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Alterations in glycosphingolipid metabolism have been linked to the patho-

physiological mechanisms of amyotrophic lateral sclerosis (ALS), a neuro-

degenerative disease affecting motor neurons. Accordingly, administration

of GM1, a sialic acid-containing glycosphingolipid, is protective against

neuronal damage and supports neuronal homeostasis, with these effects

mediated by its bioactive component, the oligosaccharide head (GM1-OS).

Here, we add new evidence to the therapeutic efficacy of GM1 in ALS:

Its administration to WT and SOD1G93A motor neurons affected by

glutamate-induced excitotoxicity significantly increased neuronal survival

and preserved neurite networks, counteracting intracellular protein accu-

mulation and mitochondria impairment. Importantly, the GM1-OS faith-

fully replicates GM1 activity, emphasizing that even in ALS the protective

function of GM1 strictly depends on its pentasaccharide.
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In the central nervous system (CNS), glutamate is the

main fast excitatory neurotransmitter orchestrating

many fundamental brain processes, including synaptic

plasticity events associated with memory and learning,

neuronal networks formation, and CNS repair [1].

Glutamate release in the synaptic cleft stimulates

ionotropic glutamate receptors (amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid, AMPA and N-

methyl-D-aspartate, NMDA) on the postsynaptic neu-

ron, leading to sodium and calcium influx, to depolari-

zation, and finally to the generation of action potential

[2]. However, excessive stimulation of the glutamate

receptors triggers excitotoxicity, a process known to

lead to neurodegeneration [2,3]. Accordingly, an excess

of calcium influx can determine an overload of mito-

chondria that depolarizes and increases reactive oxygen

species (ROS) production [2,3].

Among neuronal cells, motor neurons (MNs) are

particularly susceptible to AMPA receptor-mediated

excitotoxicity, and this seems to be linked to their lim-

ited capability to buffer the calcium increase, due to

low expression of calcium-buffering proteins [2].

Accordingly, glutamate excitotoxicity is one of the

main features of amyotrophic lateral sclerosis (ALS), a

neurodegenerative disorder characterized by degenera-

tion of both upper and lower MNs [4]. Around 5–10%
of ALS forms are familial and four genes account for

about two-thirds of cases: chromosome 9 open reading

frame 72 (C9orf72), superoxide dismutase 1 (SOD1),

TAR DNA binding protein (TARDBP, encoding for

TAR DNA-binding protein-43, TDP-43), and fused in

sarcoma (FUS) [5].

Among them, the most widely studied is SOD1,

which encodes for copper/zinc ion-binding superoxide

dismutase and whose mutations determine a toxic gain

of function [5,6]. Interestingly, several pieces of evi-

dence raise the possibility that SOD1 mutations may

increase the susceptibility of MNs to excitotoxicity [2].

Additionally, accumulating data indicate that mutant

SOD1 protein localizes in mitochondria affecting their

function as evidenced by the reduced activity of mito-

chondrial electron transport chain complexes and

decreased ATP levels in the mutant SOD1G93A mouse

model [7,8]. Moreover, it has been demonstrated that

mitochondrial localization of mutant SOD1 causes

cytochrome c release activating the caspase cascade [9].

Growing evidence points to the possibility that

abnormal changes in gangliosides homeostasis may

play a role in the etiology of the ALS disease [10–12].
Gangliosides are sialic acid-containing glycosphingo-

lipids with important roles both in the structural orga-

nization of cell membranes and in the regulation of

cell signaling [13–17]. Among them, the GM1

ganglioside is highly enriched in neuronal plasma

membranes, and it has been described to regulate

numerous neuronal activities aimed at maintaining

neuronal homeostasis [18–22].
A series of studies proved GM1 protection of neuro-

nal cultures exposed to excessive amounts of glutamate

[23–25] and, notably, alterations in ganglioside content

due to the lack of GM2/GD2 synthase increased the

susceptibility to excitotoxicity-induced neuronal death

that was efficiently counteracted by the administration

of GM1 or its synthetic-derivative (LIGA20) both

in vitro and in vivo [26,27].

Accordingly, the levels of the spinal cord ganglio-

sides and of the enzymes that regulate their metabo-

lism are altered in ALS patients and animal models.

Interestingly, Dodge et al. [10] demonstrated that the

inhibition of gangliosides synthesis in SOD1G93A mice

worsened the disease progression while the administra-

tion of GM3, the precursor of a-series gangliosides,

slowed it down.

Among the examined gangliosides, during the early

symptomatic and end-stage phases of ALS disease,

GM1 levels were found to be significantly lower in the

spinal cord of SOD1G93A mice as compared to wild-

type (WT) littermates [10]. Interestingly, exogenous

administration of GM1 was able to reduce MNs death

in adult rats after ventral roots avulsion [28], and to

ameliorate pathological symptoms in patients suffering

from spinal cord injury [18,29].

As a membrane lipid, GM1 ganglioside is composed

by a ceramide tail inserted in the outer layer of the cell

membrane and an oligosaccharide chain (GM1-OS)

protruding in the extracellular space [18,20,21]. Our

group has recently discovered that the oligosaccharide

GM1-OS is the GM1 bioactive portion, that, even

when separated from the parental glycolipid, replicates

all the protective and restorative functions of GM1, by

interacting with the nerve growth factor (NGF) spe-

cific tropomyosin receptor kinase A (TrkA) at the cell

surface [30]. As reported for GM1, the GM1-OS/TrkA

interaction activates a series of events including cell

migration, clustering and adhesion, modulation of

mitochondrial activity, and regulation of intracellular

calcium fluxes [30].

In this work, we studied the potential protective

effect of GM1 against glutamate induced-excitotoxicity

in both WT and SOD1G93A MNs, to understand

whether this function is mediated by the GM1-OS.

Our results indicate that GM1, via its oligosaccha-

ride portion, increases neuronal survival reducing

aggregated SOD1 levels and the mislocalization of

TDP-43, typical markers of ALS pathology, possibly

by modulating the mitochondria machinery.
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Materials and methods

Materials

Commercial chemicals were of the highest purity available,

common solvents were distilled before use and water was

doubly distilled in a glass apparatus. Cell culture plates were

from Corning (Corning, NY, USA). Mouse neuroblastoma

Neuro2a (N2a) cells (RRID: CVCL_0470), phosphate-

buffered saline (PBS), paraformaldehyde, Dako fluorescent

mounting medium, bovine serum albumin (BSA), trypan

blue, ethylenediaminetetraacetic acid, dimethyl sulfoxide, D-

glucose, Dulbecco’s modified Eagle’s (DMEM) high glucose

medium, SYBR Green Extract-N-Amp tissue PCR kit,

DNAse I grade II, glutamate, dichlorobenzamil (DCB), eth-

anol, acetic acid, saponin, Hoechst, sodium acetate, calcium

chloride (CaCl2), Vibrio cholerae sialidase, methanol, tri-

methylamine, chloroform, 2-propanol were from Sigma-

Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS),

fetal calf serum (FCS), L-glutamine, sodium pyruvate, peni-

cillin and streptomycin (P/S) solution were from EuroClone

(Paignton, UK). Neurobasal medium, Leibovitz L15

medium, brain-derived neurotrophic factor (BDNF), B27

supplement, and MitoSOX™ Red fluorescent stain were pur-

chased from Thermo Fisher Scientific (Waltham, MA,

USA). High-performance thin-layer chromatography

(HPTLC) and silica gel 60 plates were from Merck Millipore

(Frankfurter, Germany). Primers and probes were obtained

from Eurofins Genomics MWG Operon (Ebersberg, Ger-

many). Mitotracker Red CMXRos was purchased from Cell

signaling Technology (Danvers, MA, USA).

Antibodies

For immunofluorescence analyses of MNs, the following

antibodies were used:

i primary mouse monoclonal antibody anti microtubule-

associated-protein 2 (MAP2) (Sigma-Aldrich; Cat#

M4403, RRID: AB_477193) and secondary anti-mouse

IgG (H + L) coupled with an Alexa Fluor 488 anti-

body produced in goat (Sigma-Aldrich; Cat#

SAB4600042, RRID: AB_2532075);

ii primary chicken polyclonal antibody anti MAP2 (Abcam,

Cambridge, UK; Cat# ab5392, RRID: AB_2138153) and

secondary anti-chicken IgY (H + L) coupled with an

Alexa Fluor 568 antibody produced in goat (Sigma-

Aldrich; Cat# SAB4600079, RRID: not available);

iii primary rabbit polyclonal antibody anti-TDP-43 (Protein-

tech, Manchester, UK; Cat# 10782-2-AP, RRID: not

available) and secondary anti-rabbit IgG (H + L) coupled

with an CF™ 568 antibody produced in goat (Sigma-

Aldrich; Cat# SAB4600084, RRID: not available);

iv primary mouse monoclonal antibody anti-SOD1 (g93A

mutant) (VWR, Milan, Italy; Cat# MEDMMM-0070-

P, RRID: not available) and secondary anti-mouse IgG

(H + L) coupled with an Alexa Fluor 488 antibody

produced in goat (Sigma-Aldrich; Cat# SAB4600042,

RRID: AB_2532075).

Cell cultures

N2a cell culture

Wild-type murine N2a cells were cultured as monolayer in

DMEM high glucose medium supplemented with 10% heat

inactivated (56 °C for 30 min) FBS, 1% L-glutamine, 1% P/

S (penicillin 10 000 U�mL�1 and streptomycin 10 mg�mL�1),

and 1 mM sodium pyruvate, at 37 °C in with 95% air/5%

CO2. Cells were subcultured to a fresh culture when growth

reached the 80–90% confluence (i.e., every 3–4 days).

Cell authentication

N2a cells are not listed as a commonly misidentified cell

line by the International Cell Line Authentication Commit-

tee. N2a cells were bought from Sigma-Aldrich to which

they were supplied by European Collection of Authenti-

cated Cell Cultures (ECACC) (Catalog no. 89121404; Lot

no. 13K010, passage +9). N2a were used from passage +10
to passage +15 to conduct experiments reported in the pre-

sent manuscript. To verify the authentication of employed

N2a cells we performed the following tests at the beginning

and end of single experimental work.

Morphology check by microscope

To identify the state of cells, we checked cellular morphol-

ogy by phase contrast microscopy (Olympus BX50 micro-

scope; Olympus, Tokyo, Japan). Morphological outcomes

of N2a cells confirmed the expected neuronal/ameboid-like

morphology (data not shown).

Growth curve analysis

Cell proliferation was evaluated according to MTT method.

Briefly, 2.4 mM MTT (4 mg�mL�1 in PBS) were added to

each well and plates were re-incubated for 4 h at 37 °C.
Medium was carefully discarded and replaced with

2-propanol : formic acid, 95 : 5 (v:v). Plates were gently

agitated prior to read the absorbance at 570 nm with a

microplate spectrophotometer (Wallac 1420 VICTOR2TM;

Perkin Elmer, Zaventem, Belgium). The growth profile

showed a normal growth rate (data not shown).

Mycoplasma detection

Mycoplasma infection was evaluated by fluorescent

Hoechst staining [31], a fluorescent dye that binds
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specifically to DNA and that reveals the presence of myco-

plasma infections as extracellular particulate or filamentous

fluorescence at 100× magnification using NikonEclipse Ni

upright microscope. The mycoplasma test has always given

negative results (data not shown).

Primary culture of spinal MNs

The collection of embryos was carried out by trained per-

sonnel, in accordance with the National Institutes of

Health Guide for the Care and Use of Laboratory Animals

and followed current European Union regulations (Direc-

tive 2010/63/EU) and was supervised and approved by the

local direction of the veterinary services of the Bouches-du-

Rhône (agreement number B1301310). Rat MNs were cul-

tured as previously described [32,33]. Briefly, pregnant

female rats of 14 days of gestation (Sprague Dawley; Taco-

nic Bioscience, France) were sacrificed using a deep anes-

thesia with CO2 chamber and a cervical dislocation. Then,

fetuses were removed from the uterus and immediately

placed in ice-cold L15 Leibovitz medium with a 2% P/S

solution and 1% BSA. Spinal cords were treated for

20 min at 37 °C with a trypsin–EDTA solution at a final

concentration of 0.05% trypsin and 0.02% EDTA. The dis-

sociation was stopped by the addition of DMEM with

4.5 g�L�1 of glucose, containing DNAse I grade II (final

concentration 0.5 mg�mL�1) and 10% FCS. Cells were

mechanically dissociated by three forced passages through

the tip of a 10-mL pipette. Cells were then centrifuged at

515 g for 10 min at 4 °C. The supernatant was discarded,

and the pellet was resuspended in a defined culture medium

consisting of Neurobasal medium with a 2% solution of

B27 supplement, 2 mmol�L�1 of L-glutamine, 2% of P/S

solution, and 10 ng�mL�1 of BDNF. Viable cells were

counted in a Neubauer cytometer, using the Trypan blue

exclusion test. Wild-type or SOD1G93A cells were seeded at

a density of 20 000 per well in 96-well plates precoated

with poly-L-lysine and were cultured at 37 °C in an air

(95%)-CO2 (5%) incubator. The medium was changed

every 2 days. The wells of the first lines and columns were

not used for culture (to avoid edge effect) and were filled

with sterile water.

Genotyping of SOD1 Tg embryos

Pregnant female SOD1G93A rats (Sprague Dawley; Taco-

nic), of 14 days of gestation, were ordered from Taconic

Bioscience. The day of the dissection (from pregnant

females at 14 days of gestation), a piece of each embryo

brain (� 3 mm3) were placed in a 2-mL DNAse free tube

with a new scalpel. The DNA was extracted with the

SYBR Green Extract-N-Amp tissue PCR kit (Sigma

Aldrich). Briefly, 120 μL of extraction solution were put on

each piece of embryo head. Then, they were incubated for

10 min at 23 °C. At the end of the incubation, the heads

were incubated for 5 min at 95 °C. Immediately after this

last incubation, 100 μL of neutralizing solution was added;

each DNA extract was diluted at 1/40 and stored at 4 °C
until use. SOD1G93A gene presence was determined using

genomic fragment with human SOD1 primers (50-CAT

CAGCCCTAATCCATCTGA-30; 50-CGCGACTAACAAT

CAAAGTGA-30). The SOD1 primers were diluted at 3 μM
in sterile ultrapure water. Briefly, a mix for PCR was pre-

pared with ultrapure water (4 μL per sample), primer at

3 μM (2 μL per sample) and Master Mix (10 μL per sam-

ple). In a PCR 96 well plate, 16 μL of PCR mix were

added in each well. 4 μL of each diluted DNA was added

according to a plan deposit. The real-time (RT)-PCR was

run using the CFX96 RT-PCR system (BioRad, Hercules,

CA, US), using the following program: Initial denaturation

(95 °C, 20 s)/45 cycles (95 °C, 10 s; 65 °C, 10 s; 72 °C,
30 s)/Melt curve (95 °C, 15 s; 64 °C, 1 min; 90 °C, 30 s;

60 °C, 15 s). The amplification plots and melt curves were

analyzed with the Bio-Rad software. The results for each

sample were compared to the negative control (ultrapure

water) and to the positive control (DNA from SOD1G93A

Tg embryos).

Cells treatments

N2a cells treatment

N2a cells were plated at 5 × 103 cells�cm�2 and incubated

for 24 h to allow cells attachment and recovery in complete

medium before treatments. Thus, growth media was with-

drawn and N2a cells were pre-incubated in DMEM high

glucose containing 2% inactivated FBS (30 min at 56 °C),
1% L-glutamine, 1% P/S, and 1 mM sodium pyruvate for

30 min at 37 °C. Sequentially, 50 μM GM1-OS was added

to cells, which were then incubated at 37 °C for 24 h. This

dosage was chosen since we have previously demonstrated

that it is sufficient to promote neurodifferentiation and

neuroprotection in N2a cells by activating the TrkA-

ERK1/2 signaling pathway [34–37]. To induce an intracel-

lular overload of calcium, following 24 h from GM1-OS,

cells were incubated with DCB (1.5 μM) for 24 h [38]. Con-

trol experiments were carried out under the same experi-

mental conditions omitting DCB and/or GM1-OS addition.

MNs treatments

On Day 13 of culture, GM1 and GM1-OS were dissolved

in culture medium and separately administered to MNs at

the final concentration of 50 μM [31,34,36,37]. After 1 h

after GM1 and GM1-OS incubation, glutamate was dis-

solved in medium and added to a final concentration of

5 μM. After 20 min, glutamate was washed out and fresh

culture medium supplemented with GM1 or GM1-OS was

added. After 4- or 24-h specific analyses were performed as

reported below.
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N2a morphological analysis

Cultured cells, treated or not with GM1-OS, in the absence

or in the presence of DCB, were observed by phase con-

trast microscopy (20× magnification, Olympus BX50 micro-

scope; Olympus). At least 10 fields from each well were

photographed for each experiment.

Determination of N2a cell viability

Cell viability was determined by Trypan blue exclusion assay

previously described [39,40] after 24 h DCB treatment. At least

20 fields have been evaluated for each sample.

MNs immunofluorescence assays

For each experimental condition, 30 pictures (representative

of all the well’s area) per well were automatically taken using

ImageXpress® (Molecular Devices, San Jose, CA, US) with

20× magnification, using the same acquisition parameters.

From images, analyses were directly and automatically per-

formed by MetaXpress® (Molecular Devices) [41–43].

Survival and neurite networks assessment

Twenty-four hours after glutamate-intoxication, MNs were

fixed by a cold solution of ethanol (95%) and acetic acid

(5%) for 5 min at �20 °C. After permeabilization with 0.1%

of saponin, cells were incubated for 2 h at 23 °C with anti-

MAP2 antibody at dilution of 1 : 400 in PBS containing 1%

FCS and 0.1% of saponin. The anti-MAP2 antibody was

revealed with Alexa Fluor 488 goat anti-mouse IgG or with

Alexa Fluor 568 anti-chicken IgG at the dilution 1 : 400 in

PBS containing 1% FCS and 0.1% saponin, for 1 h at 23 °C.
Survival was evaluated as the number of MAP2-positive neu-

rons, whereas neurite network was assessed by analyzing the

total neurite length of MAP2-positive neurons in μm. Nuclei

were counterstained with the fluorescent dye Hoechst

(1 : 1000 in PBS) and utilized as marker of cell number.

SOD1 and TDP-43 analyses

Twenty-four hours after glutamate-intoxication, MNs were

fixed and permeabilized as described in Survival and neurite

networks assessment section. Next, cells were costained with

anti-MAP2 antibody (1 : 400) and antimisfolded SOD1

(G93A) (1 : 400) or antinuclear TDP-43 (1 : 100) in PBS con-

taining 1% FCS and 0.1% saponin for 2 h at 23 °C. MAP2

signal was revealed with Alexa Fluor 488 goat anti-mouse IgG

or with Alexa Fluor 568 anti-chicken IgG (1 : 400), misfolded

SOD1 with Alexa Fluor 568 goat anti-mouse (1 : 400) and

TDP-43 with Alexa Fluor 568 goat anti-rabbit (1 : 400) in

PBS containing 1% FCS and 0.1% saponin, for 1 h at 23 °C.
Cells were finally incubated with fluorescent dye Hoechst

(1 : 1000 in PBS) for staining nuclei to evaluate the cell

number. The degree of aggregated SOD1 and the cytoplasmic

localization of TDP-43 were evaluated as the overlap area

(μm2) of MAP2 and aggregated SOD1 or TDP-43 signals.

Mitochondria density evaluation

Twenty-four hours after glutamate-intoxication, the cell cul-

ture supernatant was discarded, and the cells were incubated

for 45 min at 37 °C with Mitotracker Red CMXRos solubi-

lized at 50 nM in the culture medium. After incubation, the

cells were fixed with a cold mixture of 4% paraformaldehyde

in PBS (pH = 7.3) for 20 min at 23 °C. The cells were

washed twice in PBS, and then permeabilized as described in

Survival and neurite networks assessment section. Nonspeci-

fic sites were blocked with a solution of PBS containing 0.1%

saponin and 1% FCS for 15 min at 23 °C.
Then, the fixed cells were incubated with a mouse mono-

clonal antibody anti-MAP2 (1 : 400) in PBS containing 1%

FCS and 0.1% saponin for 2 h at 23 °C. MAP2 signal was

revealed with Alexa Fluor 488 goat anti-mouse IgG

(1 : 400) in PBS containing 1% FCS and 0.1% saponin,

for 1 h at 23 °C. As marker of cell number, nuclei were

counterstained with the fluorescent dye Hoechst (1 : 1000

in PBS). Total number of functional mitochondria was

evaluated by analyzing Mitotracker Red CMXRos signal

overlap in MAP2-positive neurons area (μm2).

Mitochondrial ROS analyses

Four hours after glutamate-intoxication, the cell culture

supernatant was discarded, and cells were incubated with

MitoSOX™ Red for 10 min at 37 °C. The MitoSOX™
reagent is cell-penetrant and becomes fluorescent once oxi-

dized by superoxide (O��
2 ). Then, cells were fixed and per-

meabilized as described in Survival and neurite networks

assessment section. Following, cells were incubated with

anti-MAP2 antibody (1 : 400) in PBS containing 1% FCS

and 0.1% saponin for 2 h at 23 °C. This antibody was

revealed with Alexa Fluor 488 goat anti-mouse IgG

(1 : 400) in PBS containing 1% FCS and 0.1% saponin,

for 1 h at 23 °C. Nuclei were stained with the fluorescent

dye Hoechst (1 : 1000 in PBS) and used as marker of cell

number. By examining the overlapping area (μm2) of Mito-

SOX™ signal in MAP2-positive neurons, the total number

of functioning mitochondria was determined.

Preparation of ganglioside GM1 and its

oligosaccharide

Following a method previously established [44], GM1 ganglio-

side was isolated from the total ganglioside mixture recovered

from fresh pig brains collected at the Galbani company’s

slaughterhouse (Melzo, Italy). Five grams of ganglioside mix-

ture was dissolved in 500 mL of 50 mM sodium acetate, 1 mM

CaCl2 buffer, pH = 5.5, that had been prewarmed to 36 °C.
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Every 12 h, one unit of V. cholerae sialidase was added to the

solution [45]. The solution was dialyzed at 23 °C for 4 days

against 10 L of water that was changed five times daily after

being incubated at 36 °C for 2 days while being stirred magnet-

ically. The sialidase-treated ganglioside mixture was run

through a 150 cm × 2 cm silica gel 100 column chromatogra-

phy system that was pre-equilibrated and eluted with chloro-

form/methanol/water, 60 : 35 : 5 by vol. GM1-containing

fractions, identified by thin layer chromatography (TLC), were

combined, dried, and subjected to a second column chromato-

graphic (50 cm × 2 cm silica gel 100 column) purification

under the aforementioned experimental conditions. Pure GM1-

containing fractions were gathered and dried. The residue was

dissolved in 1 L of water and then 4 L of cold acetone were

added to precipitate it. The GM1 pellet was centrifuged

(15 000 g, 15 min), dried, dissolved in 50 mL of deionized

water, and lyophilized to produce 1350 mg of white powder,

which was kept at 20 °C. The GM1-OS was prepared by ozo-

nolysis followed by alkaline degradation of GM1 [46]. Minor

changes for the alkaline degradation were introduced. Briefly,

GM1 ganglioside was dissolved in the minimum required meth-

anol and slowly saturated with and maintained under ozone at

23 °C for 6 h under continuous stirring. Following the solvent’s

evaporation under vacuum, triethylamine was added to bring

the residue’s pH between 10.5 and 11.0. Following solvent

evaporation, GM1-OS was purified by flash chromatography

with the following eluent ratios: chloroform/methanol/2-propa-

nol/water, 60 : 35 : 5 : 5. GM1-OS was dissolved in sterile

ultrapure water and stored at �20 °C. Nuclear Magnetic Reso-

nance (NMR), Mass Spectrometry (MS) and high performance

(HP)-TLC analyses showed a purity over 99% for the prepared

oligosaccharide (data not shown, for reference see [31]).

Statistical analysis

Data are expressed as mean � SEM and were analyzed for

significance by One-way ANOVA following Tukey’s or by

Fisher’s LSD post hoc tests. The analysis was performed with

the PRISM software (GraphPad Software, Inc., La Jolla, CA,

USA). The normality distribution was verified using

Kolmogorov–Smirnov, D’ Agostino & Pearson and Shapiro–
Wilk tests. A P-value < 0.05 was considered significant.

Results

GM1-OS protects against DCB-induced toxicity in

N2a cells

The finding that GM1 protected neurons from the toxic

effects induced by glutamate and by the calcium iono-

phore suggests that GM1 is involved in maintaining

intracellular calcium homeostasis [23–27,47,48]. Indeed,
GM1 influences calcium fluxes by interacting with dif-

ferent players including calcium influx channels and

exchangers, and various calcium-dependent enzymes

[21]. Calcium efflux from cytoplasm was found to be

modulated by the GM1 association with sodium/cal-

cium exchangers (NCX) in the nuclear envelope [49].

Moreover, we previously demonstrated that GM1 is

able to modulate intracellular calcium flux in the murine

neuroblastoma cell line (N2a) via direct binding of its

oligosaccharide portion to the TrkA receptor on the cell

surface leading to the activation of the downstream

PLCγ and PKC signaling pathways [37].

Thus, to understand whether the GM1-OS could

have a protective role against excitotoxicity, we used a

simple model represented by N2a cells exposed to

DCB, a potent inhibitor of the sodium/calcium anti-

porter which induces an intracellular calcium elevation

and consequent cell death [38]. As expected, we con-

firmed that DCB exposure leads to a 40% decrease of

cell viability (Fig. 1). Importantly, GM1-OS pretreat-

ment significantly improved N2a viability. These

results highlight that GM1-OS can exert a protective

activity against cell death phenomena induced by cal-

cium overload such as excitotoxicity.

GM1 preserves WT MNs from excitotoxicity via

GM1-OS

Given the evidence of a potential role of GM1-OS in

counteracting excitotoxicity (Fig. 1), we aimed to

assess whether GM1-OS was directly capable to pro-

tect against glutamate-induced toxicity as GM1 was

reported to do [26,27,48].

To this purpose, we decided to exploit MNs, a popula-

tion of neurons particularly sensitive to excessive gluta-

mate receptor stimulation. As expected, glutamate

exposure dramatically decreased the MNs survival, as

shown by a significant decline of MAP2-positive neurons

and neurite network degeneration (Fig. 2). Importantly,

MNs pretreated with GM1 and GM1-OS showed

reduced loss of MAP2-signal (Fig. 2A,B). Moreover, the

neurite network of glutamate-damaged MNs was pre-

served in presence of GM1 and GM1-OS (Fig. 2A,C).

These studies demonstrate the protective effect of

GM1 against excitotoxicity in glutamate-MNs,

highlighting that this effect can be mediated as well by

its oligosaccharide portion alone.

GM1 reduces SOD1 aggregation and TDP-43

mislocalization in glutamate-intoxicated WT MNs

via GM1-OS

A characteristic signature of ASL is the accumulation

of ubiquitylated proteinaceous inclusions whose main

constituents are predominantly aggregates of SOD1

and TDP-43 proteins [6]. These proteins can aggregate
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even in absence of genetic mutations, as a consequence

of impaired calcium homeostasis [50–52].
To understand whether GM1, along with its oligo-

saccharide derivative, is able to counteract the patho-

logical aggregation of SOD1 and TDP-43, we analyzed

WT MNs intoxicated with glutamate. In accordance

with the literature data [50–52], glutamate distress

boosted SOD1 aggregation, as assessed by a significant

increase of the misfolded SOD1 fluorescence signal

(Fig. 3A,B). Additionally, upon glutamate administra-

tion, we observed TDP-43 mislocalization from

nucleus to cytoplasm, as evaluated by an increase in

the TDP-43 cytoplasmic fluorescence (Fig. 3C,D).

Both GM1 and GM1-OS treatments reduced SOD1

aggregation (Fig. 3A,B) and TDP-43 mislocalization

(Fig. 3C,D) reaching control levels.

These data demonstrate the GM1 efficacy in coun-

teracting SOD1 and TPD-43 aggregation by its

oligosaccharide head.

GM1 decreases mitochondrial loss and lowers

the excess of mitochondrial O��
2 in glutamate-

intoxicated WT MNs via GM1-OS

The glutamate-cytotoxicity is linked to mitochondrial

dysfunction deriving from increased oxygen

consumption and consequent boosting of ROS levels,

altered mitochondrial polarization, imbalanced mito-

chondrial dynamics, and mitochondrial calcium han-

dling [3,53]. Considering the capability of GM1 and

GM1-OS to modulate mitochondria function and to

scavenge oxidative stress [31,36,48,54,55], we decided

to evaluate mitochondria status in MNs challenged

with exogenous glutamate (Fig. 4).

The network of functional mitochondria was identi-

fied with Mitotracker Red CMXRos dye [56], after

24 h of exposure to glutamate (Fig. 4A). As shown in

Fig. 4B, glutamate induced a 20% reduction of mito-

chondrial mass in MAP2-positive neurons that was

significantly recovered by GM1, but not by its oligo-

saccharide which induced only a partial but not signifi-

cant recovery (P = 0.06).

Next, we evaluated mitochondrial O��
2 using the spe-

cific MitoSOX Red dye [36,41,57] 4 h after glutamate

administration (Fig. 4C). As shown in Fig. 4D, glutamate

significantly increased O��
2 levels, while both GM1 and

GM1-OS treatments lowered mitochondrial O��
2 overload

in glutamate-intoxicated MNs. Four hours after gluta-

mate administration neither the decrease in MNs viability

or the degeneration of neurite network were found, indi-

cating that the ROS increase strictly depends on impaired

mitochondria homeostasis (Fig. S1).

Fig. 1. GM1-OS neuroprotective effect

versus DCB treatment in N2a cell line.

N2a cells were pre-treated or not (control,

CTRL) with GM1-OS for 24 h, before DCB

exposure. Next, DCB (1.5 μM) or vehicle
(CTRL) was added to the culture medium

for 24 h. (A) Phase contrast images of N2a

cells (20× magnification). Images are

representative of three independent

experiments (n = 3); (B) Trypan Blue

viability assay: living cells (white square)

and dead cells (gray square). Values are

expressed as the percentage mean of

living (Trypan blue-negative) and dead

(Trypan blue-positive) cells (n = 3;

**P < 0.01; ****P < 0.0001 of living cells

by one-way ANOVA versus DCB, followed

by Tukey’s post hoc).
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These results suggest that GM1 neuroprotective

properties against glutamate excitotoxicity may involve

the modulation of mitochondrial dynamics and activity

through its oligosaccharide.

GM1 preserves SOD1G93A MNs from

excitotoxicity via GM1-OS

Considering the protective effect of GM1 and GM1-

OS against excitotoxicity induced by glutamate in

WT MNs, we decided to verify their activity in a

genetic model of ALS, a neurodegenerative disease

where excitotoxicity-derived damage strongly contrib-

utes to neuronal degeneration. Mutation in SOD1

gene are the most frequently observed in ALS disease

[58], and the G93A substitution (glycine 93 converted

to alanine) in SOD1 has been extensively studied

because it was the first mutation discovered to cause

MNs degeneration in a transgenic mouse model [59].

Interestingly, MNs in mixed spinal cord cultures from

SOD1G93A mice were found to be more susceptible to

glutamate intoxication as compared to the WT coun-

terpart [60].

Thus, to model ALS in vitro, we generated MNs

from SOD1G93A rats and exposed them to glutamate.

Glutamate exposure exerted a toxic effect in SOD1G93A

MNs, as showed by around 40% survival decrease and

neurite network degeneration (Fig. 5). Importantly, GM1

and GM1-OS significantly ameliorated SOD1G93A MNs

phenotype by increasing the number of MAP2-positive

MNs (Fig. 5A,B) and counteracting the fragmentation of

the neurite network (Fig. 5A,C).

These data highlight the GM1 protective effect against

excitotoxicity in a genetic MNs model of ALS and that

this function is mediated by its oligosacchairide.

GM1 reduces SOD1 aggregation and TDP-43

mislocalization in glutamate-injured SOD1G93A

MNs via GM1-OS

SOD1 mutations induce the aberrant folding and sub-

sequent aggregation of SOD1 protein. In addition,

mutant SOD1G93A directly interacts with TDP-43

affecting its solubility and resulting in the redistribu-

tion of TDP-43 from the nucleus to the cytoplasm in

an aggregation-prone state [6,50,61].

Thus, we decided to test whether GM1 and its oligo-

saccharide were able to inhibit SOD1 aggregation and

TDP-43 mislocalization by exploiting the SOD1G93A

MNs intoxicated with glutamate. After 24 h from 20-

Fig. 2. Neuroprotective effects of GM1 and GM1-OS in a primary culture of rat MNs intoxicated with glutamate. On day 13 of cell culture, pri-

mary MNs were pre-incubated or not (CTRL) with GM1 (50 μM) or GM1-OS (50 μM) for 1 h, before glutamate exposure. Next, glutamate (5 μM)
was added or not (CTRL) to the culture medium. After 20 min, glutamate was washed out and fresh culture medium with GM1 or GM1-OS was

added. After 24 h, MAP2 immunofluorescence was performed as described in the Materials and methods section. (A) Representative immuno-

fluorescence images of MAP2-positive neurons (20× magnification, scale bar 50 μm); (B) Number of MAP2-positive neurons, as read-out of

MNs survival; (C) Length of MAP2-positive neurite in μm, to evaluate the total neurite network of MNs. All values are represented as percentage

versus CTRL and expressed as mean � SEM (n = 6; ****P < 0.0001; one-way ANOVA followed by Fisher’s LSD).
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min glutamate addition, we found that excitotoxin

exposure dramatically increased the SOD1 aggregate

levels (Fig. 6A,B). Interestingly, GM1 and GM1-OS

pretreatment strongly decreased the aggregation of

mutant SOD1G93A, reaching control levels in GM1-OS

treated- SOD1G93A MNs (Fig. 6A,B). Moreover, the

analysis of TDP-43 subcellular distribution revealed an

increased expression in the cytoplasm upon glutamate

challenge that was significantly mitigated by GM1 and

GM1-OS (Fig. 6C,D).

These results indicate that GM1, via GM1-OS,

counteracts the toxic accumulation and the consequent

aggregation of misfolded proteins typically found in

SOD1-dependent ALS.

GM1 decreases mitochondrial loss and lowers

the excess of mitochondrial O��
2 in glutamate-

intoxicated SOD1G93A MNs via GM1-OS

Beyond the mitochondrial dysfunction induced by glu-

tamate excitotoxicity, SOD1 mutations are directly

involved in mitochondria distress. Indeed, SOD1 has a

predominant localization in the cytoplasm but it is

also physiologically localized within mitochondria

Fig. 3. GM1 and GM1-OS recovery of glutamate-induced SOD1 aggregation and TDP-43 mislocalisation in a primary culture of rat MNs. On

day 13 of culture, primary MNs were pre-incubated or not (CTRL) with GM1 (50 μM) or GM1-OS (50 μM) for 1 h, before glutamate exposure.

Next, glutamate (5 μM) was added or not (CTRL) to the culture medium. After 20 min, glutamate was washed out and fresh culture medium

with GM1 or GM1-OS was added. Twenty-four hours later, SOD1 aggregates and TDP-43 immunofluorescence were performed as

described in the Materials and methods section. (A) Representative immunofluorescence images of MAP2 positive-neurons co-stained for

SOD1 (20× magnification, scale bar 50 μm) (red MAP2, green SOD1); the dotted line corresponds to the enlarged micrograph region shown;

(B) Quantification of SOD1 aggregates in MAP2-positive neurons (SOD1 aggregates (AggSOD1) in MAP2-positive area in μm2); (C) Repre-

sentative immunofluorescence images of MAP2 positive neurons co-stained for TDP-43 (20× magnification, scale bar 50 μm) (green MAP-2,

Red TDP-43); the dotted line corresponds to the enlarged micrograph region shown; (D) Quantification of cytoplasmatic TDP-43 in MAP2-

positive neurons (TDP-43 staining in MAP2-positive area in μm2). All values are represented as percentage versus CTRL and expressed as

mean � SEM (n = 6; *P < 0.05; **P < 0.01; ****P < 0.0001; one-way ANOVA followed by Fisher’s LSD).
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where it acts as antioxidant by dismutating O��
2 to

molecular oxygen (O2) and hydrogen peroxide (H2O2)

[62]. At mitochondria level, SOD1G93A mutant animal

models display an increased dismutase activity and

ROS production, finally leading to mitochondrial

impairment, that is further exacerbated upon cellular

stress [7,60,62,63]. Accordingly, SOD1 mutant MNs

displayed an increased vulnerability to glutamate toxic-

ity that is linked to increased ROS generation, eleva-

tion of intracellular calcium, and mitochondrial

dysfunction [60].

Thus, we decided to evaluate whether mitochondrial

mass and mitochondria ROS production could be

recovered by GM1 and GM1-OS in glutamate-injured

MNs generated from SOD1G93A rat embryos. As

expected, the administration of excitotoxin induced a

reduction of mitochondrial density as assessed by the

Mitotracker signal in MAP2-positive SOD1G93A MNs

(Fig. 7A,B). Interestingly, the treatment with GM1

and GM1-OS significantly counteracted the loss of

mitochondria mass (Fig. 7A,B). Furthermore, gluta-

mate significantly increased the mitochondrial O��
2

Fig. 4. GM1 and GM1-OS reduction of glutamate-induced mitochondrial loss and mitochondrial ROS in a primary culture of rat MNs. On day

13 of culture, MNs were pre-incubated or not (CTRL) with GM1 (50 μM) or GM1-OS (50 μM) for 1 h, before glutamate exposure. Next, gluta-

mate (5 μM) was added or not (CTRL) to the culture medium. After 20 min, glutamate was washed out and fresh culture medium with GM1

or GM1-OS was added. After 4 h, mitochondrial O��
2 levels were evaluated with MitoSOX Red and after 24 h, mitochondrial network was

evaluated using Mitrotracker Red CMXRos, as described in the Materials and methods section. (A) Representative immunofluorescence

images of MNs co-stained with anti-MAP2 and Mitrotracker Red CMXRos dye (20× magnification, scale bar 50 μm) (green MAP2, red Mito-

tracker); the dotted line corresponds to the enlarged micrograph region shown; (B) Quantification of Mitrotracker Red CMXRos overlapping

with MAP2-positive area in μm2; (C) Representative immunofluorescence images of MNs co-stained with anti-MAP2 and MitoSOX Red dye

(20× magnification, scale bar 50 μm) (green MAP-2, red MitoSOX); the dotted line corresponds to the enlarged micrograph region shown;

(D) Quantification of MitoSOX Red signal overlapping with MAP2-positive area in μm2. All values are represented as percentage versus

CTRL and expressed as mean � SEM (n = 6; *P < 0.05; **P < 0.01; ****P < 0.0001; one-way ANOVA followed by Fisher’s LSD).
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levels, 4 h after administration. Importantly, GM1 and

GM1-OS treatments lowered mitochondrial O��
2 over-

load in glutamate SOD1G93A MNs 4 h of

postglutamate-injury (Fig. 7C,D).

These results suggest that the GM1 protective proper-

ties against excitotoxicity in SOD1G93A MNs could be

linked to its capability to reduce oxidative stress acting

at a mitochondrial level via its oligosaccharide head.

Discussion

Gangliosides, sialic acid-containing glycosphingolipids

abundant in neuronal membranes, are required for

the development and maintenance of the CNS [14–17].
Accordingly, altered ganglioside metabolism is

reported in severe neurodevelopmental and neurode-

generative disorders [64]. For example, the loss of

GM2/GD2 synthase, resultant in a deficit of GM2,

GD2, GM1 and all other gangliotetraose gangliosides,

was reported to be responsible for increased cell death

upon glutamate intoxication. The enhanced susceptibil-

ity to excitotoxicity seems to be specifically linked to

GM1 deficiency since supplementation with GM1 or

GM1-derivative LIGA20 was able to rescue GM2/

GD2 synthase knock-out cells facilitating the restora-

tion of calcium homeostasis [26,27]. This evidence is

strongly sustained by previous evidence highlighting

the capability of GM1 to avoid toxic effects of gluta-

mate overload [24,25,47]. In contrast, a neuroprotec-

tive effect of GD3 or GM3 in the brain has not been

documented, aligning with the observation that these

ganglioside species exhibit significant expression during

developmental stages but relatively minimal in adult

life [64].

By analyzing the single molecular components of the

ganglioside GM1, we recently discovered that the bio-

active portion resides within its oligosaccharide (GM1-

OS). Conversely, even smaller structural elements of

the GM1 oligosaccharide, such as the GM2 oligosac-

charide II3Neu5Ac-Gg3, the GM3 oligosaccharide

II3Neu5Ac-Lac (sialyl lactose), the galactose or the

sialic acid failed to elicit neuronal functions [34].

GM1-OS, lacking the hydrophobic tail of ceramide,

becomes a soluble and hydrophilic molecule: without

Fig. 5. Neuroprotective effects of GM1 and GM1-OS in a primary culture of rat SOD1G93A MNs injured with glutamate. On day 13 of cul-

ture, primary MNs were pre-incubated or not (CTRL) with GM1 (50 μM) or GM1-OS (50 μM) for 1 h, before glutamate exposure. Next, gluta-

mate (5 μM) was added or not (CTRL) to the culture medium. After 20 min, glutamate was washed out and fresh culture medium with GM1

or GM1-OS was added. After 24 h, MAP2 immunofluorescence was performed as described in the Materials and methods section. (A) Rep-

resentative immunofluorescence images of MAP2-positive neurons (20× magnification, scale bar 50 μm); (B) Number of MAP2-positive neu-

rons, as read-out of MNs survival; (C) Length of MAP2-positive neurite in μm, to evaluate the total neurite network of MNs. All values are

represented as percentage versus CTRL and expressed as mean � SEM (n = 6; ****P < 0.0001; one-way ANOVA followed by Fisher’s

LSD).
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entering the cell, it remains in the extracellular envi-

ronment [18,34,35] and interacts directly with the neu-

rotrophin receptor TrkA by mediating the protective

and reparative signaling typical of GM1 [18,34,65]. On

the contrary, GM1-OS, lacking the amphiphilicity of

ganglioside, has the advantage of efficiently

crossing the blood brain barrier, showing a 20-fold

higher crossing speed than GM1 and a time- and

concentration-dependent paracellular transport [66].

Moreover, after crossing the barrier, GM1-OS remains

intact and retains its neurotrophic properties [66].

Therefore, GM1 exerts its bioactivity through its

hydrophilic head, which protrudes into the

extracellular environment and then acts on the cell sur-

face by interacting with proteins residing on the

plasma membrane. Specifically on the cells surface, by

directly binding NGF TrkA receptor activates the

ERK1/2 downstream cascade, triggering neuronal dif-

ferentiation, maturation, and protection [30,34–36]. As

demonstrated by bioinformatics analyses, the saccha-

ride sequence of GM1-OS is crucial for the stabiliza-

tion of the TrkA/NGF complex [34]. An array of

molecular processes was shown to be induced by

GM1-OS in a TrkA-dependent manner, including anti-

oxidant mechanisms, mitochondrial bioenergetics [31],

and an anti-inflammatory response [36]. Accordingly,

Fig. 6. GM1 and GM1-OS recovery of glutamate-induced SOD1 aggregation and TDP-43 mislocalisation in a primary culture of rat SOD1G93A

MNs. On day 13 of culture, primary MNs were pre-incubated or not (CTRL) with GM1 (50 μM) or GM1-OS (50 μM) for 1 h, before glutamate

exposure. Next, glutamate (5 μM) was added or not (CTRL) to the culture medium. After 20 min, glutamate was washed out and fresh cul-

ture medium with GM1 or GM1-OS was added. After 24 h, SOD1 and TDP-43 immunofluorescences were performed as described in Mate-

rials and methods section. (A) Representative immunofluorescence images of MAP2-positive neurons co-stained for SOD1 (20×
magnification, scale bar 50 μm) (red MAP2, green SOD1); the dotted line corresponds to the enlarged micrograph region shown; (B) Quanti-

fication of SOD1 aggregates in MAP2-positive neurons (SOD1 aggregates (AggSOD1) in MAP2-positive area in μm2); (C) Representative

immunofluorescence images of MAP-2 positive neurons co-stained for TDP-43 (20× magnification, scale bar 50 μm) (green MAP2, red TDP-

43); the dotted line corresponds to the enlarged micrograph region shown; (D) Quantification of cytoplasmatic TDP-43 in MAP2-positive neu-

rons (TDP-43 staining in MAP2-positive area in μm2). All values are represented as percentage versus CTRL and expressed as mean � SEM

(n = 6; *P < 0.05; **P < 0.01; ****P < 0.0001; one-way ANOVA followed by Fisher’s LSD).
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GM1-OS was found to be able to counteract neurode-

generation in vitro and in vivo in Parkinson’s disease

models [36,41,67,68].

Among other cell events, we demonstrated that

GM1-OS is involved in the regulation of intracellular

calcium fluxes in neuroblastoma cells [37], similarly to

GM1 [21,49].

Thus, here, based on the preliminary data showing

that GM1-OS sustains the survival of N2a cells

exposed to excessive calcium increase induced by the

DCB inhibition of sodium/calcium exchanger current

(Fig. 1), we investigated the specific role of GM1, via

its oligosaccharide, in protecting against excitotoxicity.

We exploited glutamate-injured MNs since this neuro-

nal population is particularly vulnerable to glutamate

toxicity and this condition is further exacerbated in

presence of ALS-causing mutations [2,60]. By

immunofluorescence-based assays, we showed that the

decreased viability and degeneration of neurite net-

work induced by glutamate exposure were significantly

recovered by GM1 in both WT and SOD1G93A MNs

(Figs 2 and 5), confirming previous research that

highlighted the protective activity of gangliosides in

ALS models [10]. GM1 and GM1-OS efficacies

Fig. 7. GM1 and GM1-OS reduction of glutamate-induced mitochondrial loss and mitochondrial ROS in a primary culture of rat SOD1G93A

MNs. On day 13 of culture, MNs were pre-incubated or not (CTRL) with GM1 (50 μM) or GM1-OS (50 μM) for 1 h, before glutamate expo-

sure. Next, glutamate (5 μM) was added or not (CTRL) to the culture medium. After 20 min, glutamate was washed out and fresh culture

medium with GM1 or GM1-OS was added. After 4 h, mitochondrial O��
2 was evaluated with MitoSOX Red and after 24 h, mitochondrial net-

work was evaluated with Mitrotracker Red CMXRos as described in the Materials and methods section. (A) Representative immunofluores-

cence images of MNs co-stained with anti-MAP2 and Mitrotracker Red CMXRos dye (20× magnification, scale bar 50 μm) (green MAP2,

red Mitrotracker); the dotted line corresponds to the enlarged micrograph region shown; (B) Quantification of Mitrotracker Red CMXRos sig-

nal overlapping MAP2-positive area in μm2; (C) Representative immunofluorescence images of MNs co-stained with anti-MAP2 and Mito-

SOX Red dye (20× magnification, scale bar 50 μm) (green MAP2, red MitoSOX); the dotted line corresponds to the enlarged micrograph

region shown; (D) Quantification of MitoSOX Red signal overlapping MAP2-positive area in μm2. All values are represented as percentage

versus CTRL and expressed as mean � SEM (n = 6; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; one-way ANOVA followed by

Fisher’s LSD).
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in counteracting glutamate excitotoxicity in MNs were

comparable (Figs 2 and 5), indicating that the oligo-

saccharide head of GM1, separated from the ceramide

tail, was sufficient to exert neuronal protective func-

tions. These data corroborate that GM1-OS owns the

bioactive properties of the ganglioside GM1.

Cellular stress has been demonstrated to induce

protein aggregation forming toxic intracellular inclu-

sions, which may exacerbate the damage prompted

by excitotoxicity. Among them, aggregates of WT

SOD1 have been reported to trigger MNs death via

increasing oxidative stress and mitochondria dysfunc-

tion [50]. In addition, altered calcium flux has been

found to stimulate the cytoplasmic TDP-43 aggrega-

tion by boosting calpain-dependent TDP-43 cleavage

[51,52]. Accumulation of TDP-43 aggregates deter-

mines an impairment on nuclear activities in which

TDP-43 is normally involved (i.e., mRNA matura-

tion and transport, repair of genome double-stranded

breaks) as well as alteration of the cytoplasmic com-

partment (i.e., stress granule modulation, mRNA sta-

bility and trafficking, translational and microRNA

regulation), indicating that TDP-43 dysregulation

causes systemic cellular dysfunction [69]. Further-

more, mutations in SOD1 promote the formation of

cytoplasmic inclusions, whose main components are

misfolded SOD1 and TDP-43 proteins, and this

event is exacerbated by glutamate overstimulation

[6,50,61].

Accordingly, we found that acute glutamate expo-

sure increases SOD1/SOD1G93A aggregation and cyto-

plasmic mislocalization of TDP-43 (Figs 3 and 6) [51].

Interestingly, GM1 supplementation significantly ame-

liorated the phenotype both in WT and in SOD1G93A

MNs intoxicated with glutamate (Figs 3 and 6). The

same effect was observed by the administration of

GM1-OS alone, indicating that the oligosaccharide

portion of GM1 was sufficient in preventing the gluta-

mate induced SOD1/SOD1G93A and TDP-43 abnor-

malities. This evidence well correlates with studies

demonstrating the role of GM1 in preventing misfold-

ing and aggregation of alpha-synuclein, the main com-

ponent of intracellular aggregates characteristic of

Parkinson’s disease [18]. Remarkably, GM1 capability

to inhibit alpha-synuclein fibrillation has been proved

to be mediated by its oligosaccharide head [68,70,71].

Additionally, mitochondrial impairment represents

a key feature in ALS pathology [72]. Mutant

SOD1 localizes at mitochondria and induces the alter-

ation of mitochondrial homeostasis, increasing ROS

production that results higher upon excitotoxic stimuli

[7,60,62,63]. In both MNs experimental models, gluta-

mate led to accumulation of mitochondrial O��
2 , which

was significantly reduced by GM1 via its oligosaccha-

ride (Figs 4 and 7).

Additionally, the glutamate administration induced

a loss in mitochondria mass both in WT and

SOD1G93A MNs, which was recovered by GM1 in

both models and by its oligosaccharide only in

SOD1G93A MNs (Figs 4 and 7). Interestingly, Kumari

et al. demonstrated that glutamate at toxic concentra-

tions affected mitochondrial function inducing mito-

chondrial autophagy (mitophagy). Additionally, the

authors demonstrated that selenium supplementation

increased cell viability, reduced autophagy activation,

and pDrp1-LC3 overlapping [53]. Based on these

observations, we can speculate that reduced mitochon-

drial mass upon glutamate exposure might involve the

activation of mitophagy and that GM1 and GM1-OS

can support mitochondria integrity, thus avoiding their

elimination. Accordingly, GM1 has been described as

a modulator of autophagic processes [73,74]. Interest-

ingly, the capability of GM1 and GM1-OS to preserve

mitochondria and avoid ROS accumulation is in line

with data reported in literature. GM1, via GM1-OS,

has been demonstrated to counteract the toxicity of

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydro-

choloride (MPTP), a neurotoxin able to induce neuro-

degeneration by inhibiting mitochondrial complex I

[18,36,41]. Additionally, we specifically found that

GM1-OS stimulated mitochondria biogenesis, boosted

mitochondria function and reduced mitochondria ROS

levels in neuronal cells [31,41]. Importantly, GM1-OS

potentiated mitochondria function by boosting mito-

chondrial complex I and II activities in a N2a model

of mitochondrial dysfunction [31].

The present study demonstrates the in vitro GM1

therapeutic potential in models of Amyotrophic Lat-

eral Sclerosis providing evidence of its protective and

restorative ability through its oligosaccharide chain in

counteracting glutamate-induced neurotoxicity in WT

and SOD1G93A MNs by modulating mitochondrial

homeostasis. However additional experimental work is

required to fully understand the molecular mechanisms

underlying GM1 action in ALS and to specifically ver-

ify whether it depends on the modulation of neurotro-

phins’ receptors at plasma membrane.

Conclusions

Our study demonstrates that GM1 is able to protect

WT and ALS MNs against glutamate-mediated excito-

toxicity. Importantly, its function strictly depends

on its oligosaccharide association with the cell

surface. Indeed, the use GM1-OS, which is not inter-

nalized by cells, faithfully replicates GM1-induced
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neuroprotection [30]. In this context, GM1-OS retains

all the beneficial properties of the entire ganglioside

but loses its amphiphilicity, enabling it to effectively

penetrate the central nervous system [66,67]. Its biolog-

ical activity and its ability to penetrate in the brain

makes GM1-OS a promising drug candidate for neuro-

logical disorders [30]. Additionally, the capability to

counteract the toxic effect of glutamate and oxidative

stress seems to be particularly interesting in the ALS

context. Indeed, riluzole, a glutamatergic neurotrans-

mitter inhibitor, is currently used to manage ALS and

has been demonstrated to extend the life span of

patients up to 2 years. Additionally, Edaverone was

recently approved for treatment of ALS and its thera-

peutic activity is likely to be linked to its antioxidant

properties [75]. The GM1 oligosaccharide seems to

possess all the characteristics to counteract the multi-

factorial aspects underlying neurodegenerative diseases,

and, in the specific case of ALS, to counteract

glutamate-mediated excitotoxicity, mitochondrial dys-

function, ROS overproduction and protein misfolding,

thus ensuring neuronal survival.

Acknowledgments

This research was funded by Mizutani Foundation for

Glycoscience 27th Research Grant, grant number 200045

and by Banca d’Italia “Fondi Liberali” 2020 to EC.

Conflict of interest

The authors declare no conflict of interest.

Peer review

The peer review history for this article is available at

https://www.webofscience.com/api/gateway/wos/peer-

review/10.1002/2211-5463.13727.

Data accessibility

The data presented in this study are available upon

reasonable request to the corresponding author.

Author contributions

GL, EDB, EVC, MF, AH, NC, MS, and EC were

involved in conceptualization, methodology, investiga-

tion, analysis, and draft of the manuscript; GL, MF,

and EC were involved in supervision, conceptualiza-

tion, draft and revision of the manuscript; LaM and

MGC were involved in GM1-OS chemical synthesis;

GL, EDB, EVC, MF, AH, NC, NL, MA, SS, LaM,

LuM, MS, and EC were involved in the revision of the

manuscript; all authors have read and agreed to the

published version of the manuscript.

References

1 Blandini F (2010) An update on the potential role of

excitotoxicity in the pathogenesis of Parkinson’s disease.

Funct Neurol 25, 65–71.
2 Van Den Bosch L, Van Damme P, Bogaert E and

Robberecht W (2006) The role of excitotoxicity in the

pathogenesis of amyotrophic lateral sclerosis. Biochim

Biophys Acta 1762, 1068–1082.
3 Verma M, Lizama BN and Chu CT (2022)

Excitotoxicity, calcium and mitochondria: a triad in

synaptic neurodegeneration. Transl Neurodegener 11, 3.

4 King AE, Woodhouse A, Kirkcaldie MT and Vickers

JC (2016) Excitotoxicity in ALS: overstimulation, or

overreaction? Exp Neurol 275 (Pt 1), 162–171.
5 Chio A, Battistini S, Calvo A, Caponnetto C, Conforti

FL, Corbo M, Giannini F, Mandrioli J, Mora G,

Sabatelli M et al. (2014) Genetic counselling in ALS:

facts, uncertainties and clinical suggestions. J Neurol

Neurosurg Psychiatry 85, 478–485.
6 Hardiman O, Al-Chalabi A, Chio A, Corr EM,

Logroscino G, Robberecht W, Shaw PJ, Simmons Z

and van den Berg LH (2017) Amyotrophic lateral

sclerosis. Nat Rev Dis Primers 3, 17071.

7 Jung C, Higgins CM and Xu Z (2002) Mitochondrial

electron transport chain complex dysfunction in a

transgenic mouse model for amyotrophic lateral

sclerosis. J Neurochem 83, 535–545.
8 Mattiazzi M, D’Aurelio M, Gajewski CD, Martushova

K, Kiaei M, Beal MF and Manfredi G (2002) Mutated

human SOD1 causes dysfunction of oxidative

phosphorylation in mitochondria of transgenic mice. J

Biol Chem 277, 29626–29633.
9 Takeuchi H, Kobayashi Y, Ishigaki S, Doyu M and

Sobue G (2002) Mitochondrial localization of mutant

superoxide dismutase 1 triggers caspase-dependent cell

death in a cellular model of familial amyotrophic lateral

sclerosis. J Biol Chem 277, 50966–50972.
10 Dodge JC, Treleaven CM, Pacheco J, Cooper S, Bao C,

AbrahamM, Cromwell M, Sardi SP, Chuang WL,

Sidman RL et al. (2015) Glycosphingolipids are

modulators of disease pathogenesis in amyotrophic

lateral sclerosis. Proc Natl Acad Sci USA 112, 8100–8105.
11 Henriques A, Huebecker M, Blasco H, Keime C,

Andres CR, Corcia P, Priestman DA, Platt FM,

Spedding M and Loeffler JP (2017) Inhibition of beta-

glucocerebrosidase activity preserves motor unit

integrity in a mouse model of amyotrophic lateral

sclerosis. Sci Rep 7, 5235.

12 Bouscary A, Quessada C, Mosbach A, Callizot N,

Spedding M, Loeffler JP and Henriques A (2019)

15FEBS Open Bio (2023) ª 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

G. Lunghi et al. GM1 against excitotoxity

 22115463, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/2211-5463.13727 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [15/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.13727
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2211-5463.13727


Ambroxol hydrochloride improves motor functions and

extends survival in a mouse model of familial

amyotrophic lateral sclerosis. Front Pharmacol 10, 883.

13 Chester MA (1998) IUPAC-IUB Joint Commission on

Biochemical Nomenclature (JCBN). Nomenclature of

glycolipids – recommendations 1997. Eur J Biochem

257, 293–298.
14 Andreev K (2020) The structural role of gangliosides:

insights from X-ray scattering on model membranes.

Curr Med Chem 27, 6548–6570.
15 Lunghi G, Fazzari M, Di Biase E, Mauri L, Chiricozzi

E and Sonnino S (2021) The structure of gangliosides

hides a code for determining neuronal functions. FEBS

Open Bio 11, 3193–3200.
16 Azzaz F, Yahi N, Di Scala C, Chahinian H and Fantini

J (2022) Ganglioside binding domains in proteins:

physiological and pathological mechanisms. Adv Protein

Chem Struct Biol 128, 289–324.
17 Schnaar RL (2019) The biology of gangliosides. Adv

Carbohydr Chem Biochem 76, 113–148.
18 Chiricozzi E, Lunghi G, Di Biase E, Fazzari M,

Sonnino S and Mauri L (2020) GM1 ganglioside is a

key factor in maintaining the mammalian neuronal

functions avoiding neurodegeneration. Int J Mol Sci 21,

868.

19 Magistretti PJ, Geisler FH, Schneider JS, Li PA,

Fiumelli H and Sipione S (2019) Gangliosides:

treatment avenues in neurodegenerative disease. Front

Neurol 10, 859.

20 Ledeen R and Wu G (2018) Gangliosides of the

nervous system. Methods Mol Biol 1804, 19–55.
21 Ledeen RW and Wu G (2015) The multi-tasked life of

GM1 ganglioside, a true factotum of nature. Trends

Biochem Sci 40, 407–418.
22 Aureli M, Mauri L, Ciampa MG, Prinetti A, Toffano

G, Secchieri C and Sonnino S (2016) GM1 ganglioside:

past studies and future potential. Mol Neurobiol 53,

1824–1842.
23 Favaron M, Manev H, Alho H, Bertolino M, Ferret B,

Guidotti A and Costa E (1988) Gangliosides prevent

glutamate and kainate neurotoxicity in primary

neuronal cultures of neonatal rat cerebellum and cortex.

Proc Natl Acad Sci USA 85, 7351–7355.
24 de Erausquin GA, Manev H, Guidotti A, Costa E and

Brooker G (1990) Gangliosides normalize distorted

single-cell intracellular free Ca2+ dynamics after toxic

doses of glutamate in cerebellar granule cells. Proc Natl

Acad Sci USA 87, 8017–8021.
25 Manev H, Favaron M, Vicini S, Guidotti A and Costa

E (1990) Glutamate-induced neuronal death in primary

cultures of cerebellar granule cells: protection by

synthetic derivatives of endogenous sphingolipids. J

Pharmacol Exp Ther 252, 419–427.
26 Wu G, Lu ZH, Xie X and Ledeen RW (2004)

Susceptibility of cerebellar granule neurons from GM2/

GD2 synthase-null mice to apoptosis induced by

glutamate excitotoxicity and elevated KCl: rescue by

GM1 and LIGA20. Glycoconj J 21, 305–313.
27 Wu G, Lu ZH, Wang J, Wang Y, Xie X, Meyenhofer

MF and Ledeen RW (2005) Enhanced susceptibility to

kainate-induced seizures, neuronal apoptosis, and death

in mice lacking gangliotetraose gangliosides: protection

with LIGA 20, a membrane-permeant analog of GM1.

J Neurosci 25, 11014–11022.
28 Oliveira AL and Langone F (2000) GM-1 ganglioside

treatment reduces motoneuron death after ventral root

avulsion in adult rats. Neurosci Lett 293, 131–134.
29 Geisler FH, Coleman WP, Grieco G, Poonian D and

Sygen Study G (2001) The Sygen multicenter acute

spinal cord injury study. Spine (Phila Pa 1976) 26,

S87–S98.
30 Chiricozzi E, Di Biase E, Lunghi G, Fazzari M,

Loberto N, Aureli M, Mauri L and Sonnino S (2021)

Turning the spotlight on the oligosaccharide chain of

GM1 ganglioside. Glycoconj J 38, 101–117.
31 Fazzari M, Audano M, Lunghi G, Di Biase E, Loberto

N, Mauri L, Mitro N, Sonnino S and Chiricozzi E

(2020) The oligosaccharide portion of ganglioside GM1

regulates mitochondrial function in neuroblastoma cells.

Glycoconj J 37, 293–306.
32 Boussicault L, Laffaire J, Schmitt P, Rinaudo P,

Callizot N, Nabirotchkin S, Hajj R and Cohen D

(2020) Combination of acamprosate and baclofen

(PXT864) as a potential new therapy for amyotrophic

lateral sclerosis. J Neurosci Res 98, 2435–2450.
33 Wang W, Li L, Lin WL, Dickson DW, Petrucelli L,

Zhang T and Wang X (2013) The ALS disease-

associated mutant TDP-43 impairs mitochondrial

dynamics and function in motor neurons. Hum Mol

Genet 22, 4706–4719.
34 Chiricozzi E, Pome DY, Maggioni M, Di Biase E,

Parravicini C, Palazzolo L, Loberto N, Eberini I and

Sonnino S (2017) Role of the GM1 ganglioside

oligosaccharide portion in the TrkA-dependent neurite

sprouting in neuroblastoma cells. J Neurochem 143,

645–659.
35 Di Biase E, Lunghi G, Fazzari M, Maggioni M, Pome

DY, Valsecchi M, Samarani M, Fato P, Ciampa MG,

Prioni S et al. (2020) Gangliosides in the differentiation

process of primary neurons: the specific role of GM1-

oligosaccharide. Glycoconj J 37, 329–343.
36 Chiricozzi E, Maggioni M, di Biase E, Lunghi G,

Fazzari M, Loberto N, Elisa M, Scalvini FG,

Tedeschi G and Sonnino S (2019) The

neuroprotective role of the GM1 oligosaccharide, II(3)

Neu5Ac-Gg4, in neuroblastoma cells. Mol Neurobiol

56, 6673–6702.
37 Lunghi G, Fazzari M, Di Biase E, Mauri L, Sonnino S

and Chiricozzi E (2020) Modulation of calcium

signaling depends on the oligosaccharide of GM1 in

16 FEBS Open Bio (2023) ª 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

GM1 against excitotoxity G. Lunghi et al.

 22115463, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/2211-5463.13727 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [15/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Neuro2a mouse neuroblastoma cells. Glycoconj J 37,

713–727.
38 Nakamura K, Wu G and Ledeen RW (1992) Protection

of neuro-2a cells against calcium ionophore cytotoxicity

by gangliosides. J Neurosci Res 31, 245–253.
39 Aureli M, Bassi R, Prinetti A, Chiricozzi E,

Pappalardi B, Chigorno V, Di Muzio N, Loberto N

and Sonnino S (2012) Ionizing radiations increase the

activity of the cell surface glycohydrolases and the

plasma membrane ceramide content. Glycoconj J 29,

585–597.
40 Samarani M, Loberto N, Solda G, Straniero L, Asselta

R, Duga S, Lunghi G, Zucca FA, Mauri L, Ciampa

MG et al. (2018) A lysosome-plasma membrane-

sphingolipid axis linking lysosomal storage to cell

growth arrest. FASEB J 32, 5685–5702.
41 Fazzari M, Lunghi G, Henriques A, Callizot N,

Ciampa MG, Mauri L, Prioni S, Carsana EV, Loberto

N, Aureli M et al. (2023) GM1 oligosaccharide efficacy

in Parkinson’s disease: protection against MPTP.

Biomedicine 11, 1305.

42 Callizot N, Combes M, Henriques A and Poindron P

(2019) Necrosis, apoptosis, necroptosis, three modes of

action of dopaminergic neuron neurotoxins. PLoS One

14, e0215277.

43 Henriques A, Rouviere L, Giorla E, Farrugia C, El

Waly B, Poindron P and Callizot N (2022) Alpha-

synuclein: the spark that flames dopaminergic neurons,

in vitro and in vivo evidence. Int J Mol Sci 23, 9864.

44 Tettamanti G, Bonali F, Marchesini S and Zambotti V

(1973) A new procedure for the extraction, purification

and fractionation of brain gangliosides. Biochim

Biophys Acta 296, 160–170.
45 Acquotti D, Cantu L, Ragg E and Sonnino S (1994)

Geometrical and conformational properties of

ganglioside GalNAc-GD1a,

IV4GalNAcIV3Neu5AcII3Neu5AcGgOse4Cer. Eur J

Biochem 225, 271–288.
46 Wiegandt H and Bucking HW (1970) Carbohydrate

components of extraneuronal gangliosides from bovine

and human spleen, and bovine kidney. Eur J Biochem

15, 287–292.
47 Manev H, Guidotti A and Costa E (1993) Protection

by gangliosides against glutamate excitotoxicity. Adv

Lipid Res 25, 269–288.
48 Huang F, Dong X, Zhang L, Zhang X, Zhao D, Bai X

and Li Z (2010) GM1 and nerve growth factor modulate

mitochondrial membrane potential and neurofilament

light mRNA expression in cultured dorsal root ganglion

and spinal cord neurons during excitotoxic glutamate

exposure. J Clin Neurosci 17, 495–500.
49 Xie X, Wu G, Lu ZH and Ledeen RW (2002)

Potentiation of a sodium-calcium exchanger in the

nuclear envelope by nuclear GM1 ganglioside. J

Neurochem 81, 1185–1195.

50 Woo TG, Yoon MH, Kang SM, Park S, Cho JH,

Hwang YJ, Ahn J, Jang H, Shin YJ, Jung EM et al.

(2021) Novel chemical inhibitor against SOD1

misfolding and aggregation protects neuron-loss and

ameliorates disease symptoms in ALS mouse model.

Commun Biol 4, 1397.

51 Asakawa K, Handa H and Kawakami K (2021) Multi-

phaseted problems of TDP-43 in selective neuronal

vulnerability in ALS. Cell Mol Life Sci 78, 4453–4465.
52 Yamashita T, Hideyama T, Hachiga K, Teramoto S,

Takano J, Iwata N, Saido TC and Kwak S (2012) A role

for calpain-dependent cleavage of TDP-43 in amyotrophic

lateral sclerosis pathology. Nat Commun 3, 1307.

53 Kumari S, Mehta SL and Li PA (2012) Glutamate

induces mitochondrial dynamic imbalance and

autophagy activation: preventive effects of selenium.

PLoS One 7, e39382.

54 Finsterwald C, Dias S, Magistretti PJ and Lengacher S

(2021) Ganglioside GM1 targets astrocytes to stimulate

cerebral energy metabolism. Front Pharmacol 12,

653842.

55 Vlasova IA, Zakharova IO, Sokolova TV, Furaev VV,

Rychkova MP and Avrova NF (2009) Role of tyrosine

kinase of Trk-receptors in realization of antioxidant

effect of ganglioside GM1 in PC12 cells. Zh Evol

Biokhim Fiziol 45, 465–471.
56 Poot M, Zhang YZ, Kramer JA, Wells KS, Jones LJ,

Hanzel DK, Lugade AG, Singer VL and Haugland RP

(1996) Analysis of mitochondrial morphology and

function with novel fixable fluorescent stains. J

Histochem Cytochem 44, 1363–1372.
57 Robinson KM, Janes MS and Beckman JS (2008) The

selective detection of mitochondrial superoxide by live

cell imaging. Nat Protoc 3, 941–947.
58 Rosen DR, Siddique T, Patterson D, Figlewicz DA,

Sapp P, Hentati A, Donaldson D, Goto J, O’Regan JP,

Deng HX et al. (1993) Mutations in Cu/Zn superoxide

dismutase gene are associated with familial amyotrophic

lateral sclerosis. Nature 362, 59–62.
59 Valentine JS and Hart PJ (2003) Misfolded CuZnSOD

and amyotrophic lateral sclerosis. Proc Natl Acad Sci

USA 100, 3617–3622.
60 Kruman II, Pedersen WA, Springer JE and Mattson

MP (1999) ALS-linked Cu/Zn-SOD mutation

increases vulnerability of motor neurons to

excitotoxicity by a mechanism involving increased

oxidative stress and perturbed calcium homeostasis.

Exp Neurol 160, 28–39.
61 Jeon GS, Shim YM, Lee DY, Kim JS, Kang M, Ahn

SH, Shin JY, Geum D, Hong YH and Sung JJ (2019)

Pathological modification of TDP-43 in amyotrophic

lateral sclerosis with SOD1 mutations. Mol Neurobiol

56, 2007–2021.
62 Vehvilainen P, Koistinaho J and Gundars G (2014)

Mechanisms of mutant SOD1 induced mitochondrial

17FEBS Open Bio (2023) ª 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

G. Lunghi et al. GM1 against excitotoxity

 22115463, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/2211-5463.13727 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [15/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



toxicity in amyotrophic lateral sclerosis. Front Cell

Neurosci 8, 126.

63 Goldsteins G, Keksa-Goldsteine V, Ahtoniemi T,

Jaronen M, Arens E, Akerman K, Chan PH and

Koistinaho J (2008) Deleterious role of superoxide

dismutase in the mitochondrial intermembrane space. J

Biol Chem 283, 8446–8452.
64 Sipione S, Monyror J, Galleguillos D, Steinberg N and

Kadam V (2020) Gangliosides in the brain: physiology,

pathophysiology and therapeutic applications. Front

Neurosci 14, 572965.

65 Chiricozzi E, Biase ED, Maggioni M, Lunghi G,
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Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig. S1. Neuroprotective effects of GM1 and GM1-OS in

a primary culture of WT or SOD1G93A rat MNs injured

with glutamate. On Day 13 of culture, primary MNs were

pre-incubated or not (CTRL) with GM1 (50 μM) or

GM1-OS (50 μM) for 1 h, before glutamate exposure.

Next, glutamate (5 μM) was added or not (CTRL) to the

culture medium. After 20 min, glutamate was washed out

and fresh culture medium with GM1 or GM1-OS was

added. After 4 h, MAP2 immunofluorescence staining

was performed as described in the Methods section. (a)

Number of MAP2-positive neurons, as read-out of MNs

survival in WTMNs; (b) Length ofMAP2-positive neurite

of WT MNs in μm, to evaluate the total neurite network

of MNs; (c) Number of MAP2-positive neurons, as read-

out of MNs survival of SOD1G93A MNs; (d) Length of

MAP2-positive neurite in μm, to evaluate the total neurite

network of SOD1G93A MNs. All values are represented as

% versus CTRL and expressed as mean � SEM (n = 6,

* p < 0.05; one-way ANOVA followed by Fisher’s LSD).
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