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Abstract
Background Spinal Muscular Atrophy (SMA) is an autosomal-recessive neuromuscular disease affecting children. It is 
caused by the mutation or deletion of the survival motor neuron 1 (SMN1) gene resulting in lower motor neuron (MN) 
degeneration followed by motor impairment, progressive skeletal muscle paralysis and respiratory failure. In addition 
to the already existing therapies, a possible combinatorial strategy could be represented by the use of adipose-
derived mesenchymal stem cells (ASCs) that can be obtained easily and in large amounts from adipose tissue. Their 
efficacy seems to be correlated to their paracrine activity and the production of soluble factors released through 
extracellular vesicles (EVs). EVs are important mediators of intercellular communication with a diameter between 30 
and 100 nm. Their use in other neurodegenerative disorders showed a neuroprotective effect thanks to the release of 
their content, especially proteins, miRNAs and mRNAs.

Methods In this study, we evaluated the effect of EVs isolated from ASCs (ASC-EVs) in the SMNΔ7 mice, a 
severe SMA model. With this purpose, we performed two administrations of ASC-EVs (0.5 µg) in SMA pups via 
intracerebroventricular injections at post-natal day 3 (P3) and P6. We then assessed the treatment efficacy by 
behavioural test from P2 to P10 and histological analyses at P10.

Results The results showed positive effects of ASC-EVs on the disease progression, with improved motor 
performance and a significant delay in spinal MN degeneration of treated animals. ASC-EVs could also reduce the 
apoptotic activation (cleaved Caspase-3) and modulate the neuroinflammation with an observed decreased glial 
activation in lumbar spinal cord, while at peripheral level ASC-EVs could only partially limit the muscular atrophy and 
fiber denervation.

Conclusions Our results could encourage the use of ASC-EVs as a therapeutic combinatorial treatment for SMA, 
bypassing the controversial use of stem cells.

Keywords Extracellular vesicles, Stem cells, Adipose mesenchymal stem cells, SMA, SMNΔ7, Motor neuron disease

Administration of adipose-derived stem 
cells extracellular vesicles in a murine model 
of spinal muscular atrophy: effects of a new 
potential therapeutic strategy
Federica Virla1, Ermanna Turano1, Ilaria Scambi1, Lorenzo Schiaffino1, Marina Boido2† and Raffaella Mariotti1*†

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://orcid.org/0000-0001-7392-6689
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-024-03693-5&domain=pdf&date_stamp=2024-4-29


Page 2 of 17Virla et al. Stem Cell Research & Therapy           (2024) 15:94 

Background
Spinal Muscular Atrophy (SMA) is an autosomal reces-
sive neuromuscular disease, with estimated prevalence 
of 1–2 per 100,000 persons and incidence around 1 in 
10,000 live births for SMA type I, which accounts for 
around 60% of all cases [1]. It is characterized by the 
selective degeneration and loss of lower motor neurons 
(MNs). The typical symptoms consist in hypotonia, mus-
cular atrophy and weakness due to the denervation, till 
the final paralysis of the muscles of both upper and lower 
limbs as well as of the trunk [2, 3].

Depending on the age of symptom onset and on the 
achieved motor milestones, five main phenotypes have 
been described, from the more severe type 0 SMA to the 
milder type IV [4]. Despite the great variability of phe-
notypic expression, SMA is due to well-known genetic 
causes; in particular, homozygous deletions or mutations 
of the survival motor neuron 1 (SMN1) telomeric gene, 
encoding for the functional full length SMN (FL-SMN) 
protein [5]. Humans also display a centromeric copy of 
the gene, SMN2; it differs from the SMN1 copy for a C to 
T transition in exon 7 that results in splicing defects and 
that in most cases leads to the production of a truncated, 
unstable and not functional form of the protein, called 
SMNΔ7 [6]. The number of copies of the SMN2 gene are 
critical for determining the phenotype and the sever-
ity of the disease. Indeed, SMN2 is able to produce the 
FL-SMN protein in a low percentage, but not fully suffi-
ciently to compensate the SMN1 loss [7].

Currently, three SMN-dependent treatments have 
been approved by FDA and EMA: the antisense oligo-
nucleotide Nusinersen (Spinraza, Biogen) and the small 
molecule Risdiplam (Evrysdi, Roche) are both splicing 
modifiers and act to boost the production of FL-SMN 
protein from SMN2 gene. The third one is Onasemno-
gene abeparvovec (Zolgensma, Novartis) and uses the 
viral vectors strategy to deliver a functional copy of the 
SMN1 gene to SMA patients (reviewed in [8]).

Despite the important contribution of these approved 
drugs in the treatment of SMA, some limitations and 
concerns still remain, such as patient inclusion criteria, 
the still unknown long-term effects, the possible treat-
ment-related toxicity, and lastly the high cost of these 
therapies. Moreover, although SMA is widely considered 
a MN disease, it has been confirmed that reduced levels 
of SMN can also affect different cells and tissues, other 
than motor neurons: in the first case, early dysfunction 
of sensory neurons and disruption of sensory-motor cir-
cuits has been widely demonstrated in preclinical studies 
[9]. In the second case, multi-organ involvement in SMA 
leads to a variety of symptoms, ranging from vascular and 
cardiac alterations, to immune system abnormalities and 
peripheral nerve involvement [10–12]. It also emerged 
that SMA is likely a non-cell autonomous disease in 

which several signalling pathways and molecular/cellular 
mechanisms are involved, such as the activation of glial 
cells that could precede, sustain and spread the degener-
ating process [13]. Also autophagy dysregulation [14–16] 
and dysregulated cellular signalling, including for exam-
ple Rho kinase (ROCK) and the extracellular-regulated 
kinase (ERK) pathways, can act as potential mechanisms 
of MN degeneration in SMA [17]. Thus, the implemen-
tation and further development of SMN-independent 
therapies appears to be extremely relevant to enhance the 
beneficial effect of SMN-dependent strategies [4], such as 
the ones already approved or others in pre-clinical stud-
ies [18, 19].

In this sense, a promising therapeutic option in neu-
rodegenerative diseases is represented by mesenchymal 
stem cells (MSCs): indeed, they can be easily isolated 
from a variety of different tissues, they are able to migrate 
to damage tissues stimulating reparative and regenera-
tive processes [20–22], as demonstrated in different dis-
ease models, such as spinal cord injury [23], experimental 
autoimmune encephalomyelitis [24] and amyotrophic 
lateral sclerosis (ALS) [25–27] murine models. Among 
MSCs, adipose-derived stem cells (ASCs) are accessible 
in large amount and could be easily used in autologous 
transplantation [28].

However, despite many advantages of MSCs-based 
therapy, various challenges limit their clinical application: 
for example, the engraftment and differentiation of MSCs 
in the central nervous system (CNS) tissues, after their 
transplantation, result in a small percentage. Moreover, 
given the high proliferative capacity of stem cells, the risk 
of oncogenic transformation and their immune-rejection 
should be avoided. Given that, it would be crucial to 
identify the correct route of administration, the dose of 
cells and the number of cell-injections to deliver MSCs to 
the CNS [29].

It is now well accepted that MSCs act through para-
crine mechanisms by releasing their content in extracel-
lular vesicles (EVs) [30, 31]. EVs are considered important 
mediators in intercellular communication as they can 
transfer their cargo, including proteins, miRNAs and 
mRNAs to nearby cells in several physiological and path-
ological conditions [32]. Furthermore, EVs maintain the 
neuroprotective role of their parental MSCs, as demon-
strated by several groups [33, 34]. Indeed, MSCs-derived 
EVs promote immunomodulation and anti-inflammatory 
signalling [35, 36], inhibit apoptosis [37] and promote 
neural plasticity and neurogenesis [38, 39].

Given the remarkable results obtained by our previ-
ous studies in in vitro and in vivo ALS models [40, 41] 
(another MN disease), in the present study we evalu-
ated whether ASCs-derived EVs (ASC-EVs) could exert 
their neuroprotective role also in SMNΔ7 mice, a largely 
used model of severe SMA. Here we demonstrated 
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that intracerebroventricular (ICV) injections of ASC-
EVs could delay lumbar MN degeneration, and in turn, 
partly limit the neuromuscular junction (NMJ) degen-
eration/denervation and skeletal muscle atrophy; we also 
observed a decrease in the glial activation in SMNΔ7 
treated animals, compared to vehicle-treated mice. By 
inducing such neuroprotective and anti-inflammatory 
effects, the ASC-EVs administration was also able to 
improve the motor performance of SMA pups.

Approved SMN-dependent drugs showed an impres-
sive but yet limited effect. Therefore, complementary 
SMN-independent strategies could be needed to address 
irreversible degenerative processes [8, 42, 43]. Taken 
together, our results demonstrate the neuroprotective 
contribution of this non-cellular and SMN-independent 
strategy and pave the way for a synergic therapy in com-
bination with SMN-dependent drugs, as proposed in 
different studies [44, 45] and for different neurodegenera-
tive disorders [46].

Methods
ASCs culture
Murine ASCs were isolated from inguinal adipose tis-
sues of 8–12 week-old C57Bl6/J mice (n = 5) (Charles 
River Laboratories, Sant’Angelo Lodigiano, Italy) sac-
rificed by cervical dislocation. Animals were housed in 
pathogen-free, climate-controlled facilities and were pro-
vided with food and water ad libitum according to cur-
rent European Community laws. All mouse experiments 
were carried out in accordance with experimental guide-
lines approved by the University of Verona committee on 
animal research (Centro Interdipartimentale di Servizio 
alla Ricerca Sperimentale) and by the Italian Ministry of 
Health (protocol #642/2021-PR, title “New therapeuti-
cal approach for ALS”). Animal care and all experimen-
tal procedures were conducted following the Animal 
Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines. The research complies with the commonly 
accepted “3Rs”, minimizing the number of animals used 
and avoiding their suffering.

The isolation of stromal vascular fraction was carried 
out as previously described [47]. Briefly, the extracellular 
matrix was incubated in Hank’s Balanced Salt Solution 
(Life Technologies Italia, Milan, Italy) with collagenase 
type I (Life Technologies Italia, Milan, Italy) and bovine 
serum albumin (BSA, AppliChem Nova Chimica Srl, 
Milan, Italy), centrifuged, and suspended in NH4Cl. The 
fraction was centrifuged again and filtered through a 
40 μm nylon mesh to remove cell debris. ASCs were cul-
tured using DMEM, 10% FBS, 100 U/mL penicillin, and 
100 µg/mL streptomycin (all from GIBCO Life Technolo-
gies, Milan, Italy) and incubated at 37 °C/5% CO2.

The immunophenotypic analysis of murine ASCs 
was performed using monoclonal antibodies specific 

for CD106, CD29, CD44, CD80, and CD138 and by the 
absence of hematopoietic and endothelial markers (as 
CD45, CD11c and CD31), as previously described [48, 
49].

ASCs extracellular vesicles isolation and characterization
ASC-EVs were isolated from the culture medium of 
1 × 107 murine ASCs at 14–18 passages. The cells were 
cultured to confluence and 48 h of FBS deprivation was 
made to avoid any contamination of vesicles from serum. 
Then, cell culture supernatant was collected and EVs 
were obtained using Pure Exo Exosomes Isolation Kit 
(101Bio, Montain View, CA, USA), following the manu-
facturer’s protocol. The protein content of EVs was deter-
mined by Bicinchoninic Protein Assay (BCA method) 
using the manufacturer’s protocol (Thermo Scientific™, 
Milan, Italy BCA™ Protein Assay). ASC-EVs were pooled 
and used fresh for in vivo administration.

To characterize ASC-EVs, their size distribution and 
concentration were measured by Nanoparticle Track-
ing Analysis (NTA) using a Nanosight NS300 (Malvern 
Instruments, UK). For the measurements, five video 
recordings with a duration of 1 min were carried out for 
each sample. Camera level and the detection threshold 
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 analyse the sample videos. The results are 
reported as the mean ± SEM of 5 measurements. For size 
determination, the data are reported as the statistical 
mode ± SEM of 5 measurements.

To perform electron microscopy ASC-EVs pellets were 
fixed in 2% glutaraldehyde in Sorensen buffer (pH 7.4) for 
2 h, and then post-fixed in 1% osmium tetroxide (OsO4) 
in aqueous solution for 2 h. The sample was dehydrated 
in graded concentrations of acetone and embedded in 
Epon-Araldite mixture (Electron Microscopy Sciences, 
Fort Washington, PA, USA). The semithin Sect.  (1  μm 
in thickness) were examined by light microscopy (Olym-
pus BX51, Olympus Optical, Hamburg, Germany) and 
stained with toluidine blue. The ultrathin sections were 
cut at a 70  nm thickness, placed on Cu/Rh grids with 
Ultracut E (Reichert,Wien, Austria), and observed with 
transmission electron microscopy (TEM) using a Mor-
gagni 268D electron microscope (Philips).

To confirm ASC-EVs isolation and purity the immu-
noblotting analysis was performed: ASC-EVs proteins 
were denatured, separated on 4–12% polyacrylamide 
gels and transferred onto a nitrocellulose membrane. 
Antibodies against murine HSP70 (70 kDa, 1:100 HSP70 
(K-20): sc-1060 Santa Cruz Biotechnology, DBA Italia Srl, 
Milan, Italy) and CD9 (25 kDa, 1:100 MM2/57, Millipore 
CBL-162) were used. After incubation with IgG HRP-
conjugated secondary antibodies (Dako Agilent, Milan, 
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Italy) the membranes were incubated with a chemilu-
minescent HRP substrate and detected with G:BOX F3 
GeneSys (Syngene, Cambridge, UK). ASCs lysates were 
used as a positive control.

SMA animals
SMN2+/+; SMNΔ7+/+; SMN+/- mice (stock number 
005025; Jackson Lab, Bar Harbor, ME, USA) were bred 
to obtain the experimental animals SMN-/- (SMA, as 
model of severe SMA) and SMN+/+ (WT) offspring. 
SMA and WT pups were left in the cage with the mother 
until the sacrifice at post-natal day 10 (P10). Pups of both 
sexes were used in this study. Animals had free access to 
food and water, and were kept into regular cages under 
12/12  h light/dark cycle. The experimental procedures 
involving live animals were performed in strict accor-
dance with institutional guidelines in compliance with 
national (D.L. N.26, 04/03/2014) and international law 
and policies (new directive 2010/63/EU). The study 
was approved by the Italian Ministry of Health (proto-
col #980/2020-PR, title “Evaluation of the effectiveness 
of SMN-dependent and SMN-independent therapies 
to counteract Spinal Muscular Atrophy”). Additionally, 
the ad hoc Ethical Committee of the University of Turin 
approved this study. Animal care and all experimen-
tal procedures were conducted following the ARRIVE 
guidelines. The research complies with the commonly 
accepted “3Rs”, minimizing the number of animals used 
and avoiding their suffering. A total number of 43 SMA 
and 15 WT mice were used; no criteria for including/
excluding animals during the experiment were used.

The mice were genotyped by PCR using DNA iso-
lated from tail snips collected at P0-P1, before starting 
the ASC-EVs/PBS treatment. Isolation was performed 
with proteinase k (50 µg) in lysis buffer (10mM Tris HCl, 
50mM KCl, 0.01% gelatin, 0.45% IGEPAL, 0.4% Tween-
20) at 60  °C for 30 min under gently shaking. The pres-
ence of the transgene was determined by PCR analysis 
using primers that amplify a portion of the smn gene, 
yielding a 420  bp product for the wild-type allele and a 
150  bp product for the transgenic one. They were: smn 
fwd 5′-  T T T T C T C C C T C T T C A G A G T G A T-3′, smn wt 
rev 5′-  C T G T T T C A A G G G A G T T G T G G C-3′ and smn tg 
rev 5′-  G G T A A C G C C A G G G T T T T C C-3′ as suggested 
by suppliers (Jackson Laboratories). Genotyped mice 
were distinguished with a marker sign on their skin.

ASC-EVs administration
To evaluate the therapeutic effects of ASC-EVs SMA 
mice were divided randomly into ASC-EVs-treated group 
(SMA-EVs) and PBS-treated group (SMA-PBS) (n = 16 
SMA-EVs, 27 SMA-PBS). An additional group of wild-
type (WT) pups not treated with ASC-EVs/PBS was 
considered as a healthy control group (n = 15 WT). ICV 

injections were performed at postnatal day 3 (P3) and 
P6: treated animals received 0.5 µg of ASC-EVs (injected 
volume 2 µl), while SMA control group was injected with 
2 µl of PBS. Both ASC-EVs and PBS were at room tem-
perature when administered.

Briefly, pups were anesthetized by hypothermia (total 
duration 3–5 min) and their heads were immobilized on 
a custom neonatal stereotaxic apparatus. ASC-EVs or 
PBS were injected with a Hamilton microsyringe alone, at 
stereotaxic coordinates of 0 mm from bregma, + 0.8 mm 
(at P3)/-0,9 mm (contralateral ventricle at P6) to sagittal 
sinus, and 1.5  mm deep, as reported in [15]. Pups were 
then placed on a heat pad, quickly revitalized and their 
vital functions were monitored. Then, they were returned 
to their mother after a short period of re-acclimatisation 
in their cage’s litter, assuring that their mother was not 
neglecting them. Pups wellbeing and behavioural condi-
tions were inspected in the following hours and days.

Behavioural and motor test
The symptom progression was monitored in SMA and 
WT mice by checking the body weight and by perform-
ing behavioural tests specifically designed for neonatal 
rodents [50]. SMA-PBS, SMA-EVs treated and WT ani-
mals (n = 16 SMA-EVs; 23 SMA-PBS; 7 WT) were tested 
at different time points: P2, P4, P6, P8 and P10. In par-
ticular, three behavioural tests were performed on pups: 
(I) Tail suspension test: to evaluate hindlimb posture and 
strength, pups were suspended by the tail for 15  s and 
a score was assigned to their hindlimb posture as fol-
low: normal hindlimb spread open (score 4); not com-
pletely hindlimb spread open (score 3); hindlimb often 
close (score 2); hindlimb always close together (score 1); 
hindlimb always close together with clasping (score 0). 
(II) Righting reflex: pups were placed on their backs on 
a flat surface and their failure or success in repositioning 
themselves on dorsal side up was evaluated within 30 s. 
(III) Negative Geotaxis: for the evaluation of motor coor-
dination and vestibular sensitivity, pups from P4 were 
placed on an inclined surface (approximately 35° inclina-
tion) with the head facing down. The ability of the pups 
to turn around and climb upwards was evaluated within 
60 s and recorded.

Tissue preparation
The humane endpoints were established and moni-
tored in accordance with the Ethical Committee of the 
University of Turin. No mice exhibited any signs of the 
established endpoints in this study. For the histological 
analysis of brain (n = 2 WT), spinal cord (n = 5 SMA-EVs; 
6 SMA-PBS; 3 WT), gastrocnemius and quadriceps mus-
cles (n = 5 SMA-EVs; 7 SMA-PBS; 6 WT), at P10 animals 
were deeply anesthetized by gaseous anaesthesia (isoflu-
rane 5%). After confirming that the animals had reached 
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a state of deep anesthesia, pups were transcardically per-
fused with phosphate buffer 0.1 M (PB, pH 7.4), followed 
by paraformaldehyde (PFA) 4%, as described in [51] and 
reported in [52]. The tissues were dissected out and post-
fixed in PFA 4% overnight at 4 °C. They were then soaked 
in 30% sucrose solution overnight, embedded and frozen 
in cryostat medium (Killik, Bio-Optica, Milan, Italy).

First of all, in order to exclude brain damages due to 
ICV injections and assess the proper targeting of the 
cerebral ventricles, the PFA 4%-fixed WT brains (P10) 
were dissected and cut in 40  μm-thick sections, subse-
quently mounted on 4% gelatin-coated glasses. The lum-
bar spinal cord (L1-L5) was cut in 40  μm thick, serial, 
free-floating sections that were stored in an antifreeze 
solution (30% ethylene glycol, 30% glycerol, 10% PB; 189 
mM NaH2PO4; 192.5 mM NaOH; pH 7.4) and stored at 
-20  °C until being used. The gastrocnemius and quadri-
ceps muscles were longitudinally cut in 20  μm sections 
with cryostat apparatus and directly collected on 4% gel-
atin-coated glasses.

For hematoxylin-eosin (H/E) staining of gastrocnemius 
and quadriceps muscles, another cohort of pups (n = 6 
SMA-EVs; 5 SMA-PBS; 6 WT) were sacrificed by cervical 
dislocation at P10. Fresh muscles were rapidly collected, 
embedded in cryostat medium and cut at the cryostat in 
20 μm thick transverse slices and collected directly onto 
4% gelatin-coated glasses.

Histochemistry
For Nissl staining, brain and spinal cord sections were 
mounted on 4% gelatin-coated slides and air-dried over-
night. Sections were then hydrated in distilled water, 
immersed in 0.1% Cresyl violet acetate (Sigma Aldrich) 
for 5 min and gradually placed into increasing concentra-
tions of ethanol, cleared with xylene, and cover-slipped 
with Eukitt (Bio-Optica). For H/E staining, sections of 
gastrocnemius and quadriceps muscle were stained firstly 
with hematoxylin, then with eosin (Bio-Optica), dehy-
drated in increasing concentrations of ethanol, cleared in 
xylene and cover-slipped with Eukitt (Bio-Optica).

Immunohistochemistry
For immunofluorescence staining, the lumbar spinal cord 
sections were rinsed with PBS and incubated in blocking 
solution with 10% normal donkey serum (NDS) and 0.3% 
Triton X-100 in PBS for 30 min at RT. The sections were 
incubated overnight at 4  °C with the following primary 
antibodies diluted in 0.3% Triton X-100 and appropriate 
2% normal sera in PBS: anti-Cleaved Caspase-3 (1:200, 
Asp175, rabbit, Cell Signaling Technology, Danvers, 
MA, USA), anti-SMI32 (1:1000, mouse, BioLegend, San 
Diego, CA, USA), anti-glial fibrillary acidic protein (anti-
GFAP, 1:500, rabbit, DAKO Cytomation, Agilent, Santa 
Clara, CA, USA), anti-ionized calcium binding adaptor 

molecule 1 (anti-IBA1, 1:1000, rabbit, Wako Chemicals, 
Neuss, Germany).

After rinsing, primary antibodies were detected with 
appropriate fluorochrome-conjugated secondary anti-
bodies (all from Jackson ImmunoResearch Laborato-
ries, West Grove, PA, USA): Alexafluor anti-rabbit 647 
(1:600), Cyanin-3 AffiniPure anti-rabbit (1:200) and 
Cyanin-2 AffiniPure anti-mouse (1:200) diluted in PBS 
for 1  h at RT. The sections were mounted on 4% gela-
tin-coated slices and coverslipped with the mounting 
medium Mowiol.

For the labelling of neuromuscular junctions (NMJs) 
and the following analysis of their innervation, the gas-
trocnemius and quadriceps muscles slices longitudinally 
cut were incubated for 30 min at room temperature with 
the Alexafluor-555-conjugated bungarotoxin (αBGTX, 
1:500, Invitrogen, Milan, Italy), and overnight at 4 °C with 
primary antibody anti-neurofilament (anti-NF, 1:200, 
mouse, 2H3 clone, Hybridoma Bank, Iowa, IA, USA), 
diluted in 0.3% Triton X-100 in PBS and detected with 
Cyanin-2 AffiniPure anti-mouse (1:200; Jackson Immu-
noResearch Laboratories, West Grove, PA, USA) sec-
ondary antibody. The slices were coverslipped with the 
mounting medium Mowiol.

Immunoreacted spinal cord and skeletal muscles were 
then analysed with a Leica TCS SP5 confocal laser scan-
ning microscope (Leica Microsystems) or with Nikon 
Eclipse E90i epifluorescence microscope.

Quantitative analysis
For the MNs counting (n = 5 SMA-EVs; 6 SMA-PBS; 
3 WT), Nissl stained-MNs in the ventral horns of the 
lumbar spinal cord were stereologically counted at 40X 
(one every fifth 40 μm-thick section was reconstructed) 
using a stereological technique with a computer-assisted 
microscope and the StereoInvestigator software (Micro-
BrightField Inc., Williston, VT, USA). MNs were counted 
when characterized by a diameter of 10 μm and located 
in the ventral somatic columns. The cell density was 
reported as MNs number/mm3.

The Cleaved Caspase-3-positive L1-L5 MNs (n = 4 
SMA-EVs; 6 SMA-PBS; 3 WT) were quantified by count-
ing the percentage of Casp3+/SMI-32 + double labelled 
cells on the total SMI32 + MNs cell population, using 
confocal images of the ventral horns of the lumbar spi-
nal cord. Three spinal cord slices were evaluated for each 
animal.

For the analysis of astrogliosis in the ventral horn of 
the lumbar spinal cord, confocal images of GFAP-posi-
tive cells (n = 4 SMA-EVs; 6 SMA-PBS; 3 WT) and IBA-
1-positive cells (n = 5 SMA-EVs; 6 SMA-PBS; 3 WT) were 
converted in black and white images, then the density of 
immunopositive profiles on the total area was quantified 
using Image J and expressed as a percentage.
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Furthermore, the IBA-1-positive cells were qualitatively 
classified by their shape in ramified, bushy or amoeboid 
based on the morphology phenotypes described in [53, 
54] and the results were expressed as a percentage on the 
total number of IBA-1-positive cells.

To morphologically evaluate the gastrocnemius and 
quadriceps muscles, H/E stained muscle sections were 
visualized by optical microscopy (Olympus BX63; Olym-
pus Life Science Solutions, Center Valley, PA (n = 6 SMA-
EVs; 5 SMA-PBS; 6 WT): to measure the mean fibers 
area and Feret’s max diameter, the sections were drawn 
and analysed by Image J software. A total of 100 fibers 
per quadriceps and gastrocnemius were drawn and ana-
lysed for each animal.

Finally, for the analysis of NMJ innervation in gastroc-
nemius and quadriceps muscles for each animal (n = 5 
SMA-EVs; 7 SMA-PBS; 6 WT) at least 100 NMJs/muscle 
were analysed with Nikon Eclipse E90i epifluorescence 
microscope; each NMJ was then classified in innervated, 
multi-innervated or denervated by looking at the num-
ber of NFs contacting the endplate and the result was 
expressed as a percentage on the total number of NMJs.

Statistical analyses
All the data were expressed as mean ± standard error 
of the mean (SEM). Data were analysed using Two-way 
ANOVA (for the behavioural results) and One-way 
ANOVA or Student t-test (for the immunofluorescence 
and histological analysis): p-values < 0.05 were considered 
significant.

Results
Isolation and characterisation of ASC-EVs
EVs were isolated from ASCs supernatant with an EVs 
isolation kit. The protein concentration was quantified 
and the yield of proteins for each isolation was about 
200 µg/mL.

ASC-EVs were analysed and quantified by NTA: the 
concentration of EVs was 2.38 × 108 particles/mL, with 
a particle diameter mode of 113.6 nm (Fig. 1a; Table 1). 
Ultrastructure analysis of the EVs by TEM revealed 
round vesicles with lipid bilayers with a diameter of 50 
to 150  nm (Fig.  1b). Measurements are in line with lit-
erature [32]. By western blot we validated the presence of 
typical markers of EVs [55] identified through CD9 and 
HSP-70 antibodies, that displayed specific signals at 25 
and at 75 kDa respectively (Fig. 1c). These results confirm 
that size, morphology, and the presence of specific pro-
tein markers are consistent with EVs.

Moreover, in a previous study regarding the proteomic 
analysis of ASC-EVs [56] the FL-SMN protein was not 
present in the extracellular vesicles content, support-
ing the idea that this could act as a SMN-independent 
treatment.

ASC-EVs treatment improves the disease progression in 
SMA mice
At P3 and P6, SMA pups received two ICV administra-
tions of ASC-EVs or PBS (2  µl). As expected, this pro-
cedure did not cause any damage to the cerebral cortex 
and ventricles (Suppl. Figure 1). Moreover, the injections 
were well tolerated by SMA mice.

During the entire treatment period up to the sacrifice, 
SMA and WT mice body weight (Fig. 2a) was monitored, 
showing no differences between SMA-PBS and SMA-
EVs group, while differences were observed between 
SMA-PBS and WT animals (P6 ##p = 0.0014; P8, P10 
####p < 0.0001) and between SMA-EVs and WT ani-
mals (P6 °°°p = 0.0004; P8, P10 °°°°p < 0.0001). However, 
the body weight increase of SMA-PBS group reached 
the maximum value at P8, while that of SMA-EVs mice 
was still increasing at P10 and overall, the statistical 
analysis showed a significant treatment (F(2, 175) = 71.65, 
****p < 0.0001), time (F(4, 175) = 110.1, ****p < 0.0001) and 
interaction (F(8, 175) = 10.29, ****p < 0.0001) effect.

To investigate the effect of ASC-EVs treatment, pups 
underwent a battery of behavioural tests from P2/P4 to 
P10: tail suspension, righting reflex and negative geotaxis 
tests.

In the tail suspension test (Fig.  2b) the hindlimb pos-
ture and strength were evaluated: after the injections at 
P3 and P6 SMA-EVs mice obtained higher scores com-
pared to SMA-PBS mice, showing a statistical differ-
ence at P8 (*p = 0.0251). Compared to the WT group, 
SMA-PBS showed statistical differences at P6, P8 
###p = 0.0004) and P10 ##p = 0.0028), while no differ-
ences were observed for SMA-EVs group. The statistical 
analysis showed a significant treatment (F(2, 175) = 14.33, 
****p < 0.0001), time (F(4, 175) = 10.62, ****p < 0.0001) and 
interaction (F(8, 15) = 2.34, * p = 0.0208) effect.

The righting reflex test (Fig.  2c) was also performed 
and results revealed that SMA-EVs group could complete 
the task in a shorter time compared to SMA-PBS group, 
already from P4; in particular, at P8 (after the second 
ASC-EVs injection, P6) the performance of the two SMA 
groups appeared significantly different (P8 *p = 0.0167). 
Statistical differences where observed between SMA-
PBS and WT animals (P2 ##p = 0.0057; P4, P6, P8, P10 
####p < 0.0001) and also between SMA-EVs and WT 
mice (P2 °p = 0.0218; P4 °°p = 0.0057; P6 °°°p = 0.0003; P8 
°°°p = 0.0004; P10 °°°°p < 0.0001) Moreover, the statistical 
analysis showed a significant treatment (F(2, 175) = 67.24, 
****p < 0,0001) and time (F(4, 175) = 4.83, **p = 0,0010) effect 
while the interaction between treatment and time was 
not significant (F(8, 175) = 1.12, p > 0,05) .

Regarding the negative geotaxis test (Fig.  2d), which 
measures the strength and motor coordination of pups, 
the control SMA group showed difficulties in complet-
ing the test during the whole observation period, while 
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Fig. 1 Characterization of ASC-EVs. (A) ASC-EVs size and concentration were measured and analysed by NTA. (B) Representative transmission electron mi-
croscopy images of ASC-EVs showed particles with characteristic morphology and size (scale bar 100 nm). (C) Western blot analysis of specific EVs protein 
markers: bands at 25, and 75 kDa were present after incubation with CD9 and HSP70 antibodies, respectively. ASCs lysates were used as positive control
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the treated one gradually ameliorated their motor per-
formances, that were statistically different at P10 com-
pared to the SMA-PBS group (P10 ****p < 0.0001). 
Differences between SMA-PBS/SMA-EVs and WT group 
were observed along all the observation period (P2, P4, 
P6, P8, P10 ****p < 0.0001). Overall, a significant treat-
ment (F(2, 137) = 113.2, ****p < 0.0001), time (F(3, 137) = 4.15, 
**p = 0.0075) and interaction between treatment and time 
(F(6, 137) = 3.52, **p = 0.0029) effects were observed.

All these data suggest an overall improvement in motor 
performances of SMA-EVs mice compared to the SMA-
PBS group, in particular after the second ASC-EVs injec-
tion, even if a complete rescue to the healthy condition 
was not reached.

Data are shown as mean ± SEM and were analysed by 
Two-way ANOVA mixed-effects model with Geisser-
Greenhouse correction followed by Sidak’s multiple com-
parison post hoc test. Statistical difference between the 
groups are indicated (*p < 0.05; **p < 0,005; ***p < 0,0005; 
****p < 0.0001).

Legend: * = SMA-EVs vs. SMA-PBS; ° = SMA-EVs vs. 
WT; # = SMA-PBS vs. WT.

ASC-EVs administration extends the survival of lumbar 
MNs in SMA mice
At P10 the animals were sacrificed, lumbar spinal cords 
were dissected and analysed to evaluate the neuropro-
tective effect of ASC-EVs treatment on SMA mice. In 
particular, a stereological count of MNs was performed 

Table 1 NTA data output which reports mean and mode of ASC-
EVs size and particles concentration with relative SD.
Size of ASC-EVs
Mean (nm) Mode (nm) SD (nm)
181.7 ± 5.8 113.6 ± 6.7 101.2 ± 8.4
Concentration of ASC-EVs
Concentration
(particles/ml)

Concentration
(particles/frame)

Concentration
(centres/frame)

2.38 × 108 ± 2.31 × 107 36.0 ± 2.4 52.0 ± 3.3

Fig. 2 ASC-EVs treatment improves the motor performance of SMA mice. From P2/P4 to P10 the body weight measurements (A), tail suspension test (B), 
righting reflex test (C) and negative geotaxis test (D), were used to evaluate the motor performance of SMA mice treated with PBS (SMA-PBS, grey line) or 
ASC-EVs (SMA-EVs, blue line) and WT mice (black line). Overall, the results suggest an improvement in behavioural and motor performances of SMA-EVs 
mice compared to the SMA-PBS group
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in the ventral horns of the lumbar tract (L1-L5) in all the 
experimental groups. The results highlighted a signifi-
cantly higher MN density in the lumbar spinal cord of 
SMA-EVs animals (2106.87 ± 96.47 MNs/mm3) compared 
to the SMA-PBS counterpart (1438.80 ± 73.09 MNs/
mm3; ***p = 0.0010.). WT animals showed an expected 
significant higher MN density (4604.97 ± 173.24 MNs/
mm3) compared to SMA-PBS and SMA-EVs groups 
(****p < 0.0001. Figure 3a,b).

To further investigate the neuroprotective action of 
the ASC-EVs treatment in the SMA-EVs group, we then 
consider in the ventral horn of the lumbar spinal cord 
sections (L1-L5) the expression of the apoptotic marker 
Cleaved Caspase-3 (Casp3). The percentage of Casp3+/
SMI32 + co-labeled MNs quantified by immunohisto-
chemical analysis was reduced in SMA mice treated with 
ASC-EVs (10.59 ± 2.36%) compared to the SMA-PBS 
group (21.48 ± 3.47%). WT animals showed a statistically 
lower expression of Casp3 (2.51 ± 0.50%) compared to 
SMA-PBS group (**p = 0.0056), while importantly no sta-
tistical differences were observed compared to SMA-EVs 

animals (Fig.  3c,d). However, considering the effect of 
ASC-EVs treatment compared to control alone, a signifi-
cant difference between SMA-PBS and SMA-EVs ani-
mals is present (Unpaired t test *p < 0.05).

All together, these data suggest that the ASC-EVs 
administration is able to protect the lumbar MNs from 
degeneration.

ASC-EVs treatment modulates the neuroinflammation in 
SMA mice
Since, besides MNs degeneration, neuroinflammation is 
reported in SMA as well [57], we evaluated by immuno-
histochemical analysis the activation rate of astrocytes 
and microglia in the ventral horns of the lumbar spinal 
cord sections of P10 SMA and WT animals.

In particular, our results showed that ASC-EVs treat-
ment could significantly reduce the GFAP expression 
(SMA-EVs 6.16 ± 0.315%) compared to the SMA-PBS 
controls (9.06 ± 0.566%; **p = 0.0040). WT animals 
reported a lower GFAP expression (0.48 ± 0.089%), 

Fig. 3 Effect of ASC-EVs administration on lumbar MNs degeneration in SMA mice. (A) The graph shows the quantification of MNs density (MNs number/
volume) in the ventral horns of L1-L5 spinal cord for SMA-PBS (white), SMA-EVs (grey) and WT (black) group at P10. The treatment with ASC-EVs signifi-
cantly protect MNs from neurodegeneration compared to control mice (One-way ANOVA ***p < 0.0010; ****p < 0.0001). (B) Representative Nissl stained 
sections of lumbar spinal cord of SMA-PBS, SMA-EVs and WT mice. The arrows show stained MNs. Scale bar 500 μm. (C) The graph shows the quantifica-
tion of the percentage of MNs (SMI32 + cells) expressing Casp3 in SMA-PBS (white), SMA-EVs (grey) and WT (black) groups: the treatment with ASC-EVs 
decreased the activation of apoptotic marker Casp3 compared to control mice (One-way ANOVA **p = 0.0050). (D) Representative confocal images show-
ing Casp3+ (red) and SMI32+ (green) cells in the ventral horns of PBS- and ASC-EVs treated SMA and WT mice. Cell nuclei are labelled by DAPI staining 
(blue). The arrows show Casp3+/SMI32 + cells. Scale bar 50 μm
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statistically different compared to SMA-PBS and SMA-
EVs groups (****p < 0.0001; Fig. 4a,b).

The same analysis was carried out also to evalu-
ate the activation of the microglia in the lumbar spinal 
cord of SMA and WT mice; however, no differences 
in the IBA-1 + signal were observed between SMA-
PBS (2.66 ± 0.324%), SMA-EVs (2.49 ± 0.631%) and WT 
(1.41 ± 0.325%) mice (p > 0.05. Figure  4c,d). We also 

evaluated the morphology of microglial cells, in order 
to preliminary correlate their cellular phenotype with 
their function. Microglial cells were classified based 
on their shape in ramified, bushy or amoeboid (Fig.  4e) 
and the results were expressed as a percentage on the 
total number of IBA-1-positive cells. The outcomes did 
not show any statistical differences between SMA-PBS 
and SMA-EVs, but a higher percentage of the “ramified” 

Fig. 4 ASC-EVs treatment modulates the neuroinflammation in SMA mice. (A) The graph shows the quantification of the percentage of astrogliosis 
(GFAP + signal) in the ventral horns of L1-L5 spinal cord for SMA-PBS (white), SMA-EVs (grey) and WT (black) mice at P10. The ASC-EVs administration 
significantly decreased the percentage of GFAP-immunopositive profiles in SMA-EVs mice compared to SMA-PBS ones (One-way ANOVA **p = 0.0040; 
****p < 0,0001). (B) Representative confocal images showing GFAP+ (red) cells in the ventral horns of PBS- (SMA-PBS) and ASC-EVs treated (SMA-EVs) 
SMA mice and WT mice. Cell nuclei are labelled by DAPI staining (blue). Scale bar 50 μm. (C) The graph shows the quantification of the percentage of 
microglial cells (IBA-1 + signal) in the ventral horns of L1-L5 spinal cord for SMA-PBS (white), SMA-EVs (grey) and WT (black) mice at P10. No differences in 
the percentage of IBA-1 immunopositive profile were observed between SMA-PBS, SMA-EVs and WT mice (One-way ANOVA p > 0.05). (D) Representative 
confocal images showing IBA-1+ (red) cells in the ventral horns of PBS- (SMA-PBS) and ASC-EVs treated (SMA-EVs) SMA mice and WT mice. Cell nuclei are 
labelled by DAPI staining (blue). Scale bar 50 μm. (E) The graph displays the microglial cell classification in ramified, bushy or amoeboid, based on their 
shape; the results are expressed as a percentage on the total number of IBA-1-positive cells for SMA-PBS (white), SMA-EVs (grey) and WT (black) group 
(Two-way ANOVA *p < 0.05; **p < 0.0050). (F) Representative confocal images showing IBA-1+ (red) microglial cells “ramified”, “bushy” and “amoeboid” in 
the ventral horns of spinal cord. Cell nuclei are labelled by DAPI staining (blue). Scale bar 50 μm
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phenotype (typical of a steady-state microglial cells) was 
observed for the SMA-EVs group (28.41 ± 1.64%) com-
pared to the SMA-PBS one (19.94 ± 3.03%). Also con-
sidering the “bushy” and “amoeboid” phenotypes, there 
were no statistical differences between SMA-PBS (bushy: 
26.46 ± 2.32%; amoeboid: 53.59 ± 4.18%) and SMA-EVs 
pups (bushy: 22.22 ± 1.46%; amoeboid: 48.63 ± 1.59%), 
but these percentages were higher for the SMA-PBS 
group. However, taking into account the effect of ASC-
EVs treatment compared to the control group alone, 
a significant difference between SMA-PBS and SMA-
EVs animals is present for the “ramified” phenotype 
(Unpaired t test *p < 0.05). Comparing to WT group 
(ramified: 39.00 ± 8.00%; bushy: 29.22 ± 1.92%; amoe-
boid: 31.79 ± 7.32%) statistical differences were observed 
for SMA-PBS group (ramified **p = 0.0089; amoe-
boid **p = 0.0021) and for SMA-EVs group (amoeboid 
*p = 0.0357; Fig. 4e,f ).

These data suggest that ASC-EVs treatment is able to 
modulate the neuroinflammation in SMA mice, possibly 
contributing to delay the MN death.

The effects of ASC-EVs administration on skeletal muscles 
atrophy and NMJ maturation
Given the encouraging results observed with the motor 
tests and in the lumbar spinal cord in SMA mice after 
ASC-EVs administration, we hypothesized that the cen-
tral effects of our treatment could in turn positively affect 
also the muscular trophism and innervation at peripheral 
level.

Therefore, we firstly analysed the morphology of gas-
trocnemius and quadriceps fibers at P10 in terms of 
mean fibers area and Feret’s max diameter. Regarding 
the gastrocnemius, the results did not show any differ-
ences both in the mean fibers area and in the Feret’s max 
diameter between SMA-PBS (fibers area: 294.24 ± 23.92 
µm2; Feret’s max diameter: 23.75 ± 1.00  μm) and SMA-
EVs groups (fibers area: 311.81 ± 26.34 µm2; Feret’s max 
diameter: 24.93 ± 1.27  μm), while there were statistical 
differences between WT (fibers area: 432.57 ± 45.55 µm2; 
Feret’s max diameter: 30.17 ± 2.15  μm) and SMA-PBS 
group (Mean fibers area *p = 0.0309; Feret’s max diam-
eter *p = 0.0315) and between WT and SMA-EVs group 
(Mean fibers area *p = 0.0494. Figure 5a).

When considering the quadriceps muscle the mor-
phological analysis did not show any differences both 
in the mean fibers area and in the Feret’s max diam-
eter between SMA-PBS (fibers area: 247.23 ± 22.78 µm2; 
Feret’s max diameter: 22.01 ± 0.88  μm) and SMA-EVs 
groups (fibers area: 336.03 ± 21.06 µm2; Feret’s max diam-
eter: 25.85 ± 0.87  μm). However taking into account the 
effect of ASC-EVs treatment compared to the control 
group alone, a significant difference between SMA-
PBS and SMA-EVs animals is present both in the mean 

fibers area (Unpaired t test *p = 0.0188) and in the Feret’s 
max diameter (Unpaired t test *p = 0.0127). The analysis 
also highlighted differences between WT (fibers area: 
502.93 ± 61.53 µm2; Feret’s max diameter: 31.76 ± 1.72 μm) 
and SMA-PBS group (Mean fibers area **p = 0.0013; 
Feret’s max diameter ***p = 0.0002) and between WT and 
SMA-EVs group (Mean fibers area *p = 0.0195; Feret’s 
max diameter **p = 0.0089. Figure 5b,c).

Secondly, we assessed the analysis on NMJs innervation 
and maturation by immunohistochemical reaction and 
we classified them as mono-innervated, multi-innervated 
or denervated by looking at the number of NFs contact-
ing the endplate (Fig.  5d). At P10 in the gastrocnemius 
muscle we observed an increase in the percentage of 
mono-innervated NMJs in SMA-EVs mice, compensated 
by a decrease in the percentage of multi-innervated and 
denervated NMJs (SMA-EVs mono-inn.: 67.54 ± 5.94%; 
multi-inn.: 15.44 ± 8.69%; den.: 17 ± 8.16%) compared to 
SMA-PBS controls (mono-inn.: 58.17 ± 3.04%; multi-inn.: 
18.1 ± 6.32%; den.: 23.74 ± 8.43%), even if no statistical dif-
ferences were revealed (Fig. 5e).

Similarly, in the quadriceps muscle we observed an 
increase in the percentage of mono-innervated NMJs 
in SMA-EVs mice (mono-inn.: 69.78 ± 6.00%; multi-
inn.: 13.94 ± 7.90%; den.: 11.42 ± 7.04%) compared to 
SMA-PBS controls (mono-inn.: 65.6 ± 1.24%; multi-inn.: 
20.99 ± 5.99%; den.: 13.4 ± 5.63%), with no statistical dif-
ference between the two groups (Fig.  5f ). The results 
showed instead significant differences between WT 
(Gastrocnemius mono-inn.: 83.98 ± 2.30%; multi-inn.: 
5.32 ± 2.49%; den.: 10.68 ± 1.22%. Quadriceps mono-inn.: 
81.75 ± 0.91%; multi-inn.: 9.50 ± 2.65%; den.: 8.73 ± 2.62%) 
and SMA-PBS animals in the mono-innervated classifi-
cation of NMJs in the gastrocnemius muscle (*p = 0.0112; 
Fig. 5e,f ).

Overall, these results suggest that ICV ASC-EVs treat-
ment can also partially counteract the muscular atro-
phy, in particular of early SMA affected muscles as 
quadriceps.

Discussion
The pathogenesis of SMA is linked to the deficiency of 
the full-length SMN protein due to deletion or mutation 
on the SMN1 gene. Several SMN-dependent therapeutic 
strategies have been exploited to restore the level of SMN 
by correcting the SMN2 gene splicing as both Nusin-
ersen (Spinraza, Biogen) and Risdiplam (Evrysdi, Roche) 
[58, 59] or by delivering a functional copy of SMN1 gene 
into cells for its expression, as Onasemnogene abeparv-
ovec (Zolgensma, Novartis) [60]. Besides the remark-
able results obtained with these approved drugs, some 
issues and limitations remain, such as still unknown 
long-term effects, the possible treatment-related toxic-
ity, and the high cost of these therapies. Furthermore, 
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another relevant limitation concerning SMN-dependent 
therapies is that these strategies overlook other molecu-
lar and cellular pathways involved in SMA pathogenesis. 
A way to overcome this problem could be to implement 
SMN-dependent therapies with SMN-independent ones 
to exploit their synergistic effect [61].

In this regard, stem cells therapy has the advantage 
of counteracting pathogenic pathways by modulating 
several molecular and cellular mechanisms, given their 
ability to reach damaged sites where they differentiate 
and stimulate tissue repair and regeneration. However, 
stem cells therapeutic effects were later demonstrated 
to be due to their indirect and paracrine effect obtained 

through the release of EVs, rather than to their engraft-
ment in damaged tissues. Indeed, EVs are able to reca-
pitulate the major advantages of their cells source 
transferring their cargo (protein, lipids, mRNAs and 
miRNAs) to nearby cells and avoiding all the risks associ-
ated to cells therapy as well [23, 62].

With all these characteristics, EVs are a promis-
ing tools for several neurodegenerative diseases [63]: 
as reported by Wang and colleagues MSC-derived EVs 
improved the cognitive impairments and reduced the 
hippocampal β-amyloid aggregation and neuronal loss 
in a murine model of Alzheimer disease [33]. Intrave-
nous MSC-EVs administration improved motor deficits, 

Fig. 5 Effect of ASC-EVs treatment on skeletal muscles of SMA mice. The graphs show the quantitative analysis of the mean fiber area and Feret’s max 
diameter of gastrocnemius muscle (A) and quadriceps muscle (B) for SMA mice treated with PBS (SMA-PBS, white) or with ASC-EVs (SMA-EVs, grey) and 
for WT mice (black). ASC-EVs treatment can partially rescue the atrophy of skeletal muscle fibers in SMA mice. (One-way ANOVA *p < 0.05; **p < 0,005; 
***p < 0,0005). (C) Hematoxylin/eosin (H/E) stained representative images showing SMA-PBS, SMA-EVs and WT quadriceps fibers. Scale bar 50 μm. (D) Rep-
resentative confocal image showing NMJs (αBGTX, red; NF-H, green, DAPI blue) in quadriceps muscle of SMA-PBS. The arrows show three different NMJs 
phenotypes: mono-innervated (a single NF is contacting the endplate), multi-innervated (several NFs are contacting the endplate) and denervated (no 
co-localization between NF-H and αBGTX). Scale bar 25 μm. The graphs show the quantification of the percentage of mono-innervated, multi-innervated 
and denervated NMJs in gastrocnemius muscle (E) and quadriceps muscle (F) in SMA mice treated with PBS (SMA-PBS, white) or with ASC-EVs (SMA-EVs, 
grey) and in WT mice (black). Statistical difference between the groups are indicated (Two-way ANOVA *p < 0.05)
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reduced brain atrophy and modulated brain neuroin-
flammation in a progressive model of multiple sclerosis 
[34] and ameliorated chronic experimental autoimmune 
encephalomyelitis pathogenesis [64]. In previous studies 
we demonstrated that ASC-EVs exerted a neuroprotec-
tive effect in an in vitro model of ALS [40] as well as in 
the SOD1(G93A) murine model: indeed, we showed that 
repeated administration of ASC-EVs improved motor 
performance, protected lumbar MNs, NMJs and skeletal 
muscles and decreased the glial cell activation in treated 
animals [41].

In this study, we investigated whether ASC-EVs could 
ameliorate the progression of another motor neuron 
disease such as SMA, different from ALS for its etio-
pathogenesis but with several pathological mechanisms 
in common. Therefore, we treated SMA pups with ICV 
injections at two different time points (at P3 and P6) and 
sacrificed the animals at P10 to evaluate the effect of the 
treatment.

From P2 to P10, mice underwent a battery of motor 
tests to follow the disease progression: although the treat-
ment of SMA pups with ASC-EVs could generally hardly 
restore them to the healthy condition represented by WT 
animals, due also to the intrinsic severe phenotype of 
the model, we observed that the treatment improved the 
motor performance of treated animals compared to the 
SMA-PBS group; in particular, after the second injection, 
we could appreciate major effects in the righting reflex, 
tail suspension and negative geotaxis tests.

At the lumbar level of spinal cord, ASC-EVs treatment 
efficiently counteracted the MN degeneration compared 
to the vehicle-treated group, possibly explaining the 
observed improved motor performances of treated mice. 
From our previous proteomic study we know the ASC-
EVs content, in which we did not detect the presence of 
the FL-SMN protein, thus supporting the idea that ASC-
EVs act as an SMN-independent treatment in SMA mice. 
On the other side, ASC-EVs content comprises several 
proteins able to influence different cellular pathways, as 
for example the apoptotic process: in particular, the anal-
ysis pointed out the presence of proteins involved in the 
PI3K-Akt signalling pathway like the insulin-like growth 
factor (Igf1) [56]. Indeed through this signalling path-
way, Igf1 protein, after binding with its receptor Igf1R, 
activates Akt, which prevents the apoptosis by inhibit-
ing the pro-apoptotic protein Bad and stimulates cells 
proliferation [65, 66]. Furthermore, it has been already 
demonstrated that PI3K/Akt pathway is affected in SMA 
animals [67] and Akt phosphorylation was found to be 
reduced in SMA mice MNs primary cultures [68]. There-
fore, we evaluated the expression of the apoptotic marker 
Cleaved Caspase-3, that is upregulated in in vitro [68] 
and in vivo [15] SMA models. What we observed was a 
reduction of Cleaved Caspase-3-positive lumbar MNs in 

SMA-EVs animals compared to control and importantly 
no significant differences compared to the WT group, 
confirming the neuroprotection efficacy of ASC-EVs 
treatment.

As reported in literature, neuroinflammation is 
observed in SMA and can negatively influence the MN 
survival through the release of pro-inflammatory mol-
ecules [57]. Since SMN-deficient astrocytes showed 
alterations and impairments [69] as well as increased 
expression of GFAP [70], we analysed the activation 
of astrocytes in the lumbar spinal cord: the outcomes 
showed a significant reduction of the percentage of 
astrogliosis in the animals treated with ASC-EVs. Also 
microglia seems involved in the pathogenesis of SMA 
[13]: Tarabal and colleagues confirmed the presence of 
activated microglia in the lumbar spinal cord in a rodent 
SMA model [71]. In our study we could not observed 
any differences in the total number of activated microg-
lia between control, treated and WT group. However, we 
performed a qualitative classification based on the shape 
of IBA-1 positive cells into ramified, bushy or amoeboid. 
We observed a higher number for the ramified phe-
notype (typical of steady-state microglial cells [53, 54] 
for the treated group compared to the control one. We 
also observed a decrease of the bushy and amoeboid 
phenotype (respectively representing an intermediate 
activation state with morphological transformations/de-
ramification in response to neuro inflamed environment 
and a fully activated and phagocytic microglia), although 
not significant.

In addition, at the peripheral level we evaluated skel-
etal muscles that are known to show atrophy and dener-
vation, also because of neurodegeneration [52] and the 
crosstalk between MNs and muscles. From the compre-
hensive analysis between SMA and WT animals we could 
not appreciate a significant impact of ASC-EVs treat-
ment at peripheral level. However, from a morphologi-
cal point of view (muscle fibers area and Feret maximum 
diameter), quadriceps muscle of treated group showed a 
trend of muscle atrophy reduction compared to control 
group, although not statistically significant. This could be 
in line with other studies that demonstrated that quadri-
ceps is early affected during the disease progression [72] 
as a consequence of selective vulnerability of the MNs 
innervating proximal muscles [73]. Therefore, it could 
be possible that the ASC-EVs neuroprotective effect on 
MNs through the delivery of molecules and proteins 
involved (for example in cell proliferation and angiogen-
esis [56]) could consequently positively influence in part 
also the muscular trophism. In SMA mouse models (and 
in human patients as well) NMJs developmental impair-
ment is also reported including several hallmarks such 
as immaturity, denervation and NF aggregation [74, 75]. 
In both the analysed muscles, ASC-EVs treatment could 
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only partially affect the maturation and innervation of 
NMJs with a mild increase of mature mono-innervated 
NMJs and a consequently reduction of immature multi-
innervated and denervated NMJs.

Altogether, here we demonstrated that ASC-EVs 
induced beneficial effects in SMNΔ7 mice, model of a 
severe SMA, recapitulating the neuroprotective effects of 
their parental mesenchymal stem cells. Indeed, we con-
firmed their ability to counteract the disease progression, 
in particular the degeneration of MNs and the neuroin-
flammation in the lumbar spinal cord. ASC-EVs seem to 
be promising candidates for SMA therapy, possibly in 
combination with SMN-dependent drugs to boost their 
effects, even if the mechanisms of action involved remain 
to be better clarified and further studies could better 
explain the EVs homing and uptake mechanisms, after 
their administration. Indeed, it is crucial to understand 
EVs biodistribution in the target organs, to be able to pre-
dict their therapeutic response. Perets and co-workers 
recently developed a system to track the migration and 
homing of EVs derived from bone marrow MSCs in vivo 
in different brain diseases (including stroke, autism, Par-
kinson’s and Alzheimer’s diseases). They found that the 
accumulation of MSC-EVs correlates with inflammatory 
signals in pathological brains [76, 77] and this could be 
strictly related to the markers expressed on their surface, 
such as integrins [78].

Finally, the ICV injections used in this study was cho-
sen to directly deliver ASC-EVs to the CNS; indeed, the 
passage of the blood-brain barrier and the delivery of 
therapeutic agents efficiently to the CNS represents one 
of the main issues in the treatment of neurodegenera-
tive diseases. However, the chosen administration route 
remains controversial due to its invasiveness. To over-
come this problem, the intranasal administration route 
represents a very attractive strategy as it is a non-invasive 
way, it avoids the hepatic metabolism and the systemic 
absorption and a multidose therapeutic regimen, with 
the assistance of simple devices (drops, aerosol, spray), 
becomes more accessible even for patients with neuro-
degenerative disorders [79, 80]. Several studies reported 
beneficial effects of EVs injected via the i.n. route in dif-
ferent models, as in a mouse model of Alzheimer’s dis-
ease [81], in the treatment of brain inflammatory diseases 
[82] and in our already published work using an in vivo 
ALS model [41]. Further efforts in this sense could be 
done also for SMA condition, in order to deliver ASC-
EVs to the CNS in a tolerable and easy way, as well.

Conclusions
In this study we observed that ASC-EVs treatment may 
exert a neuroprotective effect at the central level as 
well as in terms of rescue of motor performances when 
administered in SMNΔ7 mice, model of SMA type II. 

This could support the development of an ASC-EVs-
based therapy as a valid alternative to the use of MSCs, 
since their comparable neuroprotective effects. Further-
more, the EVs-based approach could be a safer and more 
easily accessible option in the field of neurodegenera-
tive diseases, as well as of other pathological conditions, 
thanks to their characteristics since it would give the pos-
sibility to avoid the stem cells-related ethical and tech-
nical challenges and limitations. Finally, regarding more 
specifically the SMA disease, ASC-EVs could also pos-
sibly be imagined as a synergic therapy in combination 
with SMN-dependent drugs to enhance their beneficial 
effects for the treatment of SMA patients.

Abbreviations
ALS  Amyotrophic lateral sclerosis
ASC  EVs-ASC-derived extracellular vesicles
ASCs  Adipose-derived mesenchymal stem cells
BCA  Bicinchoninic protein assay
BGTX  Bungarotoxin
BSA  Bovine serum albumin
DMEM  Dulbecco’s Modified Eagle Medium
EVs  Extracellular vesicles
FBS  Fetal Bovine Serum
FL  SMN-Full-length SMN protein
GFAP  Anti-glial fibrillary acidic protein
GM130  Golgi matrix protein 130
H/E  Hematoxylin-eosin staining
HRP  Horseradish Peroxidase
HSP70  Heat Shock Protein 70
IBA1  Ionized calcium binding adaptor molecule 1
ICV  Intracerebroventricular
IGF1  Insulin-like growth factor
MNs  Motor neurons
MSCs  Mesenchymal stem cells
NDS  Normal donkey serum
NF  Neurofilament
NMJs  Neuromuscular junctions
NTA  Nanoparticle Tracking Analysis
PBS  Phosphate-buffered saline
PFA  Paraformaldehyde
SMA  Spinal muscular atrophy
SMI32  Neurofilament H
SMN  Survival motor neuron
TEM  Transmission Electron Microscopy
TSG101  Tumor susceptibility gene 101 protein
WT  Wild Type

Supplementary information
The online version contains supplementary material available at https://doi.
org/10.1186/s13287-024-03693-5.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Acknowledgements
The authors thank the Centro Piattaforme Tecnologiche of Università di Verona 
for technical assistance.

Authors’ contributions
M.B. and R.M. designed research; F.V., M.B., E.T., I.S. and L.S. carried out 
experiments; F.V., M.B., R.M., E.T., I.S. and L.S. analysed data; F.V., M.B., and 

https://doi.org/10.1186/s13287-024-03693-5
https://doi.org/10.1186/s13287-024-03693-5


Page 15 of 17Virla et al. Stem Cell Research & Therapy           (2024) 15:94 

R.M. draft and revised the paper. All authors read and approved the final 
manuscript.

Funding
This work was supported by MIUR project “Dipartimenti di Eccellenza 
2018–2022” to Department of Neuroscience “Rita Levi Montalcini” (University 
of Turin) and Girotondo/ONLUS and SMArathon-ONLUS foundation grants 
to M.B. and by Bando di Ateneo (University of Verona) Joint research 2021 
“Development of an innovative extracellular vesicle intranasal formulation 
for the treatment of neurological diseases” (CUP n°B33C21000150008) grants 
to R.M. The funding bodies played no role in the design of the study and 
collection, analysis, and interpretation of data and in writing the manuscript.

Data availability
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The manuscript has been organized following the Animal Research: 
Reporting of in Vivo Experiments (ARRIVE) guidelines in order to improve 
the reporting of research involving animals and to optimize quality and 
reproducibility of published research. All mouse experiments used to isolate 
ASCs were carried out in strict accordance with experimental guidelines 
approved by the University of Verona committee on animal research 
(Centro Interdipartimentale di Servizio alla Ricerca Sperimentale) and by 
the Italian Ministry of Health (protocol #642/2021-PR, title of approved 
project “New therapeutical approach for ALS”). The experimental procedures 
involving live SMNΔ7 animals were performed in strict accordance with 
institutional guidelines in compliance with national (D.L. N.26, 04/03/2014) 
and international law and policies (new directive 2010/63/EU). The study 
was approved by the Italian Ministry of Health (protocol #980/2020-PR, title 
“Evaluation of the effectiveness of SMN-dependent and SMN-independent 
therapies to counteract Spinal Muscular Atrophy”). Additionally, the ad hoc 
Ethical Committee of the University of Turin approved this study. All mice were 
sacrificed by cervical dislocation or transcardically perfused after being deeply 
anesthetized by gaseous anaesthesia (See Methods section). All methods 
were completed and reported in accordance with the ARRIVE guidelines. The 
research complies with the commonly accepted “3Rs”, minimizing the number 
of animals used and avoiding their suffering.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 30 May 2023 / Accepted: 8 March 2024

References
1. Verhaart IEC, Robertson A, Wilson IJ, Aartsma-Rus A, Cameron S, Jones CC, et 

al. Prevalence, incidence and carrier frequency of 5q-linked spinal muscular 
atrophy - a literature review. Orphanet J Rare Dis. 2017;12(1):124.

2. Kolb SJ, Kissel JT. Spinal muscular atrophy: a timely review. Arch Neurol. 
2011;68(8):979–84.

3. Mercuri E, Pera MC, Scoto M, Finkel R, Muntoni F. Spinal muscular atro-
phy - insights and challenges in the treatment era. Nat Rev Neurol. 
2020;16(12):706–15.

4. Wirth B, Karakaya M, Kye MJ, Mendoza-Ferreira N. Twenty-five years of spinal 
muscular Atrophy Research: from phenotype to genotype to Therapy, and 
what comes next. Annu Rev Genomics Hum Genet. 2020;21:231–61.

5. Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viollet L, et al. Identi-
fication and characterization of a spinal muscular atrophy-determining gene. 
Cell. 1995;80(1):155–65.

6. Lorson CL, Hahnen E, Androphy EJ, Wirth B. A single nucleotide in the SMN 
gene regulates splicing and is responsible for spinal muscular atrophy. Proc 
Natl Acad Sci U S A. 1999;96(11):6307–11.

7. Wirth B, Brichta L, Schrank B, Lochmuller H, Blick S, Baasner A, et al. Mildly 
affected patients with spinal muscular atrophy are partially protected by an 
increased SMN2 copy number. Hum Genet. 2006;119(4):422–8.

8. Chaytow H, Faller KME, Huang YT, Gillingwater TH. Spinal muscular atrophy: 
from approved therapies to future therapeutic targets for personalized medi-
cine. Cell Rep Med. 2021;2(7):100346.

9. Imlach WL, Beck ES, Choi BJ, Lotti F, Pellizzoni L, McCabe BD. SMN is required 
for sensory-motor circuit function in Drosophila. Cell. 2012;151(2):427–39.

10. Hamilton G, Gillingwater TH. Spinal muscular atrophy: going beyond the 
motor neuron. Trends Mol Med. 2013;19(1):40–50.

11. Park GH, Maeno-Hikichi Y, Awano T, Landmesser LT, Monani UR. Reduced sur-
vival of motor neuron (SMN) protein in motor neuronal progenitors functions 
cell autonomously to cause spinal muscular atrophy in model mice express-
ing the human centromeric (SMN2) gene. J Neurosci. 2010;30(36):12005–19.

12. Simone C, Ramirez A, Bucchia M, Rinchetti P, Rideout H, Papadimitriou D, et al. 
Is spinal muscular atrophy a disease of the motor neurons only: pathogenesis 
and therapeutic implications? Cell Mol Life Sci. 2016;73(5):1003–20.

13. Abati E, Citterio G, Bresolin N, Comi GP, Corti S. Glial cells involvement in spi-
nal muscular atrophy: could SMA be a neuroinflammatory disease? Neurobiol 
Dis. 2020;140:104870.

14. Custer SK, Androphy EJ. Autophagy dysregulation in cell culture and animals 
models of spinal muscular atrophy. Mol Cell Neurosci. 2014;61:133–40.

15. Piras A, Schiaffino L, Boido M, Valsecchi V, Guglielmotto M, De Amicis E, et 
al. Inhibition of autophagy delays motoneuron degeneration and extends 
lifespan in a mouse model of spinal muscular atrophy. Cell Death Dis. 
2017;8(12):3223.

16. Sansa A, Miralles MP, Beltran M, Celma-Nos F, Caldero J, Garcera A, et al. 
ERK MAPK signaling pathway inhibition as a potential target to prevent 
autophagy alterations in spinal muscular atrophy motoneurons. Cell Death 
Discov. 2023;9(1):113.

17. Hensel N, Baskal S, Walter LM, Brinkmann H, Gernert M, Claus P. ERK and ROCK 
functionally interact in a signaling network that is compensationally upregu-
lated in spinal muscular atrophy. Neurobiol Dis. 2017;108:352–61.

18. Alrafiah A, Karyka E, Coldicott I, Iremonger K, Lewis KE, Ning K, et al. Plastin 
3 Promotes Motor Neuron Axonal Growth and extends survival in a mouse 
model of spinal muscular atrophy. Mol Ther Methods Clin Dev. 2018;9:81–9.

19. Burnett BG, Xiao J, Southall N, Zheng W, Ferrer M, Cherry JJ, et al. SMN 
Modulator ML372 increases SMN protein abundance, Body Weight, Lifespan, 
and rescues motor function in SMN∆7 SMA mice. Probe reports from the NIH 
Molecular Libraries Program. Bethesda (MD): National Center for Biotechnol-
ogy Information (US); 2010.

20. Baglio SR, Pegtel DM, Baldini N. Mesenchymal stem cell secreted vesicles pro-
vide novel opportunities in (stem) cell-free therapy. Front Physiol. 2012;3:359.

21. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in health and disease. 
Nat Rev Immunol. 2008;8(9):726–36.

22. Filippi M, Boido M, Pasquino C, Garello F, Boffa C, Terreno E. Successful in 
vivo MRI tracking of MSCs labeled with Gadoteridol in a spinal cord Injury 
experimental model. Exp Neurol. 2016;282:66–77.

23. Boido M, Garbossa D, Fontanella M, Ducati A, Vercelli A. Mesenchymal stem 
cell transplantation reduces glial cyst and improves functional outcome after 
spinal cord compression. World Neurosurg. 2014;81(1):183–90.

24. Constantin G, Marconi S, Rossi B, Angiari S, Calderan L, Anghileri E, et al. 
Adipose-derived mesenchymal stem cells ameliorate chronic experimental 
autoimmune encephalomyelitis. Stem Cells. 2009;27(10):2624–35.

25. Marconi S, Bonaconsa M, Scambi I, Squintani GM, Rui W, Turano E, et al. Sys-
temic treatment with adipose-derived mesenchymal stem cells ameliorates 
clinical and pathological features in the amyotrophic lateral sclerosis murine 
model. Neuroscience. 2013;248:333–43.

26. Uccelli A, Milanese M, Principato MC, Morando S, Bonifacino T, Vergani L, et al. 
Intravenous mesenchymal stem cells improve survival and motor function in 
experimental amyotrophic lateral sclerosis. Mol Med. 2012;18:794–804.

27. Vercelli A, Mereuta OM, Garbossa D, Muraca G, Mareschi K, Rustichelli D, et al. 
Human mesenchymal stem cell transplantation extends survival, improves 
motor performance and decreases neuroinflammation in mouse model of 
amyotrophic lateral sclerosis. Neurobiol Dis. 2008;31(3):395–405.

28. Bonafede R, Mariotti R. ALS Pathogenesis and Therapeutic approaches: the 
role of mesenchymal stem cells and extracellular vesicles. Front Cell Neurosci. 
2017;11:80.

29. !!! INVALID CITATION !!! (29).
30. Abbasi-Malati Z, Roushandeh AM, Kuwahara Y, Roudkenar MH. Mesenchymal 

stem cells on Horizon: a New Arsenal of Therapeutic agents. Stem Cell Rev 
Rep. 2018;14(4):484–99.



Page 16 of 17Virla et al. Stem Cell Research & Therapy           (2024) 15:94 

31. Teixeira FG, Carvalho MM, Sousa N, Salgado AJ. Mesenchymal stem cells 
secretome: a new paradigm for central nervous system regeneration? Cell 
Mol Life Sci. 2013;70(20):3871–82.

32. Doyle LM, Wang MZ. Overview of Extracellular vesicles, their origin, com-
position, purpose, and methods for Exosome isolation and analysis. Cells. 
2019;8(7).

33. Wang H, Liu Y, Li J, Wang T, Hei Y, Li H, et al. Tail-vein injection of MSC-derived 
small extracellular vesicles facilitates the restoration of hippocampal neuronal 
morphology and function in APP / PS1 mice. Cell Death Discov. 2021;7(1):230.

34. Laso-Garcia F, Ramos-Cejudo J, Carrillo-Salinas FJ, Otero-Ortega L, Feliu A, 
Gomez-de Frutos M, et al. Therapeutic potential of extracellular vesicles 
derived from human mesenchymal stem cells in a model of progressive 
multiple sclerosis. PLoS ONE. 2018;13(9):e0202590.

35. Go V, Bowley BGE, Pessina MA, Zhang ZG, Chopp M, Finklestein SP, et al. Extra-
cellular vesicles from mesenchymal stem cells reduce microglial-mediated 
neuroinflammation after cortical injury in aged Rhesus monkeys. Gerosci-
ence. 2020;42(1):1–17.

36. Li Z, Liu F, He X, Yang X, Shan F, Feng J. Exosomes derived from mesenchymal 
stem cells attenuate inflammation and demyelination of the central nervous 
system in EAE rats by regulating the polarization of microglia. Int Immuno-
pharmacol. 2019;67:268–80.

37. Chen HX, Liang FC, Gu P, Xu BL, Xu HJ, Wang WT, et al. Exosomes derived 
from mesenchymal stem cells repair a Parkinson’s disease model by inducing 
autophagy. Cell Death Dis. 2020;11(4):288.

38. Reza-Zaldivar EE, Hernandez-Sapiens MA, Gutierrez-Mercado YK, Sandoval-
Avila S, Gomez-Pinedo U, Marquez-Aguirre AL, et al. Mesenchymal stem 
cell-derived exosomes promote neurogenesis and cognitive function 
recovery in a mouse model of Alzheimer’s disease. Neural Regen Res. 
2019;14(9):1626–34.

39. Xin H, Li Y, Liu Z, Wang X, Shang X, Cui Y, et al. MiR-133b promotes neural 
plasticity and functional recovery after treatment of stroke with multipotent 
mesenchymal stromal cells in rats via transfer of exosome-enriched extracel-
lular particles. Stem Cells. 2013;31(12):2737–46.

40. Bonafede R, Scambi I, Peroni D, Potrich V, Boschi F, Benati D, et al. Exo-
some derived from murine adipose-derived stromal cells: neuroprotec-
tive effect on in vitro model of amyotrophic lateral sclerosis. Exp Cell Res. 
2016;340(1):150–8.

41. Bonafede R, Turano E, Scambi I, Busato A, Bontempi P, Virla F et al. ASC-
Exosomes ameliorate the Disease Progression in SOD1(G93A) murine model 
underlining their potential therapeutic use in human ALS. Int J Mol Sci. 
2020;21(10).

42. Hensel N, Kubinski S, Claus P. The need for SMN-Independent treatments of 
spinal muscular atrophy (SMA) to complement SMN-Enhancing drugs. Front 
Neurol. 2020;11:45.

43. Poletti A, Fischbeck KH. Combinatorial treatment for spinal muscular atrophy: 
an Editorial for ‘Combined treatment with the histone deacetylase inhibitor 
LBH589 and a splice-switch antisense oligonucleotide enhances SMN2 
splicing and SMN expression in spinal muscular atrophy cells’ on page 264. J 
Neurochem. 2020;153(2):146–9.

44. Dumas SA, Villalon E, Bergman EM, Wilson KJ, Marugan JJ, Lorson CL, et al. A 
combinatorial approach increases SMN level in SMA model mice. Hum Mol 
Genet. 2022;31(17):2989–3000.

45. Pagliarini V, Guerra M, Di Rosa V, Compagnucci C, Sette C. Combined treat-
ment with the histone deacetylase inhibitor LBH589 and a splice-switch 
antisense oligonucleotide enhances SMN2 splicing and SMN expression in 
spinal muscular atrophy cells. J Neurochem. 2020;153(2):264–75.

46. Elbaz EM, Helmy HS, El-Sahar AE, Saad MA, Sayed RH. Lercanidipine boosts 
the efficacy of mesenchymal stem cell therapy in 3-NP-induced Huntington’s 
disease model rats via modulation of the calcium/calcineurin/NFATc4 and 
Wnt/beta-catenin signalling pathways. Neurochem Int. 2019;131:104548.

47. Peroni D, Scambi I, Pasini A, Lisi V, Bifari F, Krampera M, et al. Stem molecular 
signature of adipose-derived stromal cells. Exp Cell Res. 2008;314(3):603–15.

48. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, et 
al. Minimal criteria for defining multipotent mesenchymal stromal cells. The 
International Society for Cellular Therapy position statement. Cytotherapy. 
2006;8(4):315–7.

49. Viswanathan S, Shi Y, Galipeau J, Krampera M, Leblanc K, Martin I, et al. 
Mesenchymal stem versus stromal cells: International Society for Cell & Gene 
Therapy (ISCT(R)) mesenchymal stromal cell committee position statement 
on nomenclature. Cytotherapy. 2019;21(10):1019–24.

50. El-Khodor BF, Edgar N, Chen A, Winberg ML, Joyce C, Brunner D, et al. Identi-
fication of a battery of tests for drug candidate evaluation in the SMNDelta7 
neonate model of spinal muscular atrophy. Exp Neurol. 2008;212(1):29–43.

51. Pérez Arévalo A, Lutz AK, Atanasova E, Boeckers TM. Trans-cardiac perfusion 
of neonatal mice and immunofluorescence of the whole body as a method 
to study nervous system development. PLoS ONE. 2022;17(10):e0275780.

52. Valsecchi V, Boido M, De Amicis E, Piras A, Vercelli A. Expression of muscle-
specific MiRNA 206 in the progression of Disease in a murine SMA model. 
PLoS ONE. 2015;10(6):e0128560.

53. Ullah F, Gamage R, Sen MK, Gyengesi E. The effects of Modified Curcumin 
preparations on glial morphology in aging and Neuroinflammation. Neuro-
chem Res. 2022;47(4):813–24.

54. Ziebell JM, Adelson PD, Lifshitz J. Microglia: dismantling and rebuilding 
circuits after acute neurological injury. Metab Brain Dis. 2015;30(2):393–400.

55. Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-Bengtson B, et 
al. Proteomic comparison defines novel markers to characterize heteroge-
neous populations of extracellular vesicle subtypes. Proc Natl Acad Sci U S A. 
2016;113(8):E968–77.

56. Bonafede R, Brandi J, Manfredi M, Scambi I, Schiaffino L, Merigo F et al. The 
anti-apoptotic effect of ASC-Exosomes in an in vitro ALS Model and their 
proteomic analysis. Cells. 2019;8(9).

57. Papadimitriou D, Le Verche V, Jacquier A, Ikiz B, Przedborski S, Re DB. Inflam-
mation in ALS and SMA: sorting out the good from the evil. Neurobiol Dis. 
2010;37(3):493–502.

58. Qiu J, Wu L, Qu R, Jiang T, Bai J, Sheng L, et al. History of development of the 
life-saving drug Nusinersen in spinal muscular atrophy. Front Cell Neurosci. 
2022;16:942976.

59. Ratni H, Ebeling M, Baird J, Bendels S, Bylund J, Chen KS, et al. Discovery 
of Risdiplam, a selective survival of Motor Neuron-2 (SMN2) gene splicing 
modifier for the treatment of spinal muscular atrophy (SMA). J Med Chem. 
2018;61(15):6501–17.

60. Blair HA. Onasemnogene Abeparvovec: a review in spinal muscular atrophy. 
CNS Drugs. 2022;36(9):995–1005.

61. Menduti G, Rasa DM, Stanga S, Boido M. Drug Screening and Drug Reposi-
tioning as Promising Therapeutic approaches for spinal muscular atrophy 
treatment. Front Pharmacol. 2020;11:592234.

62. Phinney DG, Pittenger MF. Concise Review: MSC-Derived exosomes for cell-
free therapy. Stem Cells. 2017;35(4):851–8.

63. Zhang L, Mao L, Wang H. The Neuroprotection effects of Exosome in Central 
Nervous System injuries: a new target for therapeutic intervention. Mol 
Neurobiol. 2022.

64. Farinazzo A, Angiari S, Turano E, Bistaffa E, Dusi S, Ruggieri S, et al. Nanovesi-
cles from adipose-derived mesenchymal stem cells inhibit T lymphocyte traf-
ficking and ameliorate chronic experimental autoimmune encephalomyelitis. 
Sci Rep. 2018;8(1):7473.

65. Vincent AM, Feldman EL. Control of cell survival by IGF signaling pathways. 
Growth Horm IGF Res. 2002;12(4):193–7.

66. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, et al. Akt phosphorylation 
of BAD couples survival signals to the cell-intrinsic death machinery. Cell. 
1997;91(2):231–41.

67. Biondi O, Branchu J, Ben Salah A, Houdebine L, Bertin L, Chali F, et al. IGF-1R 
reduction triggers neuroprotective signaling pathways in spinal muscular 
atrophy mice. J Neurosci. 2015;35(34):12063–79.

68. Sansa A, de la Fuente S, Comella JX, Garcera A, Soler RM. Intracellular path-
ways involved in cell survival are deregulated in mouse and human spinal 
muscular atrophy motoneurons. Neurobiol Dis. 2021;155:105366.

69. Rindt H, Feng Z, Mazzasette C, Glascock JJ, Valdivia D, Pyles N, et al. Astro-
cytes influence the severity of spinal muscular atrophy. Hum Mol Genet. 
2015;24(14):4094–102.

70. McGivern JV, Patitucci TN, Nord JA, Barabas MA, Stucky CL, Ebert AD. Spinal 
muscular atrophy astrocytes exhibit abnormal calcium regulation and 
reduced growth factor production. Glia. 2013;61(9):1418–28.

71. Tarabal O, Caraballo-Miralles V, Cardona-Rossinyol A, Correa FJ, Olmos G, 
Llado J, et al. Mechanisms involved in spinal cord central synapse loss in 
a mouse model of spinal muscular atrophy. J Neuropathol Exp Neurol. 
2014;73(6):519–35.

72. Schmidt R, Voit T. Ultrasound measurement of quadriceps muscle in the 
first year of life. Normal values and application to spinal muscular atrophy. 
Neuropediatrics. 1993;24(1):36–42.

73. d’Errico P, Boido M, Piras A, Valsecchi V, De Amicis E, Locatelli D, et al. Selective 
vulnerability of spinal and cortical motor neuron subpopulations in delta7 
SMA mice. PLoS ONE. 2013;8(12):e82654.



Page 17 of 17Virla et al. Stem Cell Research & Therapy           (2024) 15:94 

74. Boido M, Vercelli A. Neuromuscular junctions as Key contributors and thera-
peutic targets in spinal muscular atrophy. Front Neuroanat. 2016;10:6.

75. Kariya S, Park GH, Maeno-Hikichi Y, Leykekhman O, Lutz C, Arkovitz MS, 
et al. Reduced SMN protein impairs maturation of the neuromuscular 
junctions in mouse models of spinal muscular atrophy. Hum Mol Genet. 
2008;17(16):2552–69.

76. Perets N, Betzer O, Shapira R, Brenstein S, Angel A, Sadan T, et al. Golden 
exosomes selectively target brain pathologies in neurodegenerative and 
neurodevelopmental disorders. Nano Lett. 2019;19(6):3422–31.

77. Perets N, Hertz S, London M, Offen D. Intranasal administration of exosomes 
derived from mesenchymal stem cells ameliorates autistic-like behaviors of 
BTBR mice. Mol Autism. 2018;9:57.

78. Shimaoka M, Kawamoto E, Gaowa A, Okamoto T, Park EJ. Connexins and 
Integrins in Exosomes. Cancers (Basel). 2019;11(1).

79. Herman S, Fishel I, Offen D. Intranasal delivery of mesenchymal stem cells-
derived extracellular vesicles for the treatment of neurological diseases. Stem 
Cells. 2021;39(12):1589–600.

80. Keller LA, Merkel O, Popp A. Intranasal drug delivery: opportunities and 
toxicologic challenges during drug development. Drug Deliv Transl Res. 
2022;12(4):735–57.

81. Losurdo M, Pedrazzoli M, D’Agostino C, Elia CA, Massenzio F, Lonati E, et al. 
Intranasal delivery of mesenchymal stem cell-derived extracellular vesicles 
exerts immunomodulatory and neuroprotective effects in a 3xTg model of 
Alzheimer’s disease. Stem Cells Transl Med. 2020;9(9):1068–84.

82. Zhuang X, Xiang X, Grizzle W, Sun D, Zhang S, Axtell RC, et al. Treatment 
of brain inflammatory diseases by delivering exosome encapsulated 
anti-inflammatory drugs from the nasal region to the brain. Mol Ther. 
2011;19(10):1769–79.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	Administration of adipose-derived stem cells extracellular vesicles in a murine model of spinal muscular atrophy: effects of a new potential therapeutic strategy
	Abstract
	Background
	Methods
	ASCs culture
	ASCs extracellular vesicles isolation and characterization
	SMA animals
	ASC-EVs administration
	Behavioural and motor test
	Tissue preparation
	Histochemistry
	Immunohistochemistry
	Quantitative analysis
	Statistical analyses

	Results
	Isolation and characterisation of ASC-EVs
	ASC-EVs treatment improves the disease progression in SMA mice
	ASC-EVs administration extends the survival of lumbar MNs in SMA mice
	ASC-EVs treatment modulates the neuroinflammation in SMA mice
	The effects of ASC-EVs administration on skeletal muscles atrophy and NMJ maturation

	Discussion
	Conclusions
	References


