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Three neurodegenerative diseases affecting upper and/or lower motor neurons have been associated with
loss of ALS2/Alsin function: juvenile amyotrophic lateral sclerosis, primary lateral sclerosis and infantile-
onset ascending hereditary spastic paralysis. The distinct neuronal vulnerability and the role of glia in
these diseases remains, however, unclear. We here demonstrate that alsin-depleted spinal motor neurons
can be rescued from defective survival and axon growth by co-cultured astrocytes. The astrocytic rescue
is mediated by a soluble protective factor rather than by cellular contact. Cortical neurons are intrinsically
as vulnerable to alsin depletion as spinal motor neurons but cannot be rescued by co-cultured astrocytes.
To our knowledge, these data provide the first example of non-cell-autonomous glial effects in a recessive
form of motor neuron disease and a potential rationale for the higher vulnerability of upper versus lower
motor neurons in ALS2/Alsin-linked disorders.

INTRODUCTION

Motor neuron diseases represent a spectrum of neurodegenera-
tive disorders with considerable clinical and genetic hetero-
geneity (reviewed in 1,2). Recessive mutations in ALS2/Alsin
have been reported in juvenile forms of amyotrophic lateral
sclerosis (ALS2, OMIM 205100), primary lateral sclerosis
(JPLS, OMIM 606353) and infantile-onset ascending heredi-
tary spastic paralysis (IAHSP, OMIM 607225) (reviewed in
3,4). ALS affects both upper motor neurons in cerebral
cortex and lower motor neurons in spinal cord and brainstem,
whereas primary lateral sclerosis (PLS) classically affects only
upper motor neurons. IAHSP resembles PLS but with an
earlier onset, a slowly progressive ascending evolution and a
severe degeneration of the pyramidal tracts (5). Alsin is a
1657 amino acid/184 kDa protein harbouring RCC1-like
motifs modulating membrane association (6,7), a DH/PH
domain acting as a guanine nucleotide exchange factor
(GEF) for the GTPase Rac1 (8–12) and a VPS9 GEF
domain for Rab5 (8,10), see Figure 1A. To date, fourteen
ALS2 mutations have been identified: the vast majority in
IAHSP (13–17), three in JPLS (18,19) and two in ALS2

with predominant upper motor neuron symptoms (18,20).
These mutations represent small deletions, non-sense or mis-
sense mutations and are scattered along the ALS2 open
reading frame.

In the absence of a genotype/phenotype correlation and of
human autopsy studies, the greater vulnerability of upper
versus lower motor neurons in ALS2, JPLS and IAHSP
remains unexplained. Studies in alsin knockout mice (21–
26) have not resolved this issue. One mouse line displayed
no histological signs of neurodegeneration (21), whereas
another mainly exhibited signs of lower motor neuron
degeneration such as progressive loss of ventral root axons,
skeletal muscle denervation and motor unit remodelling (22).
Conversely, only upper motor neurons were affected in three
lines, as attested by atrophy of cell bodies in cortical layer 5
(23) and degeneration of corticospinal axons in the dorsal
(24) or dorsolateral (25) columns of the spinal cord. In a
sixth line of alsin knockout mice, both upper and lower
motor neurons showed signs of degeneration (26). These dis-
crepancies might be due to differences in histopathological
procedures and mouse genetic backgrounds or to the persist-
ence of functional alsin transcripts in some knockout lines
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Figure 1. RNAi-mediated alsin knockdown in neuronal and astrocytic cultures. (A) Schematic representation of alsin full-length protein and its predicted
domains. RCC1: regulator of chromosome condensation. DH: dbl homology. PH: pleckstrin homology. MORN: membrane occupation and recognition
nexus. VPS9: vesicular protein sorting 9. The epitope of amino acid 452–668 recognized by the anti-alsin antibody (Ab) is also represented. (B) Schematic
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(26). The first objective of this study was therefore to compare
the vulnerability of different types of neurons to loss-of-alsin
function.

Glial cells play an important role in the pathological
degeneration of motor neurons (reviewed in 1,2). Histopatho-
logical studies in sporadic ALS and mutant SOD1-linked
familial ALS have shown that gliosis, i.e. proliferation and
activation of astrocytes and microglia, accompanies the
degeneration of motor neuron cell bodies and their axons
(27–29). Genetic studies have further demonstrated that
glial cells can exacerbate the neurodegenerative process. In
transgenic mice, mutant SOD1 expression in microglia and
astrocytes determined disease progression (2,30). In vitro,
mutant SOD1 expressing astrocytes increased the cell death
of co-cultured motor neurons isolated from spinal cord or dif-
ferentiated from embryonic stem cells (31–33), and mutant
spinal motor neurons showed increased vulnerability to cell
death triggers produced by glia (reviewed in 34,35). In vivo,
astrogliosis and microglial activation were reported in one
line of alsin knockout mice (22) but were absent in another
(26). The second objective of this study was thus to investigate
the potential contribution of glia to alsin-linked
neurodegeneration.

In the developing nervous system, alsin expression starts at
embryonic age (mouse E9.5) and increases until early post-
natal age (36). In neurons, alsin localizes to early endosomes
in the neuronal soma (8,10) and to punctuate structures in
neurites (10,37) and growth cones (11,38). Alsin has been
implicated in endocytosis (8,10,23), micropinocytosis (39)
and membrane trafficking (10). Its role in neuronal growth
or maintenance is, however, not fully understood. Various
types of neurons from alsin knockout mice showed normal
survival in baseline conditions (21,23,37,39) but increased
cell death in response to oxidative stress (21) or excitotoxicity
(37). More drastic effects were observed by alsin gene knock-
down. Through RNAi-mediated alsin knockdown, we
observed severe axon growth and survival defects in rat
motor neurons (38). Injection of morpholino-antisense oligo-
nucleotides against alsin into zebrafish resulted in perturbed
spinal motor nerve outgrowth and swimming defects (26).

To investigate the role of alsin in neurons and glia, we here
determined the alsin protein expression and the consequences
of RNAi-mediated alsin depletion under defined ex vivo con-
ditions. Our data show that mouse spinal motor neurons and
cortical neurons both express alsin and are equally sensitive
to cell death triggered by alsin depletion. In neuron–astrocyte

co-cultures, cell bodies and axons of alsin-depleted spinal
motor neurons are rescued by co-cultured astrocytes which
do not express alsin. This rescue is mediated by a soluble pro-
tective factor rather than by cellular contact. No astrocytic
rescue is observed for alsin-depleted cortical neurons. These
data provide new hypotheses for the difference in vulnerability
of upper and lower motor neurons in ALS2-linked and related
neurodegenerative disorders.

RESULTS

Spinal motor neurons and cortical neurons show similar
vulnerability to alsin depletion

To induce alsin loss-of-function in neurons, we used RNAi-
mediated knockdown of alsin transcripts. The mouse CNS
contains multiple alsin transcripts (Fig. 1B) generated by
alternative splicing (18) and possibly also by alternative tran-
scription initiation (26). Two long transcripts have been shown
to be functional: the full length transcript (exons 1–34) which
gives rise to the mature alsin 184 kDa protein and the SV1
transcript (exons 4–34) which can partially rescue mutant
alsin zebrafish (26). Other reported alsin transcripts are of
less certain relevance: the alsin short transcript (exons 1–13)
does not yield a detectable protein and the very short tran-
scripts SV2 and SV3 (26) lack the exons encoding the
central and C-terminal GEF domains. To knockdown func-
tional alsin transcripts in mice by RNA interference, we
used chemically synthesized small interfering RNA (siRNA)
targeting either exon 10 (si alsin 5) or exon 14 (si alsin 6).
To study their catalytic efficiency, we transfected motor
neurons of the NSC34 cell line (40) and analyzed them by
quantitative reverse transcriptase–polymerase chain reaction
(qRT–PCR) analysis. Levels of alsin transcripts containing
exons 4/5 (full length, short, SV1, SV3) were found to be
reduced to 0.34-fold of mock by si alsin 5 and to 0.69-fold
by si alsin 6 (Fig. 1C, P , 0.01 as assessed by Student’s
t-test). Levels of alsin transcripts containing exons 17/18
(full length and SV1) were reduced to a similar extent by
each siRNA (Fig. 1C). These data indicate that all known
functional alsin transcripts are efficiently targeted by si alsin
5 and si alsin 6 siRNA.

We then studied the expression of alsin in embryonic spinal
motor neurons and cortical neurons. After culture for 2 days in
vitro (2 DIV), both types of neurons expressed full length
184 kDa protein (Fig. 1D) but not smaller alsin protein

representation of reported alsin transcripts and position of chemically synthesized siRNA duplexes used for alsin knockdown. Boxes indicate alsin exons 1–34.
Primer pairs in exons 4/5 and 17/18 were used for quantitative reverse transcriptase–polymerase chain reaction (qRT–PCR) analysis of alsin expression. (C)
qRT–PCR analysis showing efficient knockdown of alsin transcripts in NSC34 motor neurons. Levels of alsin transcripts containing exons 4/5 or 17/18 are
normalized to those of acidic ribosomal phosphoprotein (ARPO). Values represent the fold change after transfection of NSC34 cells with no siRNA (set to
1), si luciferase, si alsin 5 or si alsin 6. �P , 0.01 as assessed by Student’s t-test. (D) Western blot analysis showing alsin protein expression in cultured
spinal motor neurons and cortical neurons cultured for 2 DIV. Note absence of alsin expression in astrocytes cultured from spinal cord and cerebral cortex.
Alsin (184 kDa) was detected with rabbit polyclonal antibodies in 40 mg protein extract per lane. After stripping, membranes were re-probed with an antibody
against a-tubulin. (E and F) Western blot analyses showing alsin depletion in spinal motor neurons and cortical neurons electroporated with siRNAs si alsin 5 or
si alsin 6. (G–I) Images of cultured spinal motor neurons (G), cortical neurons (H) and spinal astrocytes (I) at 2 DIV after co-electroporation of GFP vector and
control siRNA. Counterstaining for neuronal bIII-tubulin (TuJ1, in red) or glial fibrillary acidic protein (GFAP, in red) illustrates high-transduction rate and purity
of cultures. Scale bars: 50 mm. (J–L) Survival of transduced cells at 2 DIV determined in 96-well plates using an automated fluorescent plate reader. Alsin
depletion in spinal motor neurons (J) causes a similar reduction in cell number as in cortical neurons (K). There is no such effect in spinal astrocytes (L).
Diagrams show one representative experiment out of three. �P , 0.001, t-test, n ¼ 8 parallel wells per condition.
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isoforms corresponding to the short transcripts (data not
shown), which is consistent with previous data (8,36). To
knockdown alsin in motor and cortical neurons, we introduced
the siRNAs (4 pmol/ml) by electroporation (37). Western blot
analyses at 2 DIV demonstrated efficient depletion of alsin in
both types of neurons (Fig. 1E and F). To analyze the effects
of alsin depletion on neuronal survival, we co-electroporated a
pCAGGS GFP expression plasmid together with the siRNAs
(Fig. 1E and F). For unbiased survival analyses, the fluorescent
neurons were cultured in 96-well plates, imaged with a plate
reader, and their number determined with automated software
(see Materials and Methods). At 2 DIV, the number of alsin-
depleted spinal motor neurons was decreased to 46+ 19%
(si alsin 5, mean+SD) and 47+ 14% (si alsin 6, mean+
SD) in comparison with that of si luciferase-electroporated
spinal motor neurons (Fig. 1G and J). In cortical neurons,
alsin depletion (Fig. 1H and K) caused a similar reduction
in survival (si alsin 5: 53+ 5%, si alsin 6: 50+ 3.6%,
mean+SD).

To further compare the vulnerability of both types of
neurons, we determined their survival response to lower
siRNA concentrations in the range of 0.13–4 pmol/ml.
Motor and cortical neurons displayed a similar dose-dependant
decrease in cellular survival to increasing concentrations of si
alsin 5 (Supplementary Material, Fig. S1). To analyze whether
the decrease in cellular survival reflected an increase in cell
death, we assessed the proportion of dying neurons using ethi-
dium homodimer-1 (EthD-1), a red-fluorescent DNA dye that
selectively penetrates compromised membranes (Fig. 2A and
C). In alsin-depleted spinal motor neuron cultures, the percen-
tage of EthD-1/GFP-double positive cells at 2 DIV was 10–
15-fold higher (si alsin 5: 16+ 3%, si alsin 6: 11+ 2%,
mean+SD) than in control cultures (mock: 0%, si luciferase:
1+ 1%, P , 0.025, Student’s t-test, Fig. 2B). Alsin depletion
in cortical neurons induced a similar increase in the rate of cell
death (Fig. 2D). Taken together, data on cellular survival and
death thus indicate a similar vulnerability of spinal motor
neurons and cortical neurons to loss-of-alsin function.

Figure 2. Cell death susceptibility of alsin-depleted spinal motor and cortical neurons. (A) Images of spinal motor neurons transduced with si alsin 5/GFP or si
luciferase/GFP and labelled at 2 DIV with the cell death marker ethidium homodimer (EthD-1). (B) Diagram showing a significantly increased percentage of
dying EthD-1/GFP-positive spinal motor neurons following alsin depletion. (C) Images of siRNA/GFP-transduced cortical neurons with a EthD-1 labelling.
(D) Diagram showing significantly increased percentage of EthD-1/GFP double-positive cortical neurons following alsin depletion. Scale bars (A and C) rep-
resent 20 mm. Values (B and D) are mean+SD from two independent experiments each performed in duplicate and represent �200 cells per condition. Stu-
dent’s t-test demonstrated statistical differences among values for spinal motor neurons (����P , 0.0005 si alsin 5 versus si luciferase, ��P , 0.02 si alsin 6
versus si luciferase) and cortical neurons (���P , 0.005 si alsin 5 versus si luciferase, ��P , 0.02 si alsin 6 versus si luciferase). Two-way ANOVA showed
no statistical differences in cell death sensitivity of spinal motor neurons versus cortical neurons (P . 0.5) and efficiency of si alsin 5 versus si alsin 6 (P . 0.5).
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Astrocytic protection of alsin-depleted spinal motor
neurons

To test the effects of astrocytes on the survival of
alsin-depleted neurons, we prepared neuron/glia co-cultures.
Spinal astrocytes were isolated from early post-natal spinal
cord, cultured through two to three passages to 95% purity
and established as monolayers. Western blot analysis
showed that spinal astrocytes did not express alsin (Fig. 1D),
in contrast to neurons. In accordance, their proliferation, survi-
val and morphology were not modified by electroporation with
si alsin 5 or si alsin 6 (Fig. 1I and L). These data are consistent
with the reported lack of alsin expression in adult glia (8,36)
and circumvented the need to use alsin-depleted or deficient
astrocytes. Spinal motor neurons were then electroporated
with si luciferase or si alsin 5 in combination with the GFP
plasmid. Half of each neuronal suspension was then seeded
on the astrocyte monolayer and the other half in empty
wells (Fig. 3A and B). In co-cultures, the transduced spinal
motor neurons differentiated and grew out long axons,
whereas the astrocytes retained their typical morphology and
GFAP expression (Fig. 3A). Spinal astrocytes had no signifi-
cant effect on the survival of control motor neurons
(Fig. 3C). In striking contrast, however, they completely
rescued the survival of alsin-depleted spinal motor neurons
(Fig. 3C, P , 0.001, t-test) and abrogated their pathological
cell death, as judged from lacking EthD-1 labelling (data not
shown). The rescue effect did not vary with the ratio of astro-
cytes to neurons. We conclude that astrocytes efficiently
protect spinal motor neurons from alsin-induced cell death.

Astrocytic protection of alsin-depleted spinal motor
neurons is mediated by a soluble factor

Astrocytes can enhance neuronal survival by providing struc-
tural, metabolic and trophic support and by regulating the
extracellular concentration of neurotransmitters and ions
(reviewed in 41,42). We therefore tested whether the observed
astrocytic protection was mediated by membrane contact or by
a soluble factor. To evaluate the influence of membrane
contact, spinal astrocyte monolayers were fixed with ethanol
(Fig. 4A) using a protocol that preserves cell surface mol-
ecules required for neuronal survival and neurite outgrowth
(43). Ethanol-fixed astrocytes protected ,13% of spinal
motor neurons from alsin depletion-induced cell death
(Fig. 4B, not significant), in contrast to the complete rescue
exerted by viable astrocytes (Fig. 3C).

We next tested whether astrocytic protection is mediated by
a soluble factor. For this purpose, we developed a co-culture
system allowing factors to be continuously produced and to
freely diffuse between cells (Fig. 4C). Spinal motor neurons
were cultured on top of coverslips separated by wax stilts
from spinal astrocyte monolayers on the bottom (44,45).
Under these conditions, alsin-depleted spinal motor neurons
were rescued, as estimated from normal survival of GFP fluor-
escent neurons (Fig. 4D) and absence of EthD-1/GFP-positive
dead neurons (data not shown). This indicated that astrocytic
rescue from alsin knockdown induced death is mediated by
a diffusible factor. We reasoned that this rescue might be
due to a protective factor released by astrocytes or a toxic

Figure 3. Astrocytes protect alsin-depleted spinal motor neurons against cell
death. (A) Co-culture of electroporated spinal motor neurons (GFP, green)
on a pre-established monolayer of spinal astrocytes (GFAP, red). Nuclei are
stained with DAPI (blue). Scale bar: 50 mm. (B) Survival of control and alsin-
depleted spinal motor neurons (GFP, white) cultured for 2 DIV in the presence
or absence of co-cultured spinal astrocytes (not visible). Insets with zooms on
the central area of the wells demonstrate reduction in neuronal survival after
alsin depletion. (C) Protection of alsin-depleted spinal motor neurons (MN)
by spinal astrocytes. Histograms show mean+SD of individual experiments.
�P , 0.02 by Student’s t-test. Each experiment was repeated twice.
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factor released by spinal motor neurons and scavenged by
astrocytes. To test the latter, we cultured alsin-depleted
spinal motor neurons (potentially toxic) or control spinal
motor neurons (non-toxic) on the bottom of the wells and

‘indicator’ motor neurons from Hb9:GFP mice (46) on the
top coverslips (Fig. 4E). Survival of the indicator motor
neurons was similar under both conditions (Fig. 4F) ruling
out the release of a toxic factor. Taken together these data

Figure 4. A soluble astrocyte-derived factor mediates protection of alsin-depleted spinal motor neurons. Hypothetic mechanisms, design of co-cultures and
experimental data concerning protection of alsin-depleted spinal motor neurons (MN) by a membrane-bound astrocytic factor (A and B), a soluble factor released
by astrocytes (C and D) or a toxic factor scavenged by astrocytes (E and F). (A) A membrane-bound astrocytic factor was searched in co-cultures of spinal motor
neurons and spinal astrocytes fixed (or not) with ethanol. (B) Diagram showing that alsin-depleted spinal motor neurons are not significantly (ns) protected by
ethanol-fixed astrocytes. (C) Release of a protective soluble factor by astrocytes tested in co-cultures of spinal motor neurons placed on coverslips on top of
remote astrocyte monolayers. (D) Diagram showing that alsin-depleted spinal motor neurons are almost completely protected by remote astrocytes. �P ,

0.005 by Student’s t-test. (E) Release of a toxic factor by degenerating motor neurons evaluated in co-cultures of wild-type motor neurons from Hb9:GFP
mice placed on top of control or alsin-depleted spinal motor neurons. (F) Diagram showing that there were no toxic effects of alsin-depleted spinal motor
neurons on wild-type spinal motor neurons. Data show mean+SD from n ¼ 4 wells per condition. Each experiment was repeated twice yielding similar results.
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indicate that astrocytes rescue alsin-depleted spinal motor
neurons from cell death by releasing a diffusible factor.

To characterize the biochemical nature of the factor, we
separated astrocytes and motor neurons in the co-cultures by
semi-permeable dialysis membranes. Membranes with a mol-
ecular weight cut-off of 500 Da almost completely abrogated
the astrocytic rescue effect (Supplementary Material,
Fig. S2) reflecting the action of a higher molecular weight
factor. We next prepared conditioned media from astrocyte
monolayers. Neither lyophilized nor fresh astrocytic media
were capable to rescue the survival of alsin-depleted spinal
motor neurons (Supplementary Material, Fig. S2 and data
not shown). We also tested the effect of blocking Rac1 acti-
vation. Expression of the dominant-negative Rac1 mutant
T17N did not block the astrocytic rescue (data not shown).
We finally checked whether the efficiency of RNAi in the
neurons might be decreased by the co-cultured astrocytes.
qRT–PCR analysis of alsin expression levels (Supplementary
Material, Fig. S3) ruled out this possibility. The astrocytic
factor thus most likely represents one or several molecules
of molecular weight . 500 Da that antagonize loss-of-alsin
function at a downstream level.

Astrocytic rescue of axon growth defects in alsin-depleted
spinal motor neurons

Axonal growth defects of different severity have been
observed in alsin-deficient rat spinal motor neurons (38),
mouse hippocampal neurons (39) and zebrafish spinal motor
neurons (26). We therefore wondered whether axonal growth
defects could also be rescued by the astrocyte-derived
soluble factor. To test this, spinal motor neurons were cultured
on coverslips separated from remote astrocyte monolayers, as
before. After 2 DIV, neurons were fixed, imaged and the
length of their axon, defined as the longest neurite, measured
(Fig. 5A and B). In the absence of co-cultured astrocytes,
alsin-depleted spinal motor neurons displayed a 37% reduction
in mean axon length (123.8+ 22.8 mm, mean+SEM) when
compared with control motor neurons (195.5+ 15.5 mm,
P , 0.001, Mann–Whitney rank sum test, Fig. 5C). There
was no evidence of axonal swellings or blebs suggesting that
alsin depletion retarded axon growth rather than induced
axonal degeneration (Fig. 5A). In the presence of astrocytes,
the mean axon length of alsin-depleted motor neurons
(248.2+ 23.7 mm) was restored to that of control spinal
motor neurons (248.5+ 25.6 mm) indicating complete astro-
cytic rescue. Cumulative plots (Fig. 5C) further showed that
alsin-depleted spinal motor neurons with short axons ,
100 mm length were much less frequent in the presence of
astrocytes (26%) than in their absence (68%). These obser-
vations indicate that the astrocyte-derived soluble factor
rescues both survival and growth defects of alsin-depleted
spinal motor neurons.

No astrocytic rescue of cortical neurons from alsin
depletion triggered defects

We finally evaluated the response of cortical neurons to the
astrocytic factor. Surprisingly, alsin-depleted cortical
neurons could not be rescued from cell death by spinal astro-

cytes. Since astrocytes of distinct CNS regions differ in their
functional properties, this failure might be specific for spinal
astrocytes (33,47–50). We therefore also tested the potential
rescue effects of cortical and hippocampal astrocytes. Astro-
cytes from cerebral cortex had a similar morphology as
spinal astrocytes (Fig. 6A) and lacked alsin protein expression
(Fig. 1D). They did not rescue alsin-depleted cortical neurons
from decreased survival (Fig. 6C) or increased cell death (data
not shown). Astrocytes from hippocampus, a region displaying
gliosis in alsin knockout mice (22), also failed to induce rescue
(Fig. 6D). In contrast, both types of astrocytes completely
rescued alsin-depleted spinal motor neurons (data not shown).

Cell body survival and axon growth/maintenance are regu-
lated by distinct extracellular triggers and intracellular path-
ways which vary between neuronal cell types (51). We
therefore also determined the axon growth of cortical
neurons following alsin depletion. In comparison to controls,
the mean axon length of alsin-depleted cortical neurons at 2
DIV (Fig. 6E) was reduced by 42% (P , 0.0001, Mann–
Whitney rank sum test), a value close to that observed for
spinal motor neurons. The axon growth defect of cortical
neurons was, however, not rescued by co-cultured astrocytes
(Fig. 6E). Taken together, the data indicate that cortical
neurons have a similar intrinsic vulnerability to loss-of-alsin
function as spinal motor neurons but are insensitive to astrocy-
tic rescue.

DISCUSSION

Glial cell hypertrophy and proliferation are hallmarks of
degenerative motor neuron diseases such as ALS. They are
typically found in affected regions, i.e. in the vicinity of
cortical and spinal motor neurons and around degenerating
corticospinal axons and their entry points into the grey
matter (27–29). Astrocytes represent the most abundant glial
cell population in spinal cord and brain (52) and contribute
to many homeostatic functions potentially involved in motor
neuron maintenance (reviewed in 41,42). These include clear-
ance of extracellular glutamate, maintenance of extracellular
ion concentration and fluid balance, production of glucose
and other energy metabolites, scavenging of free radicals
and production of neurotrophic factors. Astrocytes also play
important roles in intercellular communication, e.g. by
rapidly propagating calcium waves through interconnected
gap junctions (53) and by bridging neurons, glia and vascular
cells (42). On the other hand, astrocytes can release various
pro-inflammatory and pro-apoptotic factors such as IL6,
TNF-a, FasL and reactive oxygen and nitrogen species such
as nitric oxide and peroxynitrite (reviewed in 35). Given
these multiple functions, astrocytes can, in principle, be ben-
eficial or detrimental for motor neuron maintenance.

We report that astrocytes completely rescue the survival and
axon growth defects of co-cultured spinal motor neurons in a
cellular Als2/alsin loss-of-function model. This rescue rep-
resents a genuine astrocytic function, because it is exerted by
astrocytes from various anatomic origins which do not
express alsin. Our data further indicate that astrocytic rescue
of alsin-depleted spinal motor neurons is mediated by release
of a soluble neuroprotective factor rather than by scavenging
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of a toxic factor derived from motor neurons or by cellular
contact. What might be the nature of the astrocytic factor?
We estimate that the astrocytic factor has a molecular weight
of .500 Da. Potential candidates are neurotrophic factors
(54,55) and cytokines (56). We also show that the factor is bio-
logically unstable making its biochemical identification chal-
lenging. Which intracellular signalling pathways are involved
in the astrocytic protection? Alsin survival signalling in motor
neurons strictly depends on Rac1 activation (38) and might
involve phosphatidylinositol 3-kinase and Akt as downstream
effectors (9). Here we show that the astrocytic rescue of alsin-
depleted spinal motor neurons does not depend on Rac1 acti-
vation. Future studies will determine at which downstream

level the astrocyte-triggered protective pathway interferes
with the alsin depletion triggered cell death pathway.

To our knowledge, the present study provides the first
example of non-cell autonomous astrocytic effects in a
non-SOD1-linked ALS model. There are however mechanistic
differences. First, the 184 kDa alsin protein is predominantly
expressed in neurons, whereas mutant SOD1 is ubiquitously
expressed including in astrocytes (1,2). Secondly, rather than
being protective, mutant SOD1 expressing astrocytes are det-
rimental to co-cultured motor neurons. This might involve
release of toxic factors (31,32) inducing Caspase-3 and
Bax-dependent cell death (31) or defective release of factors
modulating glutamate receptor subunit composition (33) of

Figure 5. Astrocytes rescue defective axon growth of alsin-depleted spinal motor neurons. Spinal motor neurons (MN) were electroporated with si luciferase/
GFP plasmid or si alsin 5/GFP plasmid and grown on coverslips placed on top of empty wells or on wells containing astrocyte monolayers. (A and B) Repre-
sentative examples of GFP-fluorescent alsin-depleted spinal motor neurons in the absence (A) or presence (B) of astrocytes. Scale bar 50 mm. (C) Cumulative
plot showing defective axon length of alsin-depleted spinal motor neurons and its rescue by astrocytes. Bar diagrams (inset) showing that axon growth of si
luciferase spinal motor neurons is not significantly increased by the presence of astrocytes (ns, P ¼ 0.1). In contrast, mean axon length of alsin-depleted
spinal motor neurons is increased by 93% (�P , 0.001, Mann–Whitney rank sum test). Number of spinal motor neurons analyzed: MN si alsin, n ¼ 64;
MN si alsin 5 þ astrocytes: n ¼ 92; MN si luciferase: n ¼ 128, MN si luciferase þ astrocytes, n ¼ 122. Shown are data from one out of two independent exper-
iments which yielded similar results.
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motor neurons. Thirdly, the factors released by mutant SOD1
expressing astrocytes are biologically stable (31,33), in con-
trast to the astrocytic factor rescuing alsin-depleted spinal

motor neurons. These functional differences warrant the
study of astrocytic/motor neuron interactions in additional
models of motor neuron disease.

Figure 6. Astrocytes do not rescue alsin-depleted cortical neurons. (A) Images of GFP-fluorescent cortical neurons (CN) cultured on pre-established cortical
astrocytes visualized by GFAP immunostaining. (B–D) Diagrams showing survival analyses. Spinal, cortical and hippocampal astrocytes were unable to
protect cortical neurons against cell death induced by alsin depletion. Experimental conditions were identical to those for spinal motor neuron/astrocyte
co-cultures (Fig. 3C) in order to allow for comparison. (E) Cumulative plot and bar diagrams (inset) showing axon length analyses. Cortical neurons were cul-
tured on top coverslips in six-well dishes. In the absence of co-cultured astrocytes, alsin-depleted cortical neurons growth show shorter axons than control
neurons (���P , 0.001). In the presence of co-cultured astrocytes, there is no rescue of defective axon growth (ns, P . 0.5). Values represent mean+SEM
from one representative out of two independent experiments. Statistical analyses were done with Mann–Whitney rank sum test. Number of cortical neurons
analyzed per condition: CN si luciferase: n ¼ 186; CN si luciferase þ astrocytes, n ¼ 164, CN si alsin, n ¼ 136; CN si alsin 5 þ astrocytes: n ¼ 122.
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Genetic forms of motor neuron diseases often display con-
siderable intrafamilial heterogeneity suggesting the existence
of modifier genes or disease-modulating factors. In a Brazilian
population, the same dominantly inherited mutation (P56S) in
vesicle-associated membrane protein-associated protein B
(VAPB) was associated with three different phenotypes:
typical ALS with pyramidal tract and upper motor neuron
signs, atypical ALS with essential tremor and late-onset
spinal muscular atrophy (57). Recessive mutations in ALS2/
Alsin have been associated with atypical juvenile forms of
ALS and JPLS and infantile forms of IAHSP (13–20). In
humans and mice, loss of ALS2/Alsin function seems to
more consistently affect cortical rather than spinal motor
neurons. In a large consanguineous family, all twelve
members carrying the same Alsin mutation exhibited upper
motor neuron symptoms but few had clear evidence of lower
motor neuron involvement (58). In alsin knockout mice, the
degeneration of cortical motor neurons, attested by large
axonal swellings (24,25), seemed more severe than the
degeneration of spinal motor neurons, attested principally by
axonal transport defects (26) and motor unit remodelling
(22). Our data show that cortical neurons have a similar intrin-
sic vulnerability to loss-of-alsin as spinal motor neurons but
are insensitive to astrocytic rescue. We therefore propose
that astrocytes act as cellular disease modifiers accounting
for the relative preservation of lower motor neurons in
human Alsin/ALS2-linked neurodegenerative diseases. Eluci-
dating the molecular mechanisms of astrocytic neuroprotec-
tion may also help to conceive new therapeutic strategies for
these severe diseases.

MATERIALS AND METHODS

RNAi duplexes and plasmid vectors

siRNAs targeting alsin were designed manually [si alsin 5
sense: GAUACUUAGGCCUCUUCUCd(TT); si alsin 6
sense: AGCAGCAGGAUUCCAGUUCUd(TT)] and duplexes
purchased from Qiagen (HPP grade). siRNA targeting lucifer-
ase (siGL2, Qiagen) was used as control. The pCAGGS GFP
expression vector has been described (38).

Neuronal and glial cell cultures

NSC34 cells (40) were cultured in plastic dishes coated with
polyornithin using Dulbecco’s minimum essential medium
(DMEM; Invitrogen, La Jolla, CA, USA) supplemented with
10% fetal calf serum (Invitrogen).

Spinal motor neurons were prepared from E12 Swiss mice,
essentially as described (59), and cultured in supplemented
Neurobasal medium without Riboflavin (Invitrogen) contain-
ing 2% B27, 2% horse serum, 500 mM glutamine, 25 mM beta-
mercaptoethanol, 1 ng/ml BDNF, 1 ng/ml GDNF, 10 ng/ml
CNTF and 10 IU/ml penicillin–streptomycin (Invitrogen).

Cortical neurons were prepared from E15 Swiss mice. After
decapitation, cortices were rapidly removed and placed in
35 mm Petri dishes containing sterile HBSS (Invitrogen).
The meninges surrounding the tissues were removed, and
the neurons were dissociated by trypsin digestion. Neurons
were plated at a density of 70 000 cells/cm2 in six-well plate

or coverslips coated with polyornithin in Neurobasal
medium (Invitrogen) supplemented with 2% B27, 2% horse
serum, 2 mM glutamine, 1 ng/ml BDNF, 1 ng/ml GDNF,
10 ng/ml CNTF and 10 IU/ml penicillin–streptomycin
(Invitrogen).

Hippocampal neurons were prepared from E17 Swiss mice
as described (60). Briefly, embryos were decapitated, the
CA1–CA3 regions of hippocampi rapidly removed and
placed in 35 mm Petri dishes containing sterile HBSS buffer.
The meninges surrounding the tissues were removed, the
cells dissociated by trypsin and plated at a density of 70 000
cells/cm2 in six-well plate or coverslips coated with polyor-
nithin. Neurons were cultured in Neurobasal medium sup-
plemented with 2% B27, 0.8% glucose, 1 mM sodium
pyruvate, 2 mM glutamine, 1 ng/ml BDNF, 1 ng/ml GDNF,
10 ng/ml CNTF and 10 IU/ml penicillin–streptomycin.

Type I astrocytes were generated as described (61). Briefly,
cortices, hippocampi or spinal cords were dissected from P2–
P4 mice, freed from meninges, incubated with 0.25% trypsin
and 0.5 mM EDTA (Invitrogen) and triturated. Cells were cul-
tured in T-75 flasks containing DMEM supplemented with
10% (vol/vol) fetal calf serum. At cell confluence, the flasks
were shaken at 300 tours/min for 16 h to remove neurons, oli-
godendrocytes and microglia. After two to three passages, the
cultures contained . 95% GFAP-positive cells.

Transfection and electroporation

NSC34 cells were transfected with Lipofectamine 2000
according to the manufacturer’s instructions (Invitrogen).
Neurons and astrocytes were electroporated as described pre-
viously (38). Briefly, cells were pelleted and re-suspended in
electroporation buffer (125 mM NaCl, 5 mM KCl, 1.5 mM

MgCl2, 10 mM glucose, 20 mM HEPES, pH7.4). For RNAi
experiments, cells were incubated with siRNA (4 pmol/ml)
together with pCAGGS GFP DNA plasmid (5 mg). After
15 min incubation at room temperature, the cell suspensions
were transferred to a 4 mm gap cuvette and electroporated
using a BTX-ECM830 electroporator (Genetronics, San
Diego, CA, USA). Electroporation conditions were three
square pulses of 5 ms at 200 V each with intervals of 1 s.
Cells were then re-suspended in culture medium and seeded
on glass coverslips, 96-well plastic dishes (Greiner Bio-One,
Longwood, FL, ref. 655090) or 6-well plastic dishes (Nunc)
coated with polyornithin/laminin.

Co-cultures of neurons and astrocytes

Astrocytes were seeded in half of the wells of a 96-well plate
(Greiner) and cultured to confluence. Wells were then washed
twice with PBS to eliminate all traces of astrocyte growth
medium and electroporated neurons seeded in wells containing
the astrocyte monolayer or in neighbouring empty wells.
Remote neuron–astrocyte co-cultures were prepared by mod-
ifying a previously described technique (61). In six-well dishes
(Nunc), three wells were used to culture astrocytes to conflu-
ence and three others were left empty. Electroporated neurons
were seeded on polyornithin/laminin-coated glass coverslips
(12 mm) that had been previously fitted with paraffin wax
stilts. Once the neurons had adhered, the fitted coverslips
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were placed into the dishes containing (or not) the astrocyte
monolayers. All co-cultures were performed in Neurobasal
medium (Invitrogen) containing 2% B27 supplement, 2%
horse serum, 500 mM glutamine, 25 mM beta-mercaptoethanol,
1 ng/ml BDNF, 1 ng/ml GDNF, 10 ng/ml CNTF and 10 IU/ml
penicillin–streptomycin (Invitrogen).

Immunoblot and qRT–PCR analyses

For immunoblot analysis, total proteins from primary cell cul-
tures were extracted with lysis buffer containing 50 mM

tris[hydroxymethyl]aminomethane, pH 7.5, 150 mM NaCl,
2 mM EDTA, 2 mM EGTA, 1% Triton X-100 and complete
protease inhibitor cocktail (Roche), denatured in sample
buffer, subjected to sodium dodecyl sulphate polyacrylamide
gel electrophoresis, and transferred onto a polyvinyl difluoride
membrane (Millipore, Bedford, MA, USA). Blots were hybri-
dized with antibodies against alsin (1:1000, a kind gift of
C. Miller) or anti-alpha tubulin (1:20 000, Sigma) and with
peroxidase-conjugated anti-rabbit or anti-mouse IgG goat sec-
ondary antibody (Jackson Immunoresearch Laboratories)
and revealed using enzyme chemiluminescence plus kit
(Amersham Pharmacia, Buckinghamshire, UK).

qRT–PCR was performed using SYBR green and analyzed
with the Applied Biosystems 5700 Sequence Detector (Foster
City, CA, USA) as described (62). The sequences of primers
used for RT–PCR were as follows (50 to 30): mouse alsin
exon 4 forward: ATGAGCCTGGAGAAAAGC; mouse alsin
exon 5 reverse: TTGTGGTTGGTGGACTGT; mouse
alsin exon 17 forward: CTCATTTCTTCAACACCCCA; mouse
alsin exon 18 reverse: GCTTGGCTGATAGCCCGA;
mouse ARPO forward: TCCAGAGGCACCATTGAAATT;
mouse ARPO reverse: TCGCTGGCTCCCACCTT.

Immunocytochemistry

Primary cultures were fixed with 3.7% formaldehyde and pro-
cessed for immunocytochemistry as described (59). Primary
antibodies were anti-bIII tubulin (mouse, TuJ1, Eurogentec,
1:1000), anti-GFAP (rabbit, G4546, Sigma, 1:500). Secondary
antibodies were anti-rabbit or anti-mouse-IgG antibodies con-
jugated to Alexa-488 or Cy3 (Jackson ImmunoResearch).
Imaging was done with a Zeiss 510 confocal microscope
using 10�, 20� and 40� objectives.

Assays for neuronal survival, death and axonal length

Survival of siRNA/GFP expressing neurons in 96-well plates
was monitored using a Flash-cytometer (Trophos, Marseille)
and TINA software. This system allows to determine the
number of fluorescent objects per well and to quantify signal
intensity of each detected object. Proportion of GFP fluor-
escent cells was �10% for spinal motor neurons and up to
30% for cortical neurons. Survival of motor neurons cultured
on coverslips was analyzed after fixation with 3.7% (vol/vol)
formaldehyde in PBS. The number of fluorescent cells was
determined using an inverted microscope (Nikon Diaphot
300, 10� objective, Nikon, Melville, NY, USA or Zeiss
Axio Observer D1, 10� objective, Zeiss, Jena, Germany).

Cell death of cultured neurons was analyzed using EthD-1
labelling. In brief, neuronal cultures were incubated with
EthD-1 (Molecular Probes, ref. L3224) at a concentration of
0.25 mM in Neurobasal for 15 min at 378C in the CO2 incuba-
tor. After washing with PBS, GFP-positive live cells and
EthD-1/GFP double-positive dead cells were counted and
imaged using a Zeiss Axio Observer D1 microscope (20�
objective) equipped with a Zeiss digital camera.

Axon length of cultured neurons was determined by acquir-
ing images of randomly selected cells. At least 100 fluorescent
neurons per condition were analyzed using the NeuronJ plugin
of ImageJ software (National Center for Biotechnology Infor-
mation, Bethesda, MD, USA).

Statistical analyses

Cultures in four-well plates were performed in duplicate or tri-
plicate. Cultures in 96-well plates were done in eight parallel
wells per condition. Data were analyzed with SigmaStat 3.1
software (Systat, San Jose, CA, USA). Data showing a Gaus-
sian distribution were analyzed with Student’s t-test (two-
tailed, unpaired) or with two-way ANOVA; otherwise the
Mann–Whitney rank sum test was used.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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