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Background:Themechanism bywhich astrocytes contribute to disease progression inmutant SOD1mousemodels of ALS
is not known.
Results:Mutant SOD1 astrocytes release mutant SOD1-containing exosomes that are toxic for motor neurons.
Conclusion: Astrocyte-derived exosomes may have a role in disease spreading and motor neuron pathology.
Significance: New therapeutic approaches should target exosomes to contain disease progression.

Amyotrophic lateral sclerosis is the most common motor neu-
ron disease and is still incurable. The mechanisms leading to the
selectivemotorneuronvulnerability are still notknown.The inter-
play between motor neurons and astrocytes is crucial in the out-
comeof the disease.We show thatmutant copper-zinc superoxide
dismutase (SOD1) overexpression in primary astrocyte cultures is
associated with decreased levels of proteins involved in secretory
pathways. This is linked to a general reduction of total secreted
proteins, except for specific enrichment in a number of proteins in
the media, such as mutant SOD1 and valosin-containing protein
(VCP)/p97. Because therewas also an increase in exosome release,
we can deduce that astrocytes expressing mutant SOD1 activate
unconventional secretory pathways, possibly as a protectivemech-
anism. This may help limit the formation of intracellular aggre-
gates and overcome mutant SOD1 toxicity. We also found that
astrocyte-derived exosomes efficiently transfer mutant SOD1 to
spinal neurons and induce selectivemotor neuron death.We con-
clude that the expression ofmutant SOD1has a substantial impact
on astrocyte protein secretion pathways, contributing to motor
neuron pathology and disease spread.

Amyotrophic lateral sclerosis (ALS)5 is a fatal, progressive
neurological disease characterized by the specific degeneration
ofmotor neurons in the cortex, brainstem, and spinal cord. The
mechanisms involved in this selective degeneration are still not
clear. In recent years, the interplay betweenmotor neurons and
glial cells, such as astrocytes, microglia, and oligodendrocytes,
has been thoroughly investigated in mouse models of familial
ALS-expressing forms of mutant copper-zinc superoxide dis-
mutase (SOD1), as recently reviewed (1). These studies have
clearly demonstrated that ALS is a non-cell-autonomous dis-
ease, where the interaction between motor neurons and other
cell populations plays a role in motor neuronal degeneration
and death.
Astrocytes, the most abundant glial cell type in the central

nervous system, are responsible for major protective functions
for motor neurons, such as releasing trophic factors and limit-
ing motor neuron firing by clearing glutamate from the synap-
tic cleft. However, astrocytes can also adopt an activated state
that is becoming increasingly appreciated as contributing to
ALS. In patients and animalmodels of ALS, activated astrocytes
display a decreased expression of the glutamate transporter
that favors glutamate-induced excitotoxicity (2–4). Astrocyte
cell cultures carrying mutant SOD1 release metabolites and/or
proteins specifically toxic for motor neurons into the extracel-
lular space (5–10). In addition, in vivo they appear to have an
active role in pathology, and this has encouraged the use of
these cells as a therapeutic target (11–14).
SOD1 is usually regarded as a cytosolic enzyme, but recently

it has been reported extracellularly in vitro, under physiological
and pathological conditions. A few studies have shown that
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SOD1 is secreted by different cells, including cultured astro-
cytes (15),motor neuron-likeNSC-34 cells (16), and spinal cord
cultures (17). More importantly, SOD1 has been detected in
cerebrospinal fluid (CSF) of ALS patients with and without
SOD1 mutations (18, 19). Turner et al. (16) considered the
secretion of the mutant SOD1 from NSC-34 cells as beneficial,
noting that the release of the mutant protein attenuates the
formation of toxic intracellular inclusions and prolongs cell
survival. However, Urushitani et al. (17) found that mutant
SOD1, once secreted in association with chromogranins, is del-
eterious because it induces microgliosis and death of motor
neurons in co-cultures. High-throughput technologies have
started to identify the factors released by the astrocytes, aiming
to uncover their various functions and the toxic molecules
released (20–22). Numerous proteins have been listed, but the
link with pathological events is still missing.
We therefore compared the proteome of the astrocytes from

mice overexpressing mutant SOD1 (G93A SOD1), the best-
characterized mouse model of familial ALS, with those from
mice overexpressing human wild-type (WT) SOD1. The goal
was to identify altered pathways induced by the expression of
themutant protein thatmay contribute to the disease. Interest-
ingly, we observed alterations in the expression of proteins
involved in the secretory pathways. We then proceeded to
quantify the amount of proteins released by the two astrocyte
populations and the content of the secretome (i.e. the profile of
secreted proteins in the conditioned media). The amount of
total secreted proteins by G93A SOD1 astrocytes was reduced,
but levels of a selected number of proteins mostly known to be
released by exosomes were increased (23).
Exosomes are vesicles generated by inward budding from the

limiting membrane into the lumen of endosomes. In several
hematopoietic and non-hematopoietic cells, multivesicular
bodies fuse with the plasma membrane, and the internal vesi-
cles are released into the extracellular space as exosomes (24).
Exosomes are rich in proteins associated with the cytoskeleton,
are linked to apoptosis, are involved in signal transduction,
metabolism, and fusion of membranes, and seem also to con-
tain mRNA and microRNA (25). Proposed functions of these
vesicles include cell-cell signaling, removal of unwanted pro-
teins, and transfer of pathogens between cells. It has been pro-
posed that once released from the cell they might fuse with
membranes of neighboring cells, transferring exosomal mole-
cules from one cell to another. Some implications of these par-
ticles for neurodegenerative diseases are now emerging (26).
We show for the first time that astrocytes overexpressingG93A
SOD1 have increased exosome release, and astrocyte-derived
exosomes readily transfer mutant SOD1 to spinal neurons and
can induce selective motor neuron death.

EXPERIMENTAL PROCEDURES

Primary Astrocyte Cultures—Primary cultures were pre-
pared from 15–16-day-old transgenic mouse embryos (Jackson
Laboratories) expressing a high copy number ofmutant (G93A)
human SOD1 or human WT SOD1, as shown previously (27).
Briefly, cortices were dissected and mechanically dissociated
using a fire-polished glass Pasteur pipette in Hanks’ balanced
salt solution supplemented with glucose (33mM). After centrif-

ugation of the supernatant, the pellet was resuspended in astro-
cyte culture medium prepared with DMEM/F12 containing 2
mM L-glutamine, 33 mM glucose, 5 �g/ml gentamycin, 10%
heat-inactivated horse serum, and seeded (500,000 cells/ml)
onto 48- (only for co-culture preparation) or 6-well plates
coated with 1.5 �g/ml poly-L-ornithine. Cells were grown at
37 °C in a humidified atmosphere with 5% CO2 and culture
medium was first renewed after 6 days, then twice a week after
washes in Hanks’ balanced salt solution, 33 mM glucose to
remove microglial cells, oligodendrocytes, and neurons. When
the astrocytes reached confluence after 2–3 weeks in culture,
proliferation was halted by treatment with 10 �M cytosine ara-
binoside for 3 days, and the cells were then ready for co-culture
preparation. For all other experiments, astrocytes were washed
six times with serum-free culture medium and incubated with
phenol- and serum-free medium for 24 h at 37 °C and 5% CO2.
Cells and media were then collected as described below. The
absence of serum in the last passage before collection did not
change cell viability (data not shown). Tissues expressing
mutant human SOD1 were identified by PCR.
Protein Extraction from Astrocytes—For proteomic analysis,

cells were resuspended in hot buffer (10 mM Tris-HCl, pH 7.5,
0.1% (v/v) Nonidet P-40, 0.1% (w/v) SDS). For immunoblotting
analysis, cells were resuspended in hot buffer (1% (w/v) SDS),
and DNA was fragmented using a syringe. Lysates were centri-
fuged at 10,000 � g for 15 min, and proteins were quantified
with the BCA protein assay (Thermo Scientific).
Astrocyte-conditioned Media—Astrocyte-conditioned media

for proteomic analysis were harvested and centrifuged at 200�
g (5min), 1,000� g (10min) and 20,000� g (25min) to remove
non-adherent cells and debris (preclearing). The media were
dialyzed for 24 h in water with a 12 kDa cut-off membrane
(SERVA), lyophilized, and stored at �20 °C. All steps up to
lyophilization were carried out at 4 °C. For slot blot experi-
ments, astrocyte-conditioned media were centrifuged at
12,000 � g for 5 min as preclearing, precipitated with four vol-
umes of acetone for 2 h at 4 °C in agitation, and finally centri-
fuged at 15,000� g for 10min at 4 °C. Pellets were resuspended
in hot lysis buffer (1% (w/v) SDS), and proteins were quantified
by the BCA protein assay.
Isolation of Exosomes and Exosome-depleted Fractions—Pre-

cleared conditioned media, as described above, were ultracen-
trifuged at 100,000 � g for 1 h at 4 °C. The pellets (i.e. the
exosomal fractions) were resuspended in hot lysis buffer (1%
(w/v) SDS) for slot blot analysis or in the appropriate buffer for
SDS-PAGE and two-dimensional gel electrophoresis, in phos-
phate-buffered saline (PBS) for electron microscopy or in Neu-
robasal medium for spinal neuron treatments (see below).
Supernatants (i.e. the exosome-depleted fractions) were used
for spinal neuron treatments or, after precipitation as described
above, for biochemical analyses. The percentages of exosomal
and non-exosomal proteins were calculated considering the
total secreted proteins, measured by the BCA assay, as 100.
Two-dimensional Gel Electrophoresis—Protein samples were

resuspended in 7 M urea, 2 M thiourea, 4% CHAPS and quanti-
fied by Bradford assay. Pools of 100�g of astrocyte intracellular
proteins or 30 �g of secreted proteins were used for two-di-
mensional gel electrophoresis analyses. At least six animals
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were used per pool. Three pools were analyzed on 7-cm IPG
strips (GE Healthcare), pI 3–10, for astrocytes and pI 4–7 for
conditionedmedia. For the astrocyte intracellular proteins, iso-
electrofocusing was done according to the following schedule:
1 h at 100 V, 1 h and 30min of a linear gradient to 500 V, 30min
of a linear gradient to 2,000 V and 30 min to 4,000 V, and 2 h at
8,000 V. A longer protocol was used for secreted proteins (50
V-h at 200V, 1,375V-h at 2,000V, a linear gradient of 2,750V-h
to 3500 V, 7,000 V-h at 3,500 V, a linear gradient of 8,625 Vh to
8,000 V, and 32,000 V-h at 8000 V). Before SDS-PAGE, the IPG
strips were equilibrated in 50 mM Tris-HCl, pH 8.8, 6 M urea,
30% glycerol, 2% SDS, and traces of bromphenol blue contain-
ing 0.1% (w/v) DTT for the first and 2.5% (w/v) iodoacetamide
for the second equilibration step. SDS-PAGE was done using
4–12% NuPAGE gels (Invitrogen). After electrophoresis, gels
were fixed in 50% methanol, 7% acetic acid for 30 min, stained
with Sypro Ruby overnight, andwashedwith 10%methanol, 7%
acetic acid for 10min. Stained gelswere scanned at 16-bit image
(Molecular Imager FX, Bio-Rad) and the TIFF images gener-
ated were analyzed with Progenesis workstation software
(PG240 v2006, Nonlinear Dynamics). Progenesis did spot
detection, warping, and matching automatically. The results
were carefully analyzed by the operator, and the protein spots
significantly (p � 0.05, Student’s t test) different were analyzed
by mass spectrometry. We reported the ones with a -fold
change of �1.5.
Protein Identification—Proteinswere identified essentially as

described previously (28). Briefly, protein spots were located
and excised with an EXQuestTM spot cutter (Bio-Rad). Spots
were processed and gel-digested with trypsin, as described pre-
viously (29). Tryptic digests were concentrated and desalted
using ZipTip pipette tips with C18 resin and a 0.2-ml bed vol-
ume (Millipore). Peptide mass fingerprinting was done on a
ReflexIIITM MALDI-TOF mass spectrometer (Bruker Dalton-
ics) equipped with a SCOUT 384 multiprobe inlet and a
337-nm nitrogen laser using �-cyano-4-hydroxycinnamic acid
as matrix, prepared as described previously (30). All mass spec-
tra were obtained in positive reflector mode with a delayed
extraction of 200 ns. The reflector voltage was 23 kV, and the
detector voltage 1.7 kV. All of the other parameters were set for
optimized mass resolution. To avoid detector saturation, low
mass material (500 Da) was deflected. The mass spectra were
internally calibratedwith trypsin autolysis fragments. Themass
spectra were obtained by averaging 150–350 individual laser
shots and then automatically processed by the FlexAnalysis
software, version 2.0, using the following parameters:
the Savitzky Golay smoothing algorithm and the SNAP peak
detection algorithm. Database searches were done using the
Mascot software package available at the Matrix Science Web
site, allowing up to one missed trypsin cleavage, carbamidom-
ethylation of Cys and oxidation of Met as variable modifica-
tions, and a mass tolerance of 0.1 Da over all Mus musculus
protein sequences deposited (SwissProt 2011_06, 529,056
sequences, 187,423,367 residues). A protein was considered
identified if the following criteria were fulfilled: the probability-
based MOWSE (31) score was above the 5% significance
threshold for the database, and the spots excised from at least
two different gels gave the same identification.

Western Blotting (WB)—Samples (15 �g) were separated in
12%SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride membranes (Millipore). Membranes were blocked
with 3% (w/v) bovine serum albumin (BSA) (Sigma) and 0.1%
(v/v) Tween 20 in Tris-buffered saline, pH 7.5, and incubated
overnight at 4 °C with the following antibodies: rabbit poly-
clonal anti-human SOD1 (1:2,000; Millipore), anti-glial fibril-
lary acidic protein (GFAP) (1:5,000; Dako), anti-mitogen-acti-
vated protein kinase 1/2 (ERK1/2) (1:2,000; Cell Signaling), and
anti-peptidyl-prolyl cis-trans-isomerase A (CypA) (1:2000,
Millipore),mousemonoclonal anti-� actin (1:1,000; SantaCruz
Biotechnology, Inc., Santa Cruz, CA), and �-crystallin B chain
(Cryab) (1:2,000; Stressgen). Densitometry was done with Pro-
genesis PG240 v2006 software (Nonlinear Dynamics). The
immunoreactivity of the different proteins was normalized to
actin immunoreactivity or Ponceau Red staining (Fluka). Val-
ues were expressed asmeans� S.E. Student’s t test was used for
statistical analysis.
Slot Blot—Proteins were directly loaded on preconditioned

polyvinylidene difluoridemembranes (Millipore) or nitrocellu-
lose Trans-Blot transfer medium 0.2-�m (Bio-Rad) mem-
branes. Each sample was deposited on the membrane by vac-
uum filtration. Aliquots (2 �g) of samples fromG93A SOD1 or
WTSOD1 astrocyteswere loaded on themembrane, whichwas
probed with the mouse monoclonal anti-nitrotyrosine anti-
body (1:1,000; HyCult Biotechnology). One-tenth or one-twen-
tieth of the total volume of secreted, exosomal-enriched or
non-exosomal protein fractionswas used to detect specific pro-
tein levels.Mediawere collected from equally plated astrocytes,
as measured by total protein content. The antibodies anti-hu-
man SOD1 (1:500; Millipore), anti-CypA (1:1,000; Millipore),
and rabbit monoclonal anti-valosin-containing protein (VCP)/
p97 (1:50,000; Epitomics) were incubated overnight at 4 °C to
reveal the immunoreactivity in secreted proteins and exosome-
enriched fractions. The mouse monoclonal anti-flotillin-1
(clone 18, BD Transduction Laboratories) was used diluted
1:500 to detect the specificity and amount of exosomal fraction
preparation. Blots were probed with anti-mouse or anti-rabbit
HRP-conjugated antibody (1:5,000; Santa Cruz Biotechnology,
Inc.) and visualized by ImmobilonWestern Chemiluminescent
HRP substrate (Millipore) on a ChemiDoc XRS system (Bio-
Rad). Densitometry was done with Progenesis PG240 v2006
software (Nonlinear Dynamics). The immunoreactivity was
normalized to the actual amount of proteins loaded on each slot
on the membrane, as detected after Coomassie or Sypro Ruby
blot (Bio-Rad) staining. Values were expressed as means � S.E.
Student’s t test was used for statistical analysis.
Primary Spinal Neuron Cultures and Treatments—Non-

transgenic spinal neurons were prepared from spinal cords of
day 14 embryos, as described (32). Briefly, thewhole spinal cord
was dissected away, and tissues were mechanically dissociated
in Hanks’ balanced salt solution, 33 mM glucose, and the cell
suspension was centrifuged onto a 4% BSA cushion. The pellet
was resuspended in Neurobasal medium (Invitrogen) supple-
mented with 2 mM L-glutamine, 33 mM glucose, 5 �g/ml genta-
mycin, 1 ng/ml brain-derived neurotrophic factor, and hormo-
nal mix (25 �g/ml insulin, 10 �g/ml putrescine, 30 nM sodium
selenite, 2 �M progesterone, 100 �g/ml apo-transferrin). Cells
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were plated on glass coverslips, coated with 15 �g/ml poly-L-
ornithine and 2 �g/ml natural mouse laminin, and exposed
overnight to 0.5 ml of (i) Neurobasal medium resuspension of
exosomes obtained from 2.5 ml of conditioned medium from
astrocytes, (ii) exosome-depleted supernatants, or (iii) non-
processed conditioned medium.
Immunoelectron Microscopy on Isolated Exosomes and Spi-

nal Neuron Cultures—A drop of 5 �l of purified exosomes in
PBS was placed to dry at room temperature on a 100-mesh
Formvar/carbon-coated copper grid (EMS, Hatfield, PA) and
fixed with 4% paraformaldehyde and 2% glutaraldehyde in 0.15
MHEPES buffer (pH 7.4) for 30min. Exosomes were then incu-
bated with rabbit polyclonal anti-human SOD1 (1:100; Milli-
pore) overnight at 4 °C, followed by 10-nm colloidal gold-con-
jugated-protein A incubation (Cell Microscopy Center,
Utrecht, The Netherlands) for 30 min. Grids were finally coun-
terstained and embedded in a mixture of methylcellulose and
uranyl acetate and observed with an energy filter transmission
electronmicroscope (LIBRA� 120, Zeiss) equippedwith a YAG
scintillator slow scan CCD camera (Zeiss). For spinal neuron
analysis, cells were cultured on glass coverslips of 24-well mul-
tiwell plates for 5 days and exposed to exosomes or exosome-
depleted fractions for 24 h. After incubation, medium was dis-
carded, and cells were prefixed for 30min at room temperature
with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.2 M

Hepes (pH 7.4) and fixed at room temperature in 4% parafor-
maldehyde in 0.15 M Hepes, pH 7.4, for 30 min. Neurons were
incubated for 30 min in blocking solution (1% BSA in PBS) and
then overnight at 4 °Cwith rabbit polyclonal anti-human SOD1
(Millipore) diluted 1:100 in blocking solution, followed by
10-nm colloidal gold-conjugated-protein A for 30 min at room
temperature. After postfixation with 1% glutaraldehyde in 0.15
M Hepes and incubation with 1% osmium in 0.1 M phosphate
buffer, pH 6.8–7.4, on ice, cells were incubated 5 min at room
temperature with a saturated solution of thiocarbohydrazide
followed by 1.5% ferrocyanide and 1% osmium in 0.1 M phos-
phate buffer for 30 min. Neurons, still attached on the cover-
slip, were then counterstained with 0.5% uranyl acetate over-
night at 4 °C, dehydrated in graded series of ethanol, and
embedded in Epoxy medium (Epon 812 Fluka, Sigma-
Aldrich). Thereafter, the coverslip was removed from the
well of multiwell plate and, to allow the transfer of cells from
coverslip to resin block, was placed bottom-up on a dispos-
able flat embedding mold (catalog no. 70906-10, Electron
Microscopy Sciences) prefilled with epoxy resin and poly-
merized at 60 °C for 72 h. After removing the glass coverslip
using 40% hydrofluoric acid, the resin block with neurons on
the top was trimmed to obtain a small pyramid suitable for
ultrathin (55–60 nm thick) sectioning with a Leica EM UC6
ultramicrotome. Sections were then collected on 100-mesh
Formvar/carbon-coated grids and examined with an energy
filter transmission electron microscope equipped with a
YAG scintillator slow scan CCD camera (Zeiss).
Spinal Neuron-Astrocyte Co-cultures and Treatments—Spi-

nal neurons obtained as reported above were co-cultured in a
48-well Nunc multiwell plate with a pre-established cortical
astrocyte confluent layer, prepared as described above, using
neuron culture medium enriched with 10% heat-inactivated

horse serum containing 10 �M cytosine arabinoside to avoid
spinal glia proliferation. Non-transgenic spinal neurons
(250,000 cells/well, as counted in a Burker’s chamber) were
plated on non-transgenic astrocytes using 200 �l of (i) Neuro-
basalmedium (untreated) orNeurobasalmedium resuspension
of (ii) exosomes obtained from 200 �l of conditioned medium
(exosomes 1�), (iii) exosomes obtained from 1 ml of condi-
tionedmedium (exosomes 5�), or (iv) exosomes obtained from
2 ml of conditioned medium (exosomes 10�) from astrocytes
for each well. Co-cultures of non-transgenic spinal neurons
plated on transgenic astrocytes were used as control. After spi-
nal neuron plating, co-cultures were maintained for 6 days in
culture, fixed for 30minwith 4%paraformaldehyde, rinsedwith
0.01 M PBS, pH 7.4, and stored at 4 °C for subsequent analyses.
Motor Neuron Viability Assay—Motor neuron survival in

astrocyte-spinal neuron co-cultures was determined by double
immunocytochemistry for SMI32 (motor neuron marker) and
NeuN (nuclear neuron marker), as described (32). Motor neu-
ron survival was expressed as the ratio of the number of motor
neurons (SMI32-positive cells) to the total neurons in the well
(NeuN-positive cells). Wells were analyzed by an Olympus
camera on amotorizedmicroscope (Olympus, Tokyo, Japan). A
reproducible grid of 9 � 9 frames (10� enlargement) was cre-
ated, and 20 frames were acquired at 488 nm for NeuN and 648
nm for SMI32. NeuN-positive cells were automatically counted
by ImageJ software (National Institutes of Health), and SMI32-
positive cells were countedmanually withCell[caret]P software
(Olympus) that identifies motor neurons as cells with extensive
dendritic arborization and cell bodies of �20 �m.

RESULTS

Proteomic Analysis of Primary Astrocyte Cultures Expressing
Human G93A SOD1 Reveals Down-regulation of Proteins
Involved in Secretory Pathways—To investigate the role of the
glia in ALS, we compared the proteome of primary astrocyte
cultures from mice overexpressing similar amounts of human
WT SOD1 and mutant G93A SOD1 (Fig. 1A). First we mea-
sured the levels of nitrotyrosine and GFAP as molecular mark-
ers of cellular alterations (10, 33). We detected increased levels
of nitrotyrosine (Fig. 1B) and GFAP fragments (Fig. 1C) in
G93A SOD1-expressing cells. GFAP fragments may be due to
calpain activation, as reported previously in human ALS spinal
cord (34). This confirms that the expression of mutant SOD1
was sufficient on its own to induce differences in astrocytes.
We then did a two-dimensional gel electrophoresis-based
proteomic analysis (Fig. 1D) where three different pools of
astrocytes were run for each genotype. Image analysis by the
Progenesis software detected 332 matched spots in WT and
G93A SOD1 astrocyte maps; 30 spots were more present in
the G93A SOD1 samples, 39 spots in theWT SOD1 samples.
We then identified by MALDI-TOF mass spectrometry the
proteins differentially expressed in the various samples and
reported the ones with significant -fold change �1.5 (Table 1
and supplemental Table S1). Finally, we validated the analysis
by WB of three representative proteins, Cryab, ERK1/2, and
CypA (Fig. 2). Surprisingly, the majority were down-regulated
in G93A SOD1 samples (Table 1), particularly proteins that are
important in secretory pathways, such as those of the endoplas-
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mic reticulum (ER) (HSP90B1 (heat shock protein 90-kDa �
member 1), GRP78 (78-kDa glucose-regulated protein), and
protein-disulfide isomerase) and those involved in vesicle traf-
ficking (RabGDI (Rab GDP dissociation inhibitor �) and
RhoGDI (Rho GDP-dissociation inhibitor 1)) (35, 36). In addi-
tion, alteration of a number of cytoskeleton-associated pro-
teins, such as actin, vimentin, and GFAP, may reduce exocy-
totic vesicle mobility (37). Considering that one of the main
properties of astrocytes is to release neuroactive substances
extracellularly, we then investigated the conditioned media of
mutant SOD1 astrocytes to see whether the alterations to pro-
teins in secretory pathways involved deficient and/or altered
protein secretion.
Mutant SOD1 Astrocytes Globally Release a Lower Amount of

Proteins but a Larger Proportion of Proteins through Exosomes—
In the conditioned media from WT and mutant SOD1 astro-
cytes, G93A SOD1 astrocytes globally secreted 43% fewer
proteins than WT SOD1 astrocytes (Fig. 3A), confirming an
impairment of protein secretion. In the subsequent differential
analysis of the secretome of G93A SOD1 andWT SOD1 astro-
cytes by two-dimensional gel electrophoresis-based proteo-
mics, surprisingly, the protein patterns of the two conditionswere
very similar except for six spots (Fig. 3B). All weremore present
in the G93A SOD1 media, and these included human SOD1,
with one of the highest -fold changes, and VCP/p97 (Table 2
and supplemental Table S1). The two-dimensional poststained

proteomic approach for secreted proteins has high inherent
variability because of difficulties in quantification of highly gly-
cosylated proteins (38). However, the increasing total levels of
mutant SOD1 and VCP/p97 in astrocyte-conditioned media
were confirmed by slot blot (Fig. 3,C andD). Interestingly, only
two of the differentially present proteins, ERp57 (protein-dis-
ulfide isomerase A3) and SPARC (secreted protein acidic and
rich in cysteine), are classically secreted proteins and have a
predicted signal peptide (39). Four of the six (VCP/p97, DRP-2
(dihydropyrimidinase-related protein 2), ERp57, and SOD1)
have been identified in exosomes of various cell types (see the
database at the ExoCarta Web site) (23, 40). We then hypothe-
sized that their secretion by astrocytes may also occur through
exosomes and wondered whether mutant SOD1 was induc-
ing exosome secretion in astrocytes. We isolated and charac-
terized exosomes from mutant and WT SOD1 astrocyte-con-
ditioned media (Fig. 4, A and B). Electron microscopy showed
that exosomal fractions contained vesicular elements of the
expected size (80–140 nm) and characteristic morphology (41)
(Fig. 4A). Accordingly, only the exosome fractions were specif-
ically enriched in exosome marker flotillin-1 (42) (Fig. 4B).
When we quantified the total amount of proteins associated
with this fraction compared with controls (Fig. 4C), we found a
significantly greater level (37%) of proteins in G93A SOD1-
derived exosome fractions than in WT fractions. We noted a
similar increase (38%) in flotillin-1 exosomemarker in the con-

FIGURE 1. Characterization of primary astrocyte cultures derived from G93A and WT SOD1 mice and protein differential expression. A, cultures derived
from G93A and WT SOD1 mice express similar amounts of human SOD1 (hSOD1) protein. A representative WB of human SOD1 levels and murine SOD1 (mSOD1)
is also shown. B, slot blot for nitrotyrosine residues. Mutant SOD1 expression increases the levels of nitrotyrosine. Nitrotyrosine immunoreactivity (IR) was
normalized to the total protein loaded, as measured after Coomassie staining. Values are the means � S.E. (error bars) (n � 9). Asterisks indicate a G93A sample
mean significantly higher (p � 0.001) than the WT sample mean, Student’s t test. C, WB for GFAP in WT and G93A SOD1 astrocyte primary cultures. G93A SOD1
astrocytes present an increased number of GFAP fragments. D, 100 �g of proteins were loaded onto IPG strips (pI 3–10). Two-dimensional gel electrophoresis
maps were stained with Sypro Ruby and analyzed with Progenesis software. The comparison revealed that the expression of mutant SOD1 is sufficient to alter
the proteomic profile of the astrocytes (see Table 1). Black circles, up-regulated proteins; white circles, down-regulated proteins; spot numbers, proteins listed in
Table 1.
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ditioned media of G93A SOD1 astrocytes (Fig. 4D). Because
flotillin-1 is a scaffolding protein of lipid raft microdomains
that forms the exosomal membrane, we hypothesized an up-
regulation in vesicle release rather than enrichment of proteins
per single exosome. In agreement with the results of the unpro-
cessed conditionedmedia (Fig. 3A), the decrease in the amount
of proteins in the corresponding G93A SOD1-derived exo-
some-depleted fractions was maintained (Fig. 4E). This was
expected, because the majority of the secreted proteins (91% in
WT SOD1 and 82% in G93A SOD1 cells) are recovered in exo-
some-depleted fractions. Finally, we analyzed the amount of
SOD1 in the two fractions. InWT SOD1 samples, 66% of total
secreted SOD1 was associated with the exosome-depleted
fraction, and 34% was recovered in the exosomal fraction. In
G93A SOD1 samples, the mutant protein in the exosomal
fraction was 37% lower than in theWT (Fig. 4F). The pattern
was overall similar for VCP/p97 (Fig. 4G). In conclusion,
in mutant SOD1 astrocytes, there was an overall decrease in
protein secretion with an increase in protein secretion
through exosomes. There was an increase in mutant SOD1
secretion, but incorporation of the mutant protein into exo-
somes was reduced, as reported in motor neuron-like
NSC-34 cells expressing G93A SOD1 (40).

FIGURE 2. Western blots of three differentially expressed proteins as val-
idation of the proteomic analysis. A–D, representative WB for Cryab,
ERK1/2, and CypA and quantification. Samples were 3-well pools of 6-well
dishes from four separate primary astrocyte culture preparations. Ponceau
Red staining was used as loading control. Values are relative immunoreactiv-
ities (IR) and are means � S.E. (error bars) (n � 8). All of the proteins were
significantly down-regulated (*, p � 0.05; **, p � 0.01) in astrocytes express-
ing mutant SOD1 in comparison with WT SOD1 controls (Student’s t test).

TABLE 1
Differentially expressed proteins in primary astrocytes derived from G93A and WT SOD1 mice
Proteins were identified by MALDI-TOF mass spectrometry as reported under “Experimental Procedures” and in Table S1.

Spotsa Uniprotb Protein name Overc Underd

-fold -fold
Cytoskeleton-associated
2 Q8BTM8 Filamin-A 2.3e
5 P20152 Vimentin 1.5
9 P03995 � P20152 GFAP � vimentin 4.0
11 P20152 Vimentin 3.7e
15 P60710 Actin 1.6
19 P58771 Tropomyosin-1 � chain 1.8e
20 P68372 Tubulin �-2C chain 2.1
23 P60710 Actin 1.7

Energy metabolism
4 P40142 Transketolase 1.7e
8 P52480 Pyruvate kinase isozyme M2 2.5e
10 Q03265 ATP synthase subunit � 3.1e
12 Q9CZ13 Ubiquinol-cytochrome c reductase complex core protein 1 3.1e
14 P17182 �-Enolase 1.6e
17 P05063 Fructose-bisphosphate aldolase C 2.1
18 P05064 Fructose-bisphosphate aldolase A 1.7
25 Q8BH95 Enoyl-CoA hydratase 1.8

Endoplasmic reticulum
1 P08113 Heat shock protein 90 kDa � member1 (HSP90B1) 1.6e
3 P20029 78-kDa glucose-regulated protein (GRP78) 1.5e
6 P09103 Protein-disulfide isomerase (PDI) 1.5e

Vesicle trafficking
13 Q61598 Rab GDP dissociation inhibitor � (RabGDI) 1.5e
26 Q99PT1 Rho GDP-dissociation inhibitor 1 (RhoGDI) 1.6e

Signaling
16 P63085 Mitogen-activated protein kinase1 (ERK2) 2.2e
22 P62259 14-3-3 protein � 1.5e
7 O08553 Dihydropyrimidinase-related protein2 (DRP-2) 2.3e

Chaperones
27 P23927 �-Crystallin B chain (Cryab) 1.5e
28 P17742 Peptidyl-prolyl cis-trans-isomerase A (CypA) 1.6e

Others
21 Q60932 Voltage-dependent anion-selective channel protein 1 1.9
24 P67778 Prohibitin 1.6

a Spot numbers (see Fig. 1D).
b Entry from the Uniprot Knowledgebase database.
c Overexpressed proteins in G93A SOD1 astrocytes; values are volume -fold changes (G93A/WT).
d Underexpressed proteins in G93A SOD1 astrocytes; values are volume -fold changes (WT/G93A). *Proteins identified in exosomes (ExoCarta database) (23).
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Astrocyte-derived Exosomes Transfer SOD1 to Spinal
Neurons—Mutant SOD1 was associated with exosomes in
astrocyte-conditioned medium. Exosomes have been exten-
sively discussed as potential carriers in the dissemination of
disease in neurodegenerative disorders (43). We therefore
tested whether astrocyte-derived exosomes are a means of
spreading SOD1-dependent toxicity. We isolated exosomal
fractions from non-transgenic and transgenic SOD1-ex-
pressing astrocytes, WT and G93A, and analyzed them by
electron microscopy after immunogold labeling for human
SOD1. In this experimental setting, the anti-human SOD1
antibody can reveal only the overexpressed human SOD1

form, as shown in the representative images in Fig. 5,A andB,
and supplemental Fig. S1A. We next treated non-transgenic
spinal neuron cultureswith exosome-depleted fractions or exo-
somes containing WT or G93A SOD1 pooling exosomal frac-
tions from different astrocyte culture wells in order to treat
spinal neurons with similar amounts of human SOD1 in all of
the conditions. When exosome-depleted fractions were used
for the treatments, SOD1 did not enter the cells. SOD1-immu-
nogold-labeled particles were detectable only extracellularly
(Fig. 5,C andD), with the SOD1 forms that remained anchored
to the plasma membrane after medium removal before cell
processing for electron microscopy. On the other hand, when
exosomes were used for the treatments, G93A and WT SOD1
were readily transferred into spinal neurons, as demonstrated
by the presence of diffused immunogold-labeled particles
almost exclusively in the cytoplasm (Fig. 5, E and F, and supple-
mental Fig. S1B). Occasionally, there were groups of mutant
SOD1-immunogold labeled particles, possibly indicating seeds
of aggregation (Fig. 5, E and F). The specificity of the anti-hu-
man SOD1 antibodywas further confirmed because non-trans-
genic spinal neurons treated with exosomes isolated from non-
transgenic astrocytes did not show any immunogold-labeled
particles (data not shown).Non-transgenic spinal neuronswere
also treated with non-processed conditioned medium from
G93A SOD1-expressing astrocytes. In this case, only a few
immunogold-labeled particles were inside the neurons (supple-
mental Fig. S2), in agreement with the fact that the medium
contained only a limited number of exosomes. In conclusion,
we found that astrocyte-derived exosomes are able to transfer
SOD1 to spinal neurons. This may be a mechanism by which
astrocytes contribute to the spreading of disease in ALS.
Astrocyte-derived Exosomes Containing Mutant SOD1

Induce Selective Motor Neuron Death—Previous studies have
shown that astrocytes from mutant SOD1 mouse models can
cause motor neuron death in vitro by means of secreted factors
(5–10), but the exact nature of these factors is not known. We
investigated whether isolated mutant SOD1 astrocyte-derived
exosomes were sufficient to induce motor neuron death in
vitro, treating non-transgenic spinal neuron-astrocyte co-cul-
tures with increasing concentrations of exosome preparations
frommutant SOD1 astrocytes. After 6 days in culture, we mea-

FIGURE 3. G93A SOD1 astrocytes released a lower amount of proteins in
the media. A, media were collected from similar numbers of cells expressing
WT or G93A SOD1, and secreted proteins were prepared as described for slot
blot experiments and quantified by BCA protein assay. Protein quantification
was performed in at least seven samples per group. Each sample was a 3-well
pool. Values are the amounts of secreted proteins normalized to total cell
proteins (secreted proteins/total cell proteins) and are means � S.E. (error
bars). An asterisk indicates statistical significance (p � 0.05), Student’s t test. B,
for two-dimensional gel electrophoresis maps (n � 3 for each genotype), the
same amount of secreted proteins (30 �g) were loaded on IPG strips (pI 4 –7).
The gel maps were stained with Sypro Ruby and compared by computerized
image analysis. Six proteins were differentially secreted by astrocytes
expressing mutant SOD1 and controls. Spot numbers refer to proteins listed in
Table 2. C and D, slot blot and relative quantification of SOD1 (C) and VCP/p97
(D) released by the astrocytes confirmed the proteomic analysis and showed
that the total level of the extracellular proteins were higher than in control
conditions. The astrocytes were plated in 6-well dishes, and equal volumes of
conditioned media from 3-well pools were used for the slot blot analysis.
Values are immunoreactivities and are means � S.E. (n � 3) normalized to WT,
set as 100. An asterisk indicates statistical significance (p � 0.05), Student’s t
test.

TABLE 2
Differentially secreted proteins in primary astrocytes derived from
G93A SOD1 mice
Proteins were identified by MALDI-TOF mass spectrometry as reported under
“Experimental Procedures” and in supplemental Table S1.

Spota Uniprotb Protein name Overc Underd

-fold -fold
1 Q01853 Valosin-containing protein (VCP)/p97 1.9e
2 O08553 DRP-2 2.9e
3 P27773 Protein-disulfide isomerase A3 (ERp57) 2.1e
4 P07214 Secreted protein acidic and rich in cysteine

(SPARC)
3.7

5 Q9R0P9 Ubiquitin carboxyl-terminal hydrolase
isozyme L1

1.7

6 P00441 Human SOD1 2.6e
a Spot numbers (see Fig. 3B).
b Entry from the Uniprot Knowledgebase database.
c Proteins more present in G93A SOD1 astrocyte-conditioned media; values are
volume -fold changes (G93A/WT).

d Proteins less present in G93A SOD1 astrocyte conditioned media; values are vol-
ume -fold changes (WT/G93A).

e Proteins identified in exosomes (ExoCarta database) (23).
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sured motor neuron viability as the ratio between the number
of SMI32-postive cells, motor neurons, and the number of
NeuN-positive cells, all neuronal cells (Fig. 6, A and B). Fig. 6C
shows how motor neuron viability decreased with increased
concentrations of the exosome preparation, which instead did
not affect neuron viability (Fig. 6D). Although the highest con-

centration of exosomes from non-transgenic or WT SOD1
astrocytes had no significant effect on motor neuron (Fig. 6E),
G93A SOD1-containing exosomes significantly reduced mo-
tor neuron viability (36%). A similar effect was observed in spi-
nal neuron-astrocyte co-cultures, where non-transgenic spinal
neuronswere plated onG93ASOD1 astrocytes andmaintained

FIGURE 4. WT and G93A SOD1 are released by the astrocytes, and different amounts are present in the exosomes. A, electron microscopy analysis of
purified membrane vesicles with typical exosomal shape and dimension (diameter ranging from 80 to 140 nm; scale bar, 200 nm). B, slot blot of astrocyte
protein lysate, secreted proteins, and ultracentrifuged proteins (supernatant and exosomal fractions). An exosomal marker, flotillin-1, is present in whole lysate,
in unpurified secreted proteins, and in the exosomal fraction but not in the supernatant. C and E, G93A SOD1 expression increases exosomal proteins. Protein
quantification of the supernatant and exosomal fractions was done by BCA protein assay in at least seven samples per genotype. Each sample was a 3-well pool.
Values are the amounts of non-exosomal or exosomal proteins normalized to total astrocytic proteins (non-exosomal or exosomal proteins/total astrocytic
proteins) and are means � S.E. (error bars) Asterisks indicate statistical significance (*, p � 0.05; **, p � 0.01), Student’s t test. D, flotillin-1 was measured by slot
blot in WT and G93A SOD1 astrocyte-conditioned media. Anti-flotillin-1 immunoreactivity was normalized to the total protein loaded, as measured after Sypro
Ruby blot staining. Values are means � S.E. (n � 3). The asterisk indicates a G93A sample mean significantly higher (p � 0.05) than the WT sample mean,
Student’s t test. F and G, slot blot for SOD1 and VCP/p97 in the exosomal and non-exosomal (supernatant) fractions. Equal volumes of exosomal or non-
exosomal fractions were used to measure protein levels in the G93A SOD1 and WT SOD1 conditions. Each sample was taken from a 3-well pool. Values are
immunoreactivities and are means � S.E. (n � 4) normalized to WT, set as 100. An asterisk indicates statistical significance (p � 0.05), Student’s t test.
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in culture for 6 days (Fig. 6F). In our assay, non-transgenic co-
cultures treated with unprocessed mutant SOD1 astrocyte-
conditioned media showed no significant decrease in motor
neuron viability (data not shown). This indicates that to induce
selective motor neuron death, it is necessary to have either a
large number of mutant SOD1-containing exosomes or
direct contact between astrocytes and motor neurons to
allow continuous delivery of toxic exosomes into cells, as in
the case of non-transgenic spinal neurons plated on G93A
SOD1 astrocytes.

DISCUSSION

In vivo studies usingmutant-SOD1mousemodels have dem-
onstrated that astrocytes have a role in the progression (13) and
more recently also in the onset of ALS (14). The in vivo toxicity

of mutant SOD1-expressing astrocytes toward motor neurons
has also been confirmed by transplantation of mutant SOD1
astrocyte progenitor cells in WT mice (44), in which graft-de-
rived mutant SOD1 astrocytes induced motor neuron death
and associated pathological changes. Considering the in vivo
findings together with the evidence in vitro (5–10), it is now
clear that toxic factor(s) produced and released by astrocytes
mediate motor neuron death in mutant SOD1-linked experi-
mental models. We investigated the effect of mutant SOD1
expression on the proteome and secretome of these specific
cells using a proteomic approach based on poststained two-
dimensional gel electrophoresis. We observed dysregulation of
proteins in secretory pathways, ER proteins (HSP90B1, GRP78,

FIGURE 5. Mutant SOD1 is transferred to spinal neurons through astro-
cyte-derived exosomes. Electron microscopy pictures of exosomes with
characteristic cup-shaped morphology from non-transgenic (ntg) (A) and
G93A SOD1-expressing (B) astrocytes (scale bar, 100 nm). Immunoelectron
microscopy using anti-human SOD1 antibody indicated SOD1 exclusively
inside exosomes isolated from transgenic human SOD1-overexpressing
astrocytes (in this case G93A SOD1; see also supplemental Fig. S1A for WT
SOD1). C and D, two representative images at different magnification (scale
bar, 500 nm) of cultured non-transgenic spinal neurons exposed to G93A
SOD1-containing exosome-depleted fractions, showing the 10-nm electron-
dense round gold particles labeling human SOD1 only outside the cell; treat-
ment with G93A SOD1-containing exosomes (E and F) caused the diffusion
inside the cytoplasm of the majority of human SOD1 (scale bar, 500 nm). The
same results were obtained with WT SOD1-containing exosomes (supple-
mental Fig. S1B). The arrows indicate the plasma membrane of a motor neu-
ron (MN).

FIGURE 6. G93A SOD1 astrocyte-derived exosomes are sufficient to
induce motor neuron death. In spinal neuron-astrocyte co-cultures, motor
neuron survival was determined by the ratio of the number of SMI32-positive
cells (A) to total NeuN-positive cells (B) in the same frame (20 frames/well).
Scale bar, 100 �m. C, non-transgenic motor neurons plated on non-trans-
genic astrocytes (Astro ntg � MN ntg) survived significantly less after 6 days in
culture when treated with increasing concentrations (1�, 5�, and 10�) of
G93A SOD1 astrocyte-derived exosomes (post-test for linear trend p � 0.03;
n � 8 for each condition). The 10� exosome concentration (exo 10�) signif-
icantly reduced the survival of motor neurons compared with untreated (Unt)
(Student’s t test, p � 0.01). D, neurons (NeuN-positive cells) did not show a
significantly reduced survival, compared with untreated, by post-test linear
trend (p � 0.27), even with the 10� exosome concentration (Student’s t test,
p � 0.05). Values are means of NeuN-positive cells per well. E, non-transgenic
motor neurons plated on non-transgenic astrocytes showed no significantly
reduced survival after 6 days in culture when treated with a 10� concentra-
tion of WT SOD1 (exo WT) or non-transgenic (exo ntg) astrocyte-derived exo-
somes with respect to untreated cells, Student’s t test (n � 8 for each condi-
tion). F, a toxic effect was observed when non-transgenic spinal neurons were
plated on G93A SOD1 astrocytes (Astro tg � MN ntg) after 6 days in culture
(Student’s t test, p � 0.0003; n � 17 for each condition). Error bars, S.E.
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and protein-disulfide isomerase), and proteins involved in ves-
icle trafficking (RabGDI and RhoGDI) (35, 36). Alterations of
these proteins have often been linked to disturbances in the
secretory apparatus and ER stress in misfolded protein-associ-
ated diseases, including ALS (45–48). However, whereas in
neuronal cells these proteins are usually up-regulated and asso-
ciated with aggregation, in ourmutant SOD1-expressing astro-
cytes they are down-regulated, indicating the activation of a
differentmechanism and possible impairment of protein secre-
tion. Indeed, together with this alteration there was a substan-
tial decrease in secreted proteins. However, we found an up-
regulation of exosome release and an increase in the level of
exosome-associated proteins in the conditioned medium of
G93A SOD1 astrocytes. This might explain the results of the
proteomic analysis of astrocytes, where, with mutant SOD1
expression, there were decreased levels of proteins such as
CypA, RhoGDI, pyruvate kinase,�-enolase, and 14-3-3 protein,
which are the most common components of canonical exo-
somes (42).
Not much is known about exosomes of astrocyte origin.

Interestingly, astrocyte-derived exosomes have been recently
reported in rat CSF (49), implying that our findings may be
relevant in vivo too. Many different functions have been attrib-
uted to exosomes, depending on their origin. For some cells,
exosome secretion is a way to dispose of unwanted proteins,
sending them to a drainage system. Besides SOD1, cytosolic
misfolded proteins involved in neurodegenerative diseases,
such as�-synuclein andTau, have been found in exosomes (26),
and a high level of exosome-associated phosphorylatedTauwas
found inCSF of Alzheimer patients (50). It is possible that brain
cells, including astrocytes, use exosome release as a means of
clearance for misfolded and potentially toxic proteins. How-

ever, exosome release can have detrimental effects on neigh-
boring cells (51, 52) and is considered a potential means for
disease spreading in neurodegenerative disorders (26).
Secretome analysis indicated that conditioned media from

G93A SOD1 astrocytes were enriched in a selected number of
proteins, including mutant SOD1. In contrast, previous studies
have detected low levels of mutant SOD1 in conditionedmedia
of motor neuron-like NSC-34 cells expressing a variety of
SOD1 mutants (16). Impaired secretion of mutant SOD1 was
associated with formation of inclusions and toxicity, which
were attenuated by extracellular targeting of mutant SOD1.
The differences in behavior may reflect the peculiarities of the
different cell types. Astrocytes, in the presence of toxic mutant
SOD1, may activate specific conventional and unconventional
secretory pathways as a protective mechanism. Our study con-
firmed that SOD1 is also secreted through exosomes, in agree-
ment with previous findings (16, 40). As in NSC-34 cell exo-
somes (40), mutant SOD1 is less present than WT SOD1 in
astrocyte-derived exosomes. Probably, although astrocytes
produce more exosomes to eliminate G93A SOD1, the muta-
tion disfavors its incorporation, maybe because of intracellular
entrapment of the misfolded mutant protein or its aberrant
interaction with chaperone-like proteins, such as chromogra-
nins, in neurons that could mediate its secretion through the
ER-Golgi network (17). It is hardly surprising that we did not
detect chromogranins in our proteomic analysis because these
proteins are abundantly expressed in neurons, but their expres-
sion is very low in astrocytes (17). Therefore, other protein fac-
tors, yet to be identified, may be involved in mutant SOD1 exo-
some-independent secretion in astrocytes, which is apparently
the main secretory pathway.

FIGURE 7. Proposed pathogenic mechanism for G93A SOD1-expressing astrocytes. A, astrocytes normally release WT SOD1 in the extracellular space
through exosomal and non-exosomal secretory pathways. B, astrocytes expressing mutant SOD1 (G93A SOD1) activate unconventional secretory pathways,
possibly to protect themselves from mutant SOD1-associated toxicity and release more exosomes. Exosomes contribute to the spreading of the disease by
continuous transfer of toxic molecules, including G93A SOD1, to neighboring motor neurons. G93A SOD1 secreted by astrocytes contributes to motor neuron
injury indirectly, increasing the release of proinflammatory cytokines and free radicals by activated microglia (17, 62) and directly, once it is transferred to inside
motor neurons by exosomes, by facilitating the initiation of aggregation.
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VCP/p97 was also enriched in the conditioned media of
G93A SOD1 astrocytes. VCP/p97, a member of the AAA-
ATPase superfamily, is involved in different ways in protein
degradation (53, 54). It has also been associated with various
neurodegenerative diseases and is found in aggregates isolated
from patients. In a previous study, we found that VCP/p97
(referred to as transitional endoplasmic reticulumATPase) was
recovered in mutant SOD1-rich aggregates from the spinal
cord in the G93A SOD1 mouse model, already at a presymp-
tomatic stage of the disease (28). Possibly, VCP/p97, which
interacts directly or indirectly with misfolded mutant SOD1
(55, 56), is sorted with it into exosomes as unwantedmaterial to
be shuttled out of astrocytes. VCP/p97 mutations have been
associated with familial and sporadic ALS cases (57, 58). It
would be interesting now to investigate the behavior of VCP/
p97 mutants in secretion and the possible implications in
pathogenesis.
We can therefore hypothesize that astrocytes, unlike motor

neurons (16), activate secretory pathways that can selectively
eliminate mutant SOD1 and possibly other misfolded or oxi-
dized proteins that may cause intracellular toxicity. This could
explain the ability of astrocytes to limit the formation of intra-
cellular aggregates and overcome their toxicity although, on the
other hand, ultimately to exert a toxic effect on neighboring
motor neurons through extracellular release. Therapeutic inter-
ventions aimed at the extracellular pool of mutant/misfolded
SOD1 have been successful in delaying mortality in G93A SOD1
mice (59–61). We cannot exclude the possibility that other pro-
teins/molecules are involved in toxicity, and targeting these extra-
cellularly toomight improve the therapeutic effect.
It remains to be established how extracellular mutant SOD1,

free and associated with exosomes, affects motor neurons.
Studies in vitro have shown that free extracellular mutant
SOD1 can induce motor neuron injury by activation of micro-
glia, increasing their release of proinflammatory cytokines and
free radicals, through Toll-like receptor and CD14 pathways
(17, 62). Moreover, exogenously applied mutant SOD1 aggre-
gates enter Neuro-2a cells, where they can seed aggregation of
the normal cytoplasmicmutant SOD1 (63).Herewe showed for
the first time that mutant SOD1 primary astrocyte cultures are
secreting mutant SOD1-containing exosomes, which are able
to transfer mutant SOD1 into spinal neuron cultures, and are
sufficient to induce selective motor neuron death. Exosomes
from WT SOD1 astrocytes are also able to transfer human
SOD1 into cells but have no toxic effect.We cannot exclude the
possibility that other factors besides mutant SOD1 may con-
tribute to toxicity.However, because the increased protein con-
centration is thought to be the main determinant for protein
aggregation, one could envisage that in vivo continuous deliv-
ery of mutant SOD1 by astrocytes to neighboring motor neu-
rons might facilitate aggregation and disease spreading. This is
in agreement with a model in which motor neuron degenera-
tion in ALS is a focal process that actively propagates in a
orderly fashion to adjacent regions (64). Evidence for the
spreading of SOD1-dependent toxicity as a general feature of
human ALS has been proposed recently (65), indicating that
this exosome-dependent transfermay be important also in spo-
radic cases. In view of this idea, a novel therapeutic approach

should consider targeting exosomes as one way to contain the
progression of the disease.
We conclude thatmutant SOD1 can alter secretory pathways

and exosome release in primary astrocyte cultures. We suggest
thatmutant SOD1 astrocytesmay ultimately exert a toxic effect
on neighboring motor neurons, indirectly by microglial-medi-
ated injury (17, 62) and directly by transferring toxic exosomes
(Fig. 7).
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