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Adipose mesenchymal stem cells-derived extracellular vesicles exert their
preferential action in damaged central sites of SOD1 mice rather than
peripherally
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder involving motor neuron (MN) loss in the
motor cortex, brainstem and spinal cord leading to progressive paralysis and death. Due to the pathogenetic
complexity, there are no effective therapies available. In this context the use of mesenchymal stem cells and
their vesicular counterpart is an emerging therapeutic strategy to counteract neurodegeneration. The extracel-
lular vesicles derived from adipose stem cells (ASC-EVs) recapitulate and ameliorate the neuroprotective effect
of stem cells and, thanks to their small dimensions, makes their use suitable to develop novel therapeutic
approaches for neurodegenerative diseases as ALS. Here we investigate a therapeutic regimen of ASC-EVs
injection in SOD1(G93A) mice, the most widely used murine model of ALS. Repeated intranasal administra-
tions of high doses of ASC-EVs were able to ameliorate motor performance of injected SOD1(G93A) mice at
the early stage of the disease and produce a significant improvement at the end-stage in the lumbar MNs rescue.
Moreover, ASC-EVs preserve the structure of neuromuscular junction without counteracting the muscle atro-
phy. The results indicate that the intranasal ASC-EVs administration acts in central nervous system sites rather
than at peripheral level in SOD1(G93A) mice. These considerations allow us to identify future applications of
ASC-EVs that involve different targets simultaneously to maximize the clinical and neuropathological out-
comes in ALS in vivo models.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron

disease resulting in the progressive paralysis due to the degenera-
tion of motor neurons (MNs) in the motor cortex, brainstem, and
spinal cord.1 Unfortunately, therapies are currently insufficient and
only capable of slowing down the progression of the disease.2

Most cases are sporadic forms and only 10% of affected
patients suffering from familial forms. Of these, 20% of cases are
associated with mutations in the gene that codes for superoxide
dismutase 1 (SOD1).3,4 ALS mice characterized by an overexpres-
sion of mutant SOD1 are currently among the most used experi-
mental models which reflect many similarities with the human
phenotype.5,6 This transgenic model is characterized by progres-
sive weakness of the hind and subsequently the front limbs until
death, which presumably occurs due to respiratory compromise.
The animals show a progressive loss of MNs in the ventral horn of
the spinal cord with inclusions of SOD1 protein and neurofila-
ments. Moreover, the transgenic mice display altered myofiber size
with defective mitochondrial respiration, and reduced muscle
functions.7 This is accompanied by extensive astrogliosis that
increases with the disease progression.8

Over the past twenty years, the SOD1 mouse, and primarily the
SOD1(G93A) mouse model, has been used not only to characterize
the pathogenesis of ALS but also to explore the effects of potential
therapies.9,10

Among the experimental therapies, stem cell transplantation
results are a promising approach to treat ALS,11 as they have shown
beneficial effects in counteracting several features of neurodegen-
erative process in SOD1 mice.12

The capabilities of stem cells to secrete bioactive molecules
which simultaneously display neuroprotective and immunomodu-
latory properties13,14 appear to be the mechanisms on which the
rationale of stem cell therapy is based. The paracrine activity of
stem cells is widely described and, in particular, among the pletho-
ra of secreted factors, those released via extracellular vesicles
(EVs) are a promising therapeutic approach.

The regenerative and protective potential of EVs from mes-
enchymal stem cells (MSC-EVs) has been demonstrated in numer-
ous in vitro and in vivo ALS models.15-19 Thanks to their content,
the EVs were able to reproduce and display therapeutic effects
similar to their parental cells, avoiding possible side effects and
suggesting their potential use in cell-free therapy.20-22

Recently, we demonstrated a neuroprotective role of EVs
derived from adipose mesenchymal stem cells (ASC-EVs) admin-
istered both via intravenous (i.v.) and intranasal (i.n.) injections in
SOD1(G93A) mice with a slowing down of disease’s progression
in EVs treated mice,17 identifying and supporting the i.n. delivery
as an elective route for the chronic treatment of ALS. However, no
differences were observed concerning the survival of ASC-EVs
treated SOD1(G93A) mice probably because, at the late phase of
the disease, the applied ASC-EVs dose was inefficient. 

Here we report a study to evaluate the impact of a higher dose
of ASC-EVs treatment on MNs survival and neuromuscular junc-
tions (NMJs) preservation in SOD1(G93A) transgenic mice.

Materials and Methods

ASCs culture
Murine ASCs were isolated from inguinal adipose tissues of 8-

12-week-old C57Bl6/J mice (Charles River Laboratories,
Sant’Angelo Lodigiano, Italy). Animals were housed in pathogen-

free, climate-controlled facilities and were provided with food and
water ad libitum according to current European Community laws.
All mouse experiments were carried out in accordance with exper-
imental guidelines approved by the University of Verona
Committee on Animal Research (Centro Interdipartimentale di
Servizio alla Ricerca Sperimentale, CIRSAL) and by the Italian
Ministry of Health (protocol #642/2021-PR). The research com-
plies with the commonly accepted “3Rs”, minimizing the number
of animals used and avoiding their suffering.

Hank’s Balanced Salt Solution (HBSS, Thermo Fisher
Scientifics, Carlsbad, CA, USA) with collagenase type I (Thermo
Fisher Scientifics) and BSA (AppliChem, Darmstadt, Germany)
were used to incubate the inguinal fat. Stromal vascular fraction
(SVF) was obtained by centrifugation at 1200 g, as previously
described.23,24 Subsequently, the SVF was re-suspended in NH4Cl,
centrifuged at 1200 g and filtered. Murine ASCs were seeded in
DMEM, 10% FBS, 100 U/mL penicillin, and 100 μg/mL strepto-
mycin (all from GIBCO Life Technologies, Milan, Italy) and incu-
bated at 37°C/5% CO2.

The immunophenotypic analysis of murine ASCs was per-
formed using monoclonal antibodies specific for CD106, CD9,
CD44, CD80, and CD138 as well as by the absence of hematopoi-
etic and endothelial markers (as CD45, CD11c, CD34 and CD31
respectively), as previously described.12,23

ASC-EVs isolation and characterization
ASC-EVs were isolated from the culture medium of murine

ASCs at 14-18 passages, as previously described.16 The cells were
cultured to reach the confluence and then FBS deprived for 48 h to
avoid any contamination of vesicles from serum. ASCs supernatant
was collected and ASC-EVs were obtained using Pure Exo
Exosomes Isolation Kit (101Bio, Montain View, CA, USA), fol-
lowing the manufacturer’s protocol. The quantification of ASC-
EVs protein content was determined by Bicinchoninic Protein
Assay (BCA method) following the manufacturer’s protocol
(Thermo ScientificTM, Milan, Italy BCATM Protein Assay).

ASC-EVs size distribution and concentration were measured
by Nanoparticle Tracking Analysis (NTA) using a Nanosight
NS300 (Malvern Instruments, Malvern, UK). For this analysis,
five video recordings with duration of 1 min were performed and
analyzed for each sample. Camera level and the detection thresh-
old were set in the acquisition and analysis, respectively, in order
to achieve a concentration between 20 and 120 particles/frame.
The NTA 3.4 software version was used to acquire and analyze the
sample videos. The results are reported as the mean ± SEM of 3
measurements. For the morphological characterization of ASC-
EVs, cryo-electron microscopy (cryo-EM) was used, (as described
in25,26). Briefly, ASC-EVs were adsorbed onto glow-discharged
holey carbon grids (QUANTIFOIL, Germany). Grids were blotted
at 95% humidity and rapidly plunged into liquid ethane with the
aid of VITROBOT (Maastricht Instruments BV, Maastricht,
Netherlands). Vitrified samples were imaged at liquid nitrogen
temperature using a JEM-2200FS/CR transmission electron micro-
scope (JEOL, Tokyo, Japan) equipped with a field emission gun
and operated at an acceleration voltage of 200 kV.

To further confirm ASC-EVs purification, the immunoblotting
analysis was performed: ASC-EVs proteins were denatured, sepa-
rated on 4-12% polyacrylamide gels and transferred onto a nitro-
cellulose membrane. Antibodies against murine CD9 (55 kDa,
1:1000; ab263019; Abcam, Cambridge, UK), HSP70 (70 kDa,
1:1000; ab181606; Abcam), ALIX (96 kDa, 1:1000; ab275377;
Abcam) and GM-130 (130 kDa, 1:1000; ab52649; Abcam) were
used. IgG HRP-conjugated secondary antibodies (Dako Agilent,
Milan, Italy) were used to hybridize the membranes which subse-
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quently were developed with a chemiluminescent HRP substrate
and observed with G:BOX F3 GeneSys (Syngene, Cambridge,
UK). ASCs lysates were considered a positive control.

Animals
In the study male transgenic mice overexpressing human

SOD1 carrying a Gly93-Ala mutation (SOD1(G93A)) (strain des-
ignation B6SJL-TgN[SOD1-G93A]1Gur, stock number 002726)
purchased from Jackson Laboratories (Bar Harbor, ME, USA)
were used to avoid gender-dependent variabilities.7 Animals were
maintained in pathogen-free cages with climate-control and were
housed with food and water ad libitum following the current
European Community laws. All mouse experiments were carried
out in accordance with experimental guidelines approved by the
University of Verona Committee on Animal Research (CIRSAL)
and by the Italian Ministry of Health (project identification code
710/2018-PR, approved 24/09/2018). Transgenic mice were dis-
criminated from WT littermates by a polymerase chain reaction to
identify the presence of the mutated human SOD1 gene (primers
for SOD1 gene were forward (113) 5′-CATCAGCCCTAATC-
CATCTGA-3′ and reverse (114) 5′-CGCGACTAACAAT-
CAAAGTGA-3′; while for the housekeeping gene interleukin-2
receptor (IL-2R) the primers were forward (42) 5′-CTAGGC-
CACAGAATTGAAAGATCT-3′; reverse (43) 5′-GTAGGTG-
GAAATTCTAGCATCATCC-3′).

Motor tests
To evaluate the progression of the disease and the efficacy of

ASC-EVs treatment, SOD1(G93A) mice were monitored starting
from 50 days of life by motor performance examination: mice
were evaluated weekly for body weight, neurological test and paw
grip endurance (PaGE) test. The neurological scoring test was
evaluated according to the following scale: 4, normal (no signs of
motor dysfunction); 3, hind limb tremors when the mice were sus-
pended by their tails; 2, gait irregularities; 1, dragging at least one
hind limb; and 0, inability to right themselves within 30 s when
placed supine. The PaGE test assessed the grip strength of the ani-
mals by placing them on an inverted metal grid. Each mouse had
up to two attempts to hold onto the grid, with a maximum time of
120 s. The latency time, or the time until the hind limbs detached,
was recorded.

The rotarod test evaluated motor coordination by placing the
mice in a rotor tube (Acceler Rota-Rod 7650; Ugo Basile, Varese,
Italy) set at a constant speed of 16 rpm. The cut-off time was 180
s, and mice that failed the test were given three attempts with a 5-
min rest between each. The longest latency time was recorded.

Animals failed the PaGE or rotarod tests if they could not
reach the cut-off time. Clinical onset was determined when a
mouse failed the PaGE test. Humane endpoints, established and
monitored according to the Ethical Committee of the University of
Verona, dictated that animals with a neurological score of 0 were
sacrificed, and their survival time was recorded.

ASC-EVs administration
To evaluate the therapeutic effects of ASC-EVs on

SOD1(G93A) mice, a total number of 12 animals were divided
randomly into ASC-EVs-treated group (ASC-EVs) and PBS-treat-
ed group (PBS) (n=7 ASC-EVs, 5 PBS). ASC-EVs were adminis-
tered in SOD1(G93A) mice with i.n. injections from the onset of
the clinical sign until the end-stage of the pathology, every 4 days.
For each injection, the treated mice received 3 µg of ASC-EVs,
while the control mice received sterile PBS. The total amount of
injected solution was 10 µL for i.n. administration. In particular,
the animals were placed in supine position to enhance the ASC-
EVs absorption from the nasal cavity and brain’s uptake and avoid

drainage into the trachea and esophagus. The administration of the
total volume is gradually released with the help of a micropipette
into the nostrils alternatively over a period of 20 s to allow the drop
to be snorted.

Lumbar spinal cord motor neurons stereological
count

At the end-stage of the disease, SOD1(G93A) mice treated
with 3 µg of ASC-EVs and their control littermates (n=7 ASC-
EVs, 5 PBS) were deeply anesthetized and transcardially perfused
with PBS 0.1 M followed by paraformaldehyde (PFA) 4%. The
spinal cords were dissected out and 2 h of post-fixation in PFA 4%
was performed. The samples were soaked overnight in a 30%
sucrose solution, then embedded and frozen in cryostat medium
(Killik, Bio-Optica, Milan, Italy). They were serially sectioned at
15 µm using a cryostat. The sections were mounted on Surgipath®

Apex™ Superior Adhesive Slides (3800080E; Leica Biosystems
Italia, Milan, Italy).

For Nissl staining, the slides were air-dried and then washed in
water for 30 s. The sections were stained with a 0.2% cresyl violet
solution for 8 min, followed by gradual immersion in increasing
concentrations of ethanol, mounted with Entelan after immersion
in xylene and covered with a cover glass.

Positively stained MNs in the ventral horns (L1-L5 tract) 
were stereologically counted at 40x magnification (one out of
every fifth 15 µm-thick section was reconstructed) using a comput-
er-assisted microscope and StereoInvestigator software
(MicroBrightField Inc., Williston, VT, USA). MNs were counted if
they had a diameter of 16 µm and were located in the ventral
somatic columns. The cell density was expressed as the number of
MNs/mm².

Immunohistochemistry of NMJs and muscle fibers
staining

ASC-EVs treated SOD1(G93A) mice and their relative con-
trols (n=7 ASC-EVs, 5 PBS) were deeply anesthetized and tran-
scardially perfused with 0.1 M PBS and 4% paraformaldehyde at
the end stage of the disease. The hindlimb gastrocnemius muscle
was dissected, post-fixed for 2 h, soaked in 30% sucrose, embed-
ded in OCT, and longitudinally sectioned at 20 µm using a cryo-
stat. The sections were placed on Surgipath® Apex™ Superior
Adhesive Slides (3800080E; Leica Biosystems Italia).

The sections were labelled for postsynaptic acetylcholine
receptors using CF543-conjugated α-bungarotoxin (αBTx, 1:500,
Biotium, DBA Italia Srl, Milan, Italy) for 25 min at room temper-
ature. Presynaptic motor terminals were stained with a primary
antibody against neurofilament H (NF-H; 1:100, Chemicon,
Merck, Milan, Italy) overnight at 4°C. Subsequently the sections
were incubated with a species-specific Alexa Fluor 488 secondary
antibody in 2% NDS in PBS (1:1000; Invitrogen, Thermo Fisher
Scientific, Milan, Italy) for 1 h at room temperature, followed by
DAPI (1:1000; Santa Cruz Biotechnology, DBA Italia Srl, Milan,
Italy) for 15 min at room temperature. Dako Fluorescence
Mounting Medium (Agilent, CA, USA) was used to mount the sec-
tions. No specific binding of the secondary antibody was used as
negative control, performed with the omission of primary anti-
body. Wild-type mice were used as positive control for innervated
NMJs.

The gastrocnemius muscle was examined for muscle fibers
study by hematoxylin-eosin (HE) staining. The hindlimb muscle
was transversely cut at 20 µm with cryostat and the sections were
stained with hematoxylin for 40 s and with eosin for 30 s. The sec-
tions were dehydrated in ascending ethanol solution, mounted with
Entelan (Merck, Darmstadt, Germany) after immersion in xylene.
The sections were observed by optical microscopy (Olympus
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BX63; Olympus Life Science Solutions, Center Valley, PA, USA).
A total number of 100 fibers were examined for each mouse. The
area of gastrocnemius fibers was measured by ImageJ software.

Statistical analysis
Motor performances were analyzed by Two-way univariate

analysis of variance (ANOVA) and Bonferroni post hoc tests to
evaluate statistical differences between the two mice groups. Data
are expressed as mean ± SEM. Statistical analysis of the animals’
survival was evaluated by Gehan-Breslow-Wilcoxon test. Two-
tailed Student’s t-test was performed for the stereological MNs
count and the data from the skeletal muscle analysis. Data are
reported as mean ± SEM. GraphPad Prism 5 Software was used for
all statistical analysis. Significance was accepted at p<0.05.

Results

ASCs release small EVs in culture medium
EVs were isolated from ASCs supernatant and their protein

concentration was quantified obtaining a yield of proteins for each
isolation about 200 µg/mL. ASC-EVs were analyzed and quanti-
fied by NTA: the concentration of EVs was 4.94E109 ± 5.03E107

particles/mL, with a particle diameter mode of 157.0 nm (Figure
1A). Morphological characteristics of EVs were performed via

cryo-EM to visualize ASC-EVs of different sizes and morphology.
Most of the ASC-EVs have an intact single lipid bilayer/membrane
with round shape (Figure 1B). Moreover, we observed double and
multilayer vesicles with two or more vesicles contained inside a
larger one (Figure 1C). The EVs morphological variants were in
accordance with previously published observation obtained in bio-
logical fluids and cell culture media using cryo-EM.28-30 All
observed vesicles reported diameter measurements compatible
with small EVs.31 Moreover, the presence of typical markers of
EVs32 identified through CD9, HSP-70 and ALIX antibodies was
assessed by western blot (Figure 1D). GM-130 was used as nega-
tive control. All the evaluated parameters confirm that size, mor-
phology, and the presence of specific protein markers are consis-
tent with ASC-EVs.

The intranasal administration of ASC-EVs
improves the motor performance of SOD1(G93A)
mice at early stage

We administered ASC-EVs i.n. a 3-fold concentration (3
µg/mL) compared to the ASC-EVs concentration previously used
in Bonafede et al17 starting from the clinical onset of pathology
(defined in the Materials and Methods section) until the end-stage
of disease (around 11 weeks) every 4 days. The mice were moni-
tored with PaGE and Rotarod tests to determine respectively, the
grip strength and the motor coordination of the treated mice. The
PaGE test showed a global improvement of motor performance of
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Figure 1. Characterization of ASC-EVs. A) NTA profile for concentration and particle size of the ASC-EVs. B) Representative cryo-EM
images of ASC-EVs with single membrane layer. C) Representative cryo-EM images of ASC-EVs with multiple layers; magnification:
25kx, scale bar: 100 nm; magnification: 2000x, scale bar: 2 µm. D) Western blot of typical EVs markers: CD9 (25 kDa), HSP70 (70 kDa)
and Alix (96 kDa) on ASC-EVs; GM-130 (130 kDa) was used to exclude the presence of Golgi’s proteins. ASCs lysates (ASCs) were used
as a positive control.
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the ASC-EVs-treated mice as compared with the PBS control
group, with significant differences already at the 1st week which
persist up to 3 weeks after clinical onset (week 1 p=0.0389; week
2 p=0.0008; week 3 p=0.0183 respectively) maintaining constant
their motor performance (Figure 2A). Concerning the Rotarod test,
no significant difference was observed in ASC-EVs injected mice
compared to PBS injected controls (data not shown). No signifi-
cant effects were observed as regards to the lifespan of ASC-EVs
treated mice (Figure 2B).

The intranasal administration of ASC-EVs
improves the survival of Lumbar Spinal Cord
MNs in SOD1(G93A) mice

Given the results obtained in PaGE test, at the late phase of the
disease (where we observed a motor decline) we verify the histo-
logical modification in the lumbar spinal cord to evaluate the effect
of ASC-EVs on MNs. We performed the stereological count of
lumbar MNs on sections from L1-L5 metamers of the spinal cord.

Figure 2. Motor performances and survival of SOD1(G93A) mice treated with ASC-EVs. A) The paw grip endurance (PaGE) test shows
a global improvement of motor performance of the ASC-EVs-treated mice as compared with the PBS control group, with significant dif-
ferences from 1 to 3 weeks after clinical onset; *p<0.05, ***p<0.001. B) The graph shows the percentage of survival of ASC-EVs-treated
mice compared with the PBS control group. Data are represented as mean ± SEM.

Figure 3. Neuroprotective effect of ASC-EVs treatment on lumbar MNs in SOD1(G93A) mice. A) The graph shows a significantly higher
MN number (expressed as cell density) for the ASC-EVs injected mice compared to PBS injected controls (**p<0.005) at the end-stage
of the disease. Data are represented as mean ± SEM. B) Representative Nissl staining of lumbar spinal cord MNs of PBS and ASC-EVs
treated mice. Magnification: 4x, 10x; scale bar: 50 µm.
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ASC-EVs administration produced a significant increase in surviv-
ing MNs approximately of 2.6-fold (p=0.0023) as compared with
the PBS control mice (Figure 3 A,B). 

The intranasal administration of ASC-EVs pre-
serves the NMJs structure in SOD1(G93A) mice

The significant increase in MNs survival after the injection of
ASC-EVs in SOD1(G93A) mice was correlated with NMJs obser-
vations. Indeed, a colocalization of the signal produced by presy-
naptic NF-H and the postsynaptic αBTx indicating a higher num-
ber of innervated NMJs in SOD1(G93A) mice treated with ASC-
EVs compared to PBS-injected control mice at the end-stage
(p=0.0215) (Figure 4 A,B). Surprisingly, the morphological analy-
sis of gastrocnemius fibers did not show significant differences in
ASC-EVs treated mice compared to controls (Figure 4 C,D).

Discussion
ALS is a fatal disease that currently lacks effective therapies.

The approved drugs for its treatment appear to have only a moder-
ate effect on disease progression and curative therapeutic options
capable of preventing or halting disease progression are still
unknown.2,33-35

In recent years, therapies based on the use of stem cells and
their secretome are considered to be promising therapeutic
approaches for ALS. Indeed, previous studies have shown the
extensive neuroprotective potential in several in vitro and in vivo
models of ALS through the release of extracellular vesicles derived

from MSCs.16,17,36,37 The EVs, thanks to their content of nucleic
acids, proteins and lipids, appear to be an effective non-cellular
therapy without producing possible side effects reported by their
parental cells.31,38

In our previous study we administered both i.v. and i.n. small
ASC-EVs (exosomes) in SOD1(G93A) mice starting from the
onset of the disease. Our data showed, with both administration
routes, that ASC-EVs localize in damaged brain areas of SOD1
mice and are able to produce significant improvements in motor
tests, increasing the number of MNs and preserve their NMJs at the
recorded time point of animal’s best motor performance.17

Although we showed several improvements following the treat-
ment, unfortunately there were no visible changes in the survival
of the animals. Indeed, establishing the correct “therapeutic regi-
men” for the use of ASC-EVs could influence the therapeutic out-
comes. The definition of the correct “therapeutic regimen”
includes the evaluation of the optimal dosage, the route of admin-
istration and the frequency of treatments.39, 40

In our previous study we have already identified the   i.n. route
as an excellent alternative to other routes of administration capable
of producing effects comparable to systemic administration but in
a much less invasive manner and with the possibility of being more
usable from a translational point of view.17 Regarding the ASC-
EVs dosage, the rationale for EV dose selection and treatment fre-
quency is largely variable41 and dose-response studies are difficult
to correlate given the enormous variables. Although MSC-EVs are
generally considered relatively safe and poorly toxic,42 an overall
understanding of their toxicity has not been fully elucidated and
some toxic effects were reported.16 In this current work we injected

Figure 4. ASC-EVs effects on NMJs and muscle fibers. A) The graph shows a significant increase in colocalization of NF-H and αBTx
in SOD1(G93A) mice injected with ASC-EVs as compared with PBS-injected control mice (*p<0.05). Data are represented as mean ±
SEM. B) Representative images of the NMJ architecture: on the upper panel the colocalization of presynaptic NF-H (green) and αBTx
(red); on the lower panel the degeneration of the NMJ; magnification: 40x, scale bar: 25 µm. C) The graph shows the quantitative analysis
of the average muscular fiber area in ASC-EVs injected SOD1(G93A) mice and PBS control mice; data are shown as mean ± SEM. 
D) Representative images of HE staining in SOD1(G93A) mice treated with PBS or ASC-EVs. Magnification: 20x; scale bar: 100 µm.
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i.n. a 3-fold concentration of ASC-EVs (compared to our previous
study) in SOD1(G93A) mice in order to improve the clinical and
neuropathological outcomes of affected mice. This dose of ASC-
EVs appears to be the most suitable concentration to obtain major
improvements compared to the previous experimentation without
the risk of overdose or side effects.

Following the injections of ASC-EVs in SOD1(G93A) trans-
genic mice, we observed a significant improvement of their motor
performance already at the first week after the first injection which
persist up to 3 weeks after clinical onset, suggesting a beneficial
clinical effect in the early stage of the disease which is lost with the
disease progression. The ineffectiveness of ASC-EVs treatment in
the progressive stages of the disease correlates with a failure to
increase the survival of affected mice, consequently due, probably,
to the SOD1 mutation which leads animals to a programmed death,
and as a result, extremely difficult to counteract with ASC-EVs
treatment.

Interestingly, ASC-EVs treatment showed a significant
improvement in the survival of lumbar MNs, indicating that treat-
ment with ASC-EVs is able to protect lumbar MNs from the
degeneration during the progression of the disease until the end-
stage. Indeed, the number of MNs observed was 2.6 times higher
than in controls and approximately 50% higher than that obtained
with one third of the dose, suggesting a dose-dependent increase in
MN rescue. The neuroprotective effect of ASC-EVs on MNs
seems to be due to the modulation of proteins involved in apoptotic
processes. Indeed, we have previously demonstrated that ASC-
EVs reduce proapoptotic agents such as cleaved-caspase 3 and Bax
and simultaneously upregulate antiapoptotic proteins, like BCL-
2α.15 Moreover, beneficial effects of MSC-EVs on neurite growth
and morphology were observed in SOD1(G93A) primary MNs due
to the presence of several antioxidant and anti-inflammatory genes
in MSC-EVs  revealed in gene expression profile.43 ASC-EVs
treatment not only protects MNs but, concomitantly, preserves
their function as indicated by a significantly higher number of
innervated NMJs. It is known that NMJs become denervated dur-
ing disease progression and that axon retraction bulbs are the end
point of this process.44,45 The effect of ASC-EVs on MNs protec-
tion reflects also on the maintenance of NMJs, suggesting a slow-
ing down axon retraction. Consequently, at the end-stage of the
disease the NMJ appears to be structurally intact. However, the
diameter of the muscle fibers of ASC-EVs treated mice, compared
to PBS injected controls, did not appear to be different. Our data
indicates that i.n. ASC-EVs administration is able to rescue MNs
and their axons but not impact on skeletal muscle.

Skeletal muscle involvement in ALS is generally considered as
the secondary consequence of MNs degeneration. The muscle
pathophysiology in ALS is controversial.46-48 However, growing
evidence sustain the hypothesis that the degenerative processes
involved MNs and skeletal muscles via autonomous mechanisms
and their cross-talk mutually influence the degeneration. This cir-
cuit creates a detrimental loop which contributes to the pathogen-
esis of ALS.

These considerations lead us to identify multiple therapeutic
targets both at central and peripheral level. The “multi-target”
approach perfectly fit with the multifactorial nature of ALS disease
in which many different pathogenetic mechanisms and several
affected districts are described.49-51

Some authors described experimental paradigms to mitigate
the global degeneration at both central and peripheral levels simul-
taneously. Stem cells and their secretome were injected via
intraspinal or intrathecal and contemporary at peripheral level,
intramuscular,52,53 demonstrating beneficial effects.

Overall, our study identified the i.n. administration of ASC-
EVs as a potential early treatment to counteract the central neu-

rodegeneration in SOD1(G93A) mice, acting principally on MNs.
This strategy could pave the way for new experimental therapeu-

tic approaches which exploit a combined action of ASC-EVs directly
to the central nervous system and, simultaneously, in distal sites to
ameliorate the symptomatology and progression of the disease.
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