disease stages (Stifanese et al, 2014; 2010).  Excessively activated 

calpain cleaves synaptic proteins, ZKLFK� UHJXODWH� ȕ-Actin polymerization state (Chimura et al., 

2015), possibly affecting exocytosis. Due to these apparently conflicting evidences, further studies 

are needed to clarify the role of ȕ-Actin dysregulation in SOD1G93A mice. 

Increased RRP of vesicles is a main factor for the enhancement of Glu release in SOD1G93A mice.    

Our evidence strongly suggests that the abnormal exocytotic Glu release is mainly based on 

augmented size of the RRP of vesicles at spinal glutamatergic synapses of SOD1G93A mice and on 

increased release facilitation, sustained by enhanced [Ca2+]c and/or expression of Syt-1. Direct 

measurements of release validated the assumption that altered synaptic efficiency in SOD1G93A mice 

is mainly based on augmentation of the RRP of glutamatergic vesicles.  The excessive Glu release 

was abolished by entrapping antibodies binding either the phosphorylation site 1 of Syn-I, 

independently of its phospho/de-phospho state, or the proline rich D-domains in the synaptosomal 

cytoplasm, thus indicating that the activity of Syn-I is causally linked to the alteration of exocytosis. 

Additionally, the ionomycin-induced abnormal Glu release disappeared when ionomycin 

concentration was raised, recruiting SV pools other than the RRP (Ashton and Dolly, 2000; 

Stigliani et al., 2003), thus obscuring the RRP contribution to release. Finally, the overflow of 
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[3H]D-Asp induced by hypertonic sucrose, known to trigger SV exocytosis exclusively from the 

RRP, was higher in SOD1G93A mice.   

An attracting aspect of the present results is that both the basal release and the stimulus-

evoked overflow of Glu were more pronounced in SOD1G93A mice as early as at 30 days of life, 

before the appearance of the first signs of motor neuron degeneration and clinical symptoms 

(Bendotti et al., 2001; Oliván et al., 2015), thus supporting the idea that these modifications are 

related to the mutation itself and not to the worsening of MN conditions during disease progression 

and that, therefore, they represent a causative factor rather than an effect of the pathology. When 

comparing the present results to those in late symptomatic SOD1G93A mice (Milanese et al., 2011), 

it seems that the excessive Glu release is largely based on a similar mechanistic ground, indicating 

that excessive exocytosis is due to precocious alterations of presynaptic mechanisms that remain 

effective along the mouse life.  

The abnormal basal release suggests the continuous presence of an excessive amount of Glu 

in the synapse, thus sustaining pre- and post-synaptic receptor activation. We have recently reported 

that release-promoting presynaptic Group I mGluRs of SOD1G93A mice are activated in-vitro by 

nanomolar concentrations of the mGluR1 and mGluR5 agonist (S)-3,5-Dihydroxyphenylglycine 

(Giribaldi et al., 2013) and that knocking-down mGluR1 in SOD1G93A mice has a very favourable 

impact on survival and clinical progression (Milanese et al., 2014). The increased affinity of 

agonists for Group I mGluRs and the excessive basal release of Glu may account for a tonic 

activation of mGluRs in SOD1G93A mice that accompanies the phasic over-activation of pre- and 

post-synaptic Glu receptor due to the abnormal stimulus-evoked Glu overflow. 

We have also shown that excessive Glu release in SOD1G93A mice can take place also 

following activation of glycine and GABA transporters, heterologously sited on Glu-releasing 

nerve terminals (heterotransporters; Bonanno et al., 1993; Raiteri et al., 2005, 2004, 2003). 
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Although heterotransporter-induced and exocytosis-driven excessive Glu release have been long 

perceived as different phenomena, they present a number of similarities and a recent paper 

attempted to reconcile the two events in a unique view, suggesting that the heterotransporter-

induced abnormal Glu release represents an epiphenomenon of the augmented exocytosis 

(Milanese et al., 2015). 

Targeting Glu release in ALS may have remarkable advantages. ALS is a multifactorial 

disease and the lack of effective biomarkers to distinguish patients according to the aetiology 

recommends that a successful therapy should also be multimodal. Thus, targeting an early up-

stream phenomenon such as abnormal Glu release may affect different down-stream pathways at 

the postsynaptic level, mimicking a multimodal therapy. The evidence that riluzole, which acts by 

reducing the release of Glu, only slightly prolongs survival in ALS patients (Cheung et al., 2006; 

Louvel et al., 1997), may weaken the hypothesis. However, it should be recalled that riluzole is 

mainly a Na+ channel blocker (Urbani and Belluzzi, 2000; Zona et al., 1998) that non-specifically 

inhibits the release of neurotransmitters, both excitatory and inhibitory. A more direct approach to 

the inhibition of Glu release/transmission should guarantee a better success.  

 

Conclusions 

The exocytotic release of Glu is abnormal in the SOD1G93A mouse model of ALS and this 

phenomenon is detectable as early as at post-natal day 30, leading to the conclusion that the 

disregulation of Glu release may represent a pivotal feature for pathology onset and development. 

Discrete presynaptic molecular modifications, eventually leading to the increase of the RRP of 

vesicles, are at the basis of the changes observed and are largely maintained during the disease 

progress and worsening. Altered presynaptic mechanisms leading to the augmentation of the RRP 
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of vesicle and to enhanced exocytosis may represent targets for novel pharmacological approaches 

to reduce excitotoxicity in ALS. 
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