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Spinal muscular atrophy (SMA) is a motoneuron disease caused by loss or mutation in Survival of Motor Neuron 1 (SMN1) gene. Re-
cent studies have shown that selective restoration of SMN protein in astrocytes partially alleviates pathology in an SMA mouse model,
suggesting important roles for astrocytes in SMA. Addressing these underlying mechanisms may provide new therapeutic avenues to
fight SMA. Using primary cultures of pure motoneurons or astrocytes from SMN�7 (SMA) and wild-type (WT) mice, as well as their
mixed and matched cocultures, we characterized the contributions of motoneurons, astrocytes, and their interactions to synapse loss in
SMA. In pure motoneuron cultures, SMA motoneurons exhibited normal survival but intrinsic defects in synapse formation and synaptic
transmission. In pure astrocyte cultures, SMA astrocytes exhibited defects in calcium homeostasis. In motoneuron–astrocyte contact
cocultures, synapse formation and synaptic transmission were significantly reduced when either motoneurons, astrocytes or both were
from SMA mice compared with those in WT motoneurons cocultured with WT astrocytes. The reduced synaptic activity is unlikely due to
changes in motoneuron excitability. This disruption in synapse formation and synaptic transmission by SMN deficiency was not detected
in motoneuron–astrocyte noncontact cocultures. Additionally, we observed a downregulation of Ephrin B2 in SMA astrocytes. These
findings suggest that there are both cell autonomous and non– cell-autonomous defects in SMA motoneurons and astrocytes. Defects in
contact interactions between SMA motoneurons and astrocytes impair synaptogenesis seen in SMA pathology, possibly due to the
disruption of the Ephrin B2 pathway.
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Introduction
Spinal muscular atrophy (SMA) is an autosomal recessive mo-
toneuron disease characterized by loss of synapses and motoneu-
rons in the spinal cord, in addition to neuromuscular junction

defects and skeletal muscle atrophy (Crawford and Pardo, 1996;
Tisdale and Pellizzoni, 2015). It has been well established that
SMA is caused by the loss or mutation of the telomeric Survival of
Motor Neuron (SMN1) gene with the retention of the centromeric
SMN2 gene, which results in a low level of full-length SMN pro-
tein (Lefebvre et al., 1995; Crawford and Pardo, 1996). Currently,
there are no effective therapies available for this leading genetic
cause of infant mortality.

Although SMN deficiency mainly affects motoneurons, mot-
oneuron-specific SMN restoration only modestly extends the
survival of SMA mice (Gogliotti et al., 2012; Martinez et al., 2012;
Paez-Colasante et al., 2013). Conversely, neuronal depletion of
SMN protein results in synaptic transmission defects but does not
significantly affect animal survival (Park et al., 2010). These find-
ings suggest that reduced SMN may impair not only motoneu-
rons but also other components in the motor circuitry. Indeed,
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Significance Statement

Astrocytes have been implicated in various neurological diseases, including spinal muscular atrophy (SMA), a childhood motoneuron
disease. However, how bidirectional motoneuron–astrocyte communications may contribute to SMA disease mechanisms is unclear.
Using in vitro culture systems, we demonstrate that SMN deficiency affects both astrocytes and motoneurons, as well as their contact
interactions, leading to defects in synapse formation and synaptic transmission onto motoneurons, probably through downregulation of
Ephrin B2 expression in astrocytes. Our work suggests that defects in motoneuron–astrocyte interactions exacerbate SMA synaptic
pathology and that therapeutic restoration of SMN should target multiple cell types, including astrocytes.
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recent studies have implicated that non-neuronal cells in the neu-
romuscular circuit, such as glial cells (McGivern et al., 2013;
Hunter et al., 2014; Rindt et al., 2015), muscles (Nicole et al.,
2003; Ruiz et al., 2010; Boyer et al., 2014), and sensory afferent
connections (Ling et al., 2010; Mentis et al., 2011; Gogliotti et al.,
2012) contribute to SMA pathogenesis. Furthermore, emerging
evidence suggests that SMA is a multisystem disorder, including
defects in non-neuronal organs, such as the heart, lung, liver,
pancreas, intestines, vasculature, and bone (Hamilton and
Gillingwater, 2013; Shababi et al., 2014; Iascone et al., 2015).

Astrocytes play critical roles in neuron survival, synapse for-
mation, and maturation through diffusible factors and contact-
mediated mechanisms (Barres, 2008; Allen and Barres, 2009;
Clarke and Barres, 2013). Thus, dysfunction of astrocytes likely
leads to synapse and/or neuronal loss. This has been implicated in
various neurological diseases, such as ALS, Rett syndrome, fragile
X syndrome, and Down’s syndrome (Ballas et al., 2009; Ilieva et
al., 2009; Garcia et al., 2010; Jacobs and Doering, 2010). A recent
study showed that selective increase of SMN in astrocytes signif-
icantly extends the life span of severe SMA mice (SMN�7 mice)
and partially rescues synapse loss onto spinal motoneurons and neuro-
muscular junction defects (Rindt et al., 2015). However, the mechanisms
underlying astrocyte-mediated rescue in SMA remain unknown. Given
that the loss of synapses on motoneurons is one of the key pathological
features seen in SMA mice (Ling et al., 2010; Mentis et al., 2011), the role
and interactions of astrocytes with motoneurons in this context need to
be addressed.

To study intrinsic defects of motoneurons and astrocytes in
SMA, we used primary cultures of pure motoneurons or astro-
cytes from SMN�7 mice, a severe SMA mouse model (Le et al., 2005).
To study the interactions between motoneurons and astrocytes, we used
mixed cocultures with wild-type (WT) or mutant motoneurons and as-
trocytes. Neuron and astrocyte cocultures provide a simplified model to
understand the complex cross talk between them (Ullian et al., 2001; Di
Giorgio et al., 2007; Nagai et al., 2007; Ballas et al., 2009; Haidet-Phillips et
al., 2011). Cocultures between motoneurons and astrocytes can allow us
to study and differentiate whether cross talk is mainly mediated via direct
interaction (contact cocultures) or by diffusible factors from astrocytes.
Here, we have found that SMN deficiency results in cell-autonomous
defects of both motoneurons and astrocytes, as well as non– cell-
autonomous defects observed in contact interactions between motoneu-
rons and astrocytes. These interactions are likely mediated by a
downregulation of Ephrin B2. The results suggest that, beyond defects in
spinal motoneurons, SMA synaptic pathology is also characterized by
astrocytes that are defective in promoting synaptogenesis on motoneu-
rons. Thus, astrocytes, like motoneurons, could be a therapeutic target
for SMA.

Materials and Methods
Animals. The Institutional Animal Care and Use Committee of the Univer-
sity of Southern California approved the care and use of ani-
mals and the experimental protocol of this study. SMN�7 mice
were purchased from The Jackson Laboratory (#005025, FVB.Cg-Tg(SMN2*�7)
4299Ahmb Tg(SMN2)89Ahmb Smn1tm1Msd /J) and were bred in the university
animal facility. Mouse genotypes were determined as described previously (Le et
al., 2005). Food and water were provided ad libitum; daylight cycle was set to 6:00
A.M.to 6:00 P.M.

Primary astrocyte culture. Isolated spinal cord astrocytes were prepared
as described previously with some modifications (Ullian et al., 2004). WT
and SMA mice of either sex were killed at postnatal day 5 with Euthasol
(Virbac). Whole spinal cords were removed and immersed in ice-cold
HBSS (Invitrogen ) with 1% glucose. After meninges were removed,
spinal cords were minced and trypsinized (0.25%) for 30 min at 37°C,
triturated with glass pipettes, and centrifuged 1000 rpm at room temper-

ature for 15 min (Hettich, Rotofix 32A). The pellets were resuspended
and transferred to DMEM (Invitrogen ) supplemented with 10% FBS
(Invitrogen ) in tissue culture flasks (BD Biosciences). When the cells
reached confluence, the flasks were shaken at 250 rpm for 6 – 8 h to
remove contaminating cells. The astrocytes were harvested and reseeded
onto 24 well culture plates, 35 mm dishes, or 12 mm glass coverslips
precoated with 0.01% poly-L-lysine. The astrocytes were fed twice a week.

Primary motoneuron culture. Spinal cord motoneurons were prepared
as described previously (Ullian et al., 2004). Briefly, spinal cords were
dissected from embryonic day 13–14 WT or SMA mice and incubated
into ice-cold EBSS (Invitrogen). Spinal cords from 4 or 5 embryos with
the same genotype were pooled together, minced, and digested in 20
U/ml papain (Sigma)/EBSS at 37°C for 30 min, then were triturated and
centrifuged (1000 rpm for 10 min). After the pellets were suspended with
EBSS, the cell suspensions were layered �8.5% metrizamide and centri-
fuged 1100 rpm for 15 min. The supernatant and the cell interface layers
were diluted into the equal volume of EBSS. Cells were centrifuged for
another 10 min at 1000 rpm at room temperature. The resulting mo-
toneuron pellets were resuspended and cultured on poly-L-lysine, and
laminin-precoated 12 mm coverslips with a density of 6000 – 8000 cells
per coverslip. Motoneurons were maintained in neurobasal medium
supplemented with B27 (Invitrogen ), BDNF (10 ng/ml), GDNF (10
ng/ml), and CNTF (10 ng/ml) (Invitrogen). Only half of media was
replaced with fresh media every other day. Motoneuron astrocyte contact
or noncontact cocultures were performed as previously described (Ullian
et al., 2004; Környei et al., 2005). For motoneuron astrocyte direct con-
tact cocultures, motoneurons were seeded directly onto astrocyte mono-
layers on 12 mm glass coverslips. For motoneuron astrocyte noncontact
cocultures, motoneuron inserts were placed into confluent astrocytes for
cocultures. Motoneuron growth media were the same for both contact
and noncontact cocultures.

Electrophysiological recording. Neurons were visualized with phase-
contrast illumination under an Olympus microscope equipped with 10�
and 40� air objectives. The electrophysiological signals of neurons were
recorded with whole-cell patch-clamp techniques. The setup has an Axo-
patch 200B amplifier (Molecular Devices), a Digidata 1200 analog-to-
digital converter (Molecular Devices), and is controlled by Clampex 8.0
(Molecular Devices). The patch electrode had a resistance of 5–7 M�,
when filled with the intrapipette solution as follows (in mM): 135 potas-
sium gluconate, 5 EGTA, 0.5 CaCl2, 10 HEPES, 2 Mg-ATP, and 0.1 GTP.
The extracellular solution contained the following (in mM): 140 NaCl, 5
KCl, 10 HEPES, 2 MgCl2, 2 CaCl2, 10 glucose, pH 7.3. Drugs were added
in external solution and applied with bath perfusion. Action potentials
were recorded in current-clamp mode. Miniature EPSCs (mEPSCs) were
recorded from voltage-clamped neurons (at �50 mV) in the presence of
TTX (1 �M). Evoked action potential was recorded with injection of 800
ms current pulse in current-clamp mode. Change of membrane potential
was evoked by current steps from �20 pA to 100 pA with a 10 pA incre-
ment. All recordings were performed at room temperature.

The mEPSCs and action potential were screened, counted, and ana-
lyzed using the Event Detection feature in Clampfit 10.3 after the traces
were low-pass filtered at 2 kHz. The frequency and amplitude of mEPSCs
and action potentials recorded from motoneurons were compared
among different culture conditions with one-way ANOVA. Rheobase
current for generation of action potential was defined as minimal current
required to produce an action potential. Voltage threshold of action
potential was measured at the beginning of upward rise of action poten-
tial. The input membrane resistance of the neuron was calculated by
change of membrane potential in response to injected current, according
to Ohm’s law.

Fluorescent immunocytochemistry. Cultures were fixed with 4% PFA
for 10 min, permeabilized with 0.01% Triton X-100 in PBS for 5 min, and
blocked with 10% serum in PBS for 30 min. The cultures were incubated
1 h at room temperature with following primary antibodies: rabbit
anti-Hb9 antibody (1:200, Millipore), rabbit anti-synaptophysin (1: 200,
Synaptic Systems), mouse anti-PSD95 (1:1000, NeuroMab), and rabbit
anti-S100 antibody (1:200, Sigma). The samples then were incubated
with fluorescence-conjugated secondary antibodies at room temperature
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for 1 h. The samples were immersed in Vectorshield mounting medium
(Vector Laboratories) and were covered by coverslips.

Samples processed with fluorescent immunocytochemistry were im-
aged with a confocal microscope (Zeiss). ImageJ (National Institutes of
Health) was used for image processing. Synaptic puncta were counted
manually as described previously (Ullian et al., 2004). Neuron survival at
12 DIV was normalized as a percentage of initial number counted at day
0. All data were obtained from three coverslips at each experiment and at
least three different cell preparations.

RT-PCR of individual genes. Total RNA was extracted from cultured
astrocytes using TRIzol reagent (Invitrogen) and treated with DNase
using the DNA-free kit (Thermo Fisher Scientific); 2 �g of total RNA was
reverse-transcribed using the SuperScript III (Invitrogen) to synthesize
cDNA. Quantitative PCR was performed using a CFX96 real-time PCR
detection system (Bio-Rad). The relative expression level for each gene
was calculated using the 2 ���Ct method (Livak and Schmittgen, 2001),
and all PCR values were normalized with the housekeeping genes, such as
GAPDH or actin (Table 1) (Pickles, 2003; Carmona et al., 2009; Du et al.,
2012).

Calcium imaging. Astrocytes or motoneurons (WT and SMA) on 12
mm glass coverslips were washed with extracellular solution the same as
one used for electrophysiological recordings, and then loaded for 30 min
at room temperature with 5 �M fura-2 (Invitrogen) and 1 mg/ml BSA in
extracellular solution. Pseudo-color fluorescence ratio at excitation of
340 and 380 nm was obtained with Olympus IX70 fluorescent micro-
scope and Metafluor software (Molecular Devices). All data presented
were obtained from three coverslips of each experiment and at least three
different cell preparations.

Statistical analysis. Unpaired t test or one-way ANOVA as needed was
applied with Prism 5.0 software. The p values �0.05 are considered sig-
nificant. Results are expressed as mean � SEM.

Results
SMN deficiency in motoneurons impairs synapse formation
and function
To determine whether the synapse loss onto spinal motoneurons
seen in SMN�7 mice (Ling et al., 2010; Mentis et al., 2011) is a cell-
autonomous defect of SMA motoneurons, motoneurons were isolated
from spinal cords of WT and SMA mice at embryonic day (E) 13–14 and
cultured for 12 DIV. First, we quantified the number of synapses formed
onto motoneurons. Synapses were immunostained with antibodies
against presynaptic and postsynaptic markers, synaptophysin (Fig. 1A,
green fluorescence) and PSD95 (Fig. 1A, red fluorescence), respectively.
Synapse numbers were counted within the area twice the diameter of the
cell body. The vast majority of presynaptic synaptophysin puncta over-
lapped with postsynaptic PSD95 staining on the soma and along the neu-
rite of motoneurons (Fig. 1A), suggesting that synaptophysin puncta
correspond to structural synapses. As shown in Figure 1B, a significant
reduction (	20%) in synapse number was observed on SMA motoneu-
rons compared with WT motoneurons ( p � 0.001). Next, the viability of
WT and SMA motoneurons was measured to rule out the possibility of
motoneuron loss, which in turn could cause a reduction of synapse num-
ber on SMA motoneurons. There was no difference in the survival of WT
and SMA motoneurons at 12 DIV ( p 
 0.75) (Fig. 1C). Additionally, the

difference in synapse numbers was not due to the variation in the purity
of motoneurons because �90% of Nissl-positive neurons were also
stained by Hb9, a motoneuron marker (data not shown).

To investigate whether the reduction of synapses, formed
onto SMA motoneurons, leads to the decrease in synaptic activ-
ity, we recorded synaptic currents from WT and SMA motoneu-
rons at 12–14 DIV using the whole-cell patch-clamp technique.
The recorded mEPSCs from motoneuron cultures were com-
pletely blocked by 20 �M CNQX, a specific AMPA receptor
blocker, suggesting that they were glutamatergic (Fig. 1D). This
result was consistent with the previous study (Ullian et al., 2004)
showing that primary cultured motoneurons form glutamatergic
synapses with each other. Although primary motoneurons do
secrete acetylcholine (Camu and Henderson, 1992; Martinou et
al., 1992), it would be improbable to record acetycholine-
mediated mEPSCs given that motoneurons express none or few
nicotinic acetylcholine receptors. Frequency and amplitude of
mEPSC were measured. The mean frequency of mEPSC repre-
sents the amount of glutamate release from presynaptic sites,
whereas the mean amplitude of mEPSCs represents the property
of postsynaptic glutamate receptors. We observed an 	58% re-
duction in mEPSC frequency (p � 0.001) but no change in
mEPSC amplitude (p 
 0.26) from SMA motoneurons, com-
pared with that from WT motoneurons (Fig. 1E,F), indicating
that SMN deficiency adversely affects presynaptic glutamate
release without changing postsynaptic glutamate receptor
function. To further confirm that glutamate receptors on mo-
toneurons are not affected by SMN deficiency, we used Ca 2�

imaging approach with fura-2 AM to record activation of gluta-
mate receptors on WT and SMA motoneurons elicited by 100 �M

glutamate. The kinetics of intracellular calcium concentration
[Ca 2�]i were quantified by the A340/A380 ratio (Fig. 1G). WT
and SMA motoneurons displayed no difference in resting
[Ca 2�]i level (p 
 0.24) (Fig. 1H). In addition, no difference in
the [Ca 2�]i response elicited by 100 �M glutamate was detected
between WT and SMA motoneurons (p 
 0.35) (Fig. 1I). These
results suggest that the function of glutamate receptors on mo-
toneurons is not altered by SMN deficiency, which is also consis-
tent with our patch-clamp data showing no change in mEPSC
amplitude. Together, our results suggest that SMN deficiency in
motoneurons, although not affecting motoneuron survival, re-
sults in reduced synapse formation and synapse transmission,
demonstrating an intrinsic deficit of SMA motoneurons in syn-
apse formation in vitro.

SMN deficiency in astrocytes alters calcium concentrations
Having demonstrated the intrinsic defects in SMA motoneurons,
we then asked whether there were also intrinsic defects in SMA
astrocytes. To address this question, we used pure astrocytes in
culture and examined astrocyte Ca 2� signaling, which is regu-
lated by cellular intrinsic properties and essential to neuron-
astrocyte communication in the brain (Perea and Araque, 2005;
Araque, 2008).

In WT and SMA spinal astrocyte cultures, �95% cells were
positively stained by S100 antibody, an astrocyte marker, con-
firming the purity of the population (Fig. 2A). SMA astrocytes
displayed similar cell density and size after 6 d of culture as WT
astrocytes (Fig. 2B,C). At resting condition, SMA astrocytes
had modest but significant lower basal [Ca 2�]i compared with
WT astrocytes, as illustrated in Figure 2D, E (p � 0.0001). Ap-
plying 50 mM KCl evoked an increase in [Ca 2�]i in � 80% of WT
or SMA astrocytes tested (WT: n 
 94 of 112, SMA: n 
 156 of
191), but the [Ca 2�]i increase (peak-baseline) was 	25% higher

Table 1. Primers for the target genes amplification

Genes Forward primer Reverse primer Tm
Product
(bp)

Ephrin-A3
(Carmona et al.,
2009)

GCAGCACGCCTCGCACAGC AAGGATGTAGGCCCCACAGCA 65 171

Ephrin-A4
(Du et al., 2012)

CAGCGCTACACACCCTTCCC GTGATGACCCGCTCTCCTTG 65 142

Ephrin-B2
(Pickles, 2003)

TTGAAAAGCCAAAGGTCAAAC CTCTAAGAGGTGGGCCATGTG 55 227
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in SMA astrocytes than that in WT astro-
cytes (p � 0.001; Fig. 2F,G). Similarly to
KCl, application of 10 �M ATP evoked
	25% greater increase of [Ca 2�]i in SMA
astrocytes compared with WT astrocytes
(p � 0.0001; Fig. 2H, I). These results in-
dicate that SMN deficiency alters intracel-
lular calcium signaling in astrocytes,
which in turn may impair the communi-
cation between motoneurons and astro-
cytes. In contrast to our results shown
here, a recent study has shown that astro-
cytes from SMA-induced pluripotent
stem cells (iPSCs) have higher basal
[Ca 2�]i and decreased response to ATP
stimulation than control iPSC astrocytes
(McGivern et al., 2013). The inconsis-
tency may be due to the difference in
species (human vs mouse) and prepara-
tions (human iPSC-derived astrocytes
with the influence of other cell types
in the same culture vs pure primary
mouse spinal astrocytes). In addition,
many astrocyte-specific genes (e.g., GFAP,
S100�, NFIA/B, GLAST, Sox9) are differen-
tially regulated during astrocyte develop-
ment (Cahoy et al., 2008; Molofsky et al.,
2012); thus, it is likely that astrocytes at dif-
ferent maturation stages (adult vs neonatal)
are molecularly and functionally different
(Molofsky et al., 2012).

SMN deficiency alters motoneuron–
astrocyte interactions in synapse
formation and function in contact
cocultures
Given that SMA astrocytes have abnormal
calcium signaling (Fig. 2) and SMN resto-
ration in astrocytes mitigates SMA disease
pathologies (Rindt et al., 2015), SMN de-
ficiency in astrocytes might alter normal
motoneuron–astrocyte interactions. To
address whether SMA astrocytes are in-
volved in motoneuron dysfunction and
loss in SMA, we used a coculture system in
which motoneurons were directly plated
onto a feeder layer of astrocytes (illus-
trated in Fig. 3A).

First, to examine whether SMN deficiency in astrocytes affect
neuronal survival, WT or SMA astrocytes were cultured with WT
or SMA motoneurons for 12–14 DIV and neuronal survival was
quantified using Hb9 antibody staining (Fig. 3B). We observed
that astrocytes, regardless of their genotypes, significantly en-
hanced the survival of WT and SMA motoneurons by 	8-fold
(p � 0.01, 3 experiments per condition; Fig. 3C, bars 1– 4) com-
pared with pure motoneuron cultures (Fig. 3C, bars 5, 6), which
is consistent with previous studies that astrocytes promote mo-
toneuron survival in vitro (Ullian et al., 2004). Interestingly, the
survival of WT and SMA motoneurons did not differ when cocul-
tured with WT or SMA astrocytes (Fig. 3C, bars 1– 4; p � 0.05, 3
experiments per condition, one-way ANOVA). These results
demonstrate that SMA astrocytes are capable of promoting mo-
toneuron survival to the same degree as WT astrocytes in vitro.

Next, we tested whether the formation of synapses onto mo-
toneurons is impaired by SMN deficiency in astrocytes. We
found that more synapses were formed in WT motoneurons
cocultured with WT astrocytes (Fig. 4A,B, bar 1) than synapses
formed in WT motoneurons cultured alone (Fig. 4A,B, bar 5),
which is consistent with a previous study (Ullian et al., 2004). The
addition of SMA astrocytes also increased synapse number in WT
motoneurons (Fig. 4A,B, bars 2, 5). However, a significant
	40% reduction in synapse number was observed in WT mo-
toneurons cocultured with SMA astrocytes (Fig. 4A,B, bar 2)
compared with cocultured with WT astrocytes (Fig. 4A,B, bar 1).
These results suggest that SMA astrocytes have defects in promot-
ing synapse formation in vitro. In addition, we observed that WT
astrocytes promoted synapse formation in SMA motoneurons by
	2-fold compared with SMA motoneurons alone (Fig. 4B, bars
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3, 6), but the synapse number did not reach the level of WT
motoneurons cocultured with WT astrocytes (Fig. 4B, bars 1, 3).
Thus, these data indicate that, in addition to the cell-autonomous
defect, SMA motoneurons also display a defective response to
astrocyte-derived signals. Furthermore, synapse numbers were at
the same level between cocultures of SMA motoneurons with WT
astrocytes and SMA motoneurons with SMA astrocytes (Fig. 4B,
bars 3, 4). These data suggest that the synapse formation deficit in
SMA may be due to a defect in the interactions between mo-
toneurons and astrocytes. That is, defects of either component
causes deficit in motoneuron synapse formation.

To investigate whether the reduction of synapse numbers on
motoneurons upon SMN deficiency could lead to impaired syn-
aptic transmission, we performed whole-cell patch-clamp re-
cordings of mEPSCs from motoneurons (WT or SMA) in contact
cocultures at 12–14 DIV (Fig. 4C). In WT motoneurons cocul-
tured with WT astrocytes, we recorded a 	3.0-fold increase in
mEPSC frequency compared with that in WT motoneurons
alone (Fig. 4D, bars 1, 5). The frequency of mEPSCs on WT
motoneurons was also increased when cocultured with SMA as-
trocytes compared with that in WT motoneurons alone (Fig. 4D,
bars 2, 5). However, there was an 	46% reduction of mEPSC
frequency between WT motoneurons cocultured with SMA as-
trocytes and WT motoneurons cocultured with WT astrocytes
(Fig. 4D, bars 1, 2). This result suggests that SMA astrocytes ex-
hibit a defect in enhancing synaptic function in motoneurons. In
SMA motoneurons cocultured with either WT or SMA astro-
cytes, there was also a significant increase in mEPSC frequency
compared with that of SMA motoneurons alone (Fig. 4D, bars 3,
4, 6). These data suggest that astrocytes from both WT and SMA
are capable of enhancing synaptic function even in SMA mo-
toneurons. However, there was still a significant reduction in
mEPSC frequency compared with that in WT motoneurons
cocultured with WT astrocytes (Fig. 4D, bars 1, 3, 4), indicating a
defective response of SMA motoneurons to astrocyte signaling.
Analysis of mEPSC amplitude revealed that the mean amplitude
of mEPSCs on WT motoneurons was increased by 	60% in the
presence of WT astrocytes (p � 0.05; Fig. 4E, bars 1, 5), consistent
with a previous study showing that astrocytes enhance postsyn-
aptic AMPA receptor responsiveness (Ullian et al., 2004). We also
noticed that, regardless of their genotypes, astrocytes increased
the mean amplitude of mEPSCs on either WT or SMA motoneu-
rons (p � 0.05; Fig. 4E, bars 1– 4 vs bars 5, 6) to a similar level,
implicating that SMN deficiency on either astrocytes or mo-
toneurons has little effect on postsynaptic AMPA receptors. Our
data show that SMN deficiency impairs motoneuron–astrocyte
cross talk and leads to defects in both synapse formation and
function.

SMN deficiency does not alter motoneuron excitability
It is possible that the reduced synaptic activity of motoneurons
driven by SMN deficiency (Fig. 4D) may be associated with the
change in motoneuron excitability. To test this hypothesis, we
recorded evoked action potential upon increasing hyperpolariz-
ing or depolarizing current injection. Action potential threshold
and intrinsic membrane properties were analyzed and compared
between WT and SMA motoneurons when cultured with or with-
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n 
 102; SMA: 0.76 � 0.006 a.u., n 
 162; p � 0.001, unpaired t test). F, [Ca 2�]i increase
elicited by 50 mM KCl. G, SMA astrocytes have stronger increase of [Ca 2�]i to KCl application
than WT astrocytes (WT, 0.13 � 0.0 a.u., n 
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4

unpaired t test). H, [Ca 2�]i increase elicited by 10 �M ATP. I, SMA astrocytes have stronger
increase of [Ca 2�]i to ATP application than WT astrocytes (WT, 0.4�0.009 a.u., n
240; SMA,
0.5 � 0.01 a.u., n 
 236; p � 0.001, unpaired t test). **p � 0.01. Error bars indicate SE.

Zhou, Feng et al. • Astrocytes in SMA J. Neurosci., February 24, 2016 • 36(8):2543–2553 • 2547



out WT or SMA astrocytes. We observed that both SMA and WT
motoneurons were able to readily fire action potential upon de-
polarization current injection (Fig. 5A). Both resting membrane
potential and rheobase current for evoked action potential did
not differ between WT and SMA motoneurons (Table 2). Fur-
thermore, there was no significant difference regarding resting
membrane potential, input resistance, rheobase current, and
voltage threshold on motoneurons (WT and SMA) in contact
cocultures (Table 2). However, pure motoneuron cultures from
both WT and SMA displayed similarly higher input resistance
and rheobase current compared with those in motoneuron–as-
trocyte contact cocultures (one-way ANOVA, p � 0.05; Table 2).
Because cells with less surface area tend to have a greater input
resistance (Mentis et al., 2011), we measured the size of motoneu-
rons. The size of motoneuron when cultured alone was signifi-
cantly smaller than that when cocultured with astrocytes (Fig.
5B). Therefore, the change in input resistance and rheobase cur-
rent of WT or SMA motoneurons cultured alone is likely due to
the change in motoneuron size rather than SMN deficiency in
motoneurons. These results indicate that motoneuron excitabil-
ity is less likely affected by SMN deficiency in either motoneurons
or astrocytes.

Reduction of synapse formation and function on motoneuron
by SMN deficiency is not mediated by astrocyte-diffusible
factors in vitro
It is known that astrocytes modulate synapse formation and
maintenance through both direct contact machinery and ast-
rocyte-diffusible factors, such as neurotrophic factors, tumor ne-
crosis factor-�, or synaptogenic molecules (Christopherson et al.,
2005; Barker et al., 2008; Clarke and Barres, 2013). To examine
whether the reduction of synapse formation is due to a defect of
SMA astrocytes in contact support or a defect in the release of
diffusible factors, we seeded motoneurons on coverslips and set
coverslips on top of a feeder layer of astrocytes for coculture (Fig.
6A). Such an approach using noncontact coculture allows astro-
cytes to interact with motoneurons through diffusible factors
without physical contact.

In noncontact cocultures, astrocytes from WT or SMA signif-
icantly increased the survival of both WT and SMA motoneurons
(p � 0.05; Fig. 6B, bars 1– 4 vs bars 5, 6). The result is similar to
that in contact cocultures shown above (Fig. 3C). Additionally,
the survival of WT motoneurons (grown above either WT or
SMA astrocytes) was not different from SMA motoneurons
(grown above either WT or SMA astrocytes) (p � 0.05, 3 exper-
iments per condition, one-way ANOVA; Fig. 6B, bars 1– 4). The
number of synapses formed on motoneurons in noncontact co-
cultures were at the same level in all four different combinations
of motoneurons and astrocytes (p 
 0.54, one-way ANOVA, 3
experiments in each condition; Fig. 6C). Consistent with these
data, there was no significant difference in either mEPSC fre-
quency (p 
 0.63, one-way ANOVA; Fig. 6D) or amplitude (p 

0.43, one-way ANOVA; Fig. 6E) in these noncontact cocultures.
These data suggest that SMA astrocytes are capable of secreting
diffusible factors for promoting synapse formation and function
to the same level as WT astrocytes. Thus, synaptogenic deficits in
SMA are less likely to be mediated by astrocyte-diffusible factors.
The defect in contact support might be a major pathophysiolog-
ical feature of motoneuron–astrocyte interactions in SMA.

SMN deficiency alters Ephrin B2 expression in astrocytes
Our findings (Figs. 4, 6) suggested that the defects in contact
support may disrupt motoneuron–astrocyte interactions in
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SMA. We then explored the contact molecules that might be
involved in these processes. It has been widely recognized that
membrane binding ligands, Ephrins, originating from astrocytes,
play positive roles in axon guidance and synapse development
through binding to their neuron-bond receptors (Murai et al.,
2003; O’Leary and McLaughlin, 2005; Lai and Ip, 2009). Ephrins
are categorized into two types (Ephrin A and B) based on the
properties of a glycosylphosphatidylinositol anchor or a trans-
membrane domain (Lai and Ip, 2009). The receptors for Ephrin
A and Ephrin B are receptor tyrosine kinases, which are able to
initiate intracellular signaling cascades. As astrocytes in murine
express Ephrin A3, A4, and B2 (Ota et al., 2013), we used qRT-
PCR to detect mRNA levels of these subtypes of Ephrins in both
WT and SMA primary cultured astrocytes (Fig. 7A–C). We found
that, whereas the expression of Ephrin A3 and A4 was not
changed, Ephrin B2 mRNA was reduced in SMA astrocytes by

	73%, compared with that in WT astro-
cytes (p � 0.05, Fig. 7C). It is possible that
disruption of Ephrin B2 signaling may
mediate impaired synapse formation on
motoneurons in SMA.

Discussion
The present study used primary cultures
of WT and SMA spinal motoneurons and
astrocytes, to investigate their intrinsic
deficits, as well as their interactions in
SMA. First, SMA motoneurons alone
exhibited intrinsic deficits in synapse for-
mation and glutamatergic synaptic trans-
mission. Second, SMA astrocytes had
defects in calcium homeostasis, demon-
strated by a lower basal [Ca 2�]i level but a
stronger [Ca 2�]i increase to ATP applica-
tion, in comparison with WT astrocytes.
Third, in motoneuron and astrocyte
cocultures, SMN deficiency in motoneu-
rons, astrocytes, or both impaired the
formation and function of synapse on-
to motoneurons, probably through a
contact-dependent mechanism. Fourth,
the transcript of contact molecule Ephrin
B2 in SMA astrocytes was markedly re-
duced compared with WT astrocytes. To-
gether, we demonstrate that, in SMA,
there is a deficit in motoneuron–astrocyte
contact interactions probably associated
with downregulation of Ephrin B2, which
could impair synapse formation.

Intrinsic defects of SMA motoneurons
in synapse formation and function
Previous studies from our and Mentis’
groups have found decreases in synapse
number and function on motoneurons in
the SMA mouse model (Ling et al., 2010;
Mentis et al., 2011). Here we used pure
motoneuron cultures to specifically iso-
late and characterize dysfunction of mo-
toneurons in SMA. We provide evidence
that SMN deficiency causes intrinsic de-
fect in synaptogenesis in motoneurons
(Fig. 1). First, SMA motoneurons had
	20% reduction in synapse number in

comparison with WT motoneurons. Second, mEPSC frequency,
but not amplitude, in SMA motoneurons was decreased com-
pared with that in WT motoneurons. Other studies showed that
SMN reduction causes axon development defect of motoneurons
(McWhorter et al., 2003; Rossoll et al., 2003) and that SMN-
selective restoration in motoneurons is capable of restoring syn-
apse numbers onto motoneurons (Gogliotti et al., 2012; Martinez
et al., 2012). Our results confirm previous evidence in addition to
supporting the hypothesis that SMN in motoneurons serves an
important function in synapse formation and function (Rossoll
et al., 2003; Park et al., 2010; Martinez et al., 2012). We also
observed that SMA motoneurons displayed similar survival rate
as WT motoneurons. The result is consistent with previous stud-
ies (Rossoll et al., 2003; Zhang et al., 2009), suggesting that syn-
apse loss on motoneurons preceding motoneuron death in
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0.18 Hz, 8.8 � 1.3 pA). n � 25 for each group. *p � 0.05 (one-way ANOVA). Error bars indicate SE.
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addition to disturbances in functional synaptic formation on mo-
toneurons, may ultimately lead to motoneuron loss and behav-
ioral abnormalities in SMA. The fact that significant motoneuron
death occurs near the end stage (postnatal day 9) of SMN�7 mice
(Le et al., 2005) supports a possibility that motoneurons might show
neurodegenerative properties only after they have been maintained in
culture for a prolonged period of time.

Abnormal Ca 2� signal in SMA astrocytes
Intracellular calcium signal in astrocytes plays important roles in
their communication with neurons as it can trigger the release of
glia transmitters, including glutamate, ATP, and prostaglandin
E2, which in turn modulate synaptic transmission and plasticity
(Verkhratsky and Steinhäuser, 2000; Haydon, 2001). The dys-
function of astrocyte calcium signaling has been reported in
various pathological states, including epilepsy, Alzheimer’s dis-
ease, and amyotrophic lateral sclerosis (Bezprozvanny, 2009;
Kawamata et al., 2014). In pure astrocyte cultures, we found a
dysfunction in calcium signaling in SMA astrocytes compared
with WT astrocytes as demonstrated by lower resting Ca 2� con-
centration, and a stronger Ca 2� concentration increase in re-
sponses to ATP stimulation. The reduction in resting Ca 2� in
SMA astrocytes suggests that SMN deficiency hampers the avail-
ability of calcium in astrocytes. Given that the increase of calcium
in astrocytes cytoplasm by ATP stimulation is primarily mediated
by calcium release from the endoplasmic reticulum after P2Y
receptor activation (Verkhratsky, 2006), the increase of Ca 2� flux
in SMA astrocytes in response to ATP application (Fig. 2G) sug-
gests that either purinergic receptors on membrane or calcium
storage/release from the endoplasmic reticulum were modified
by SMN deficiency. Alterations of Ca 2� homeostasis in SMA
astrocytes may impair physiological roles, which include regula-
tion of neuronal synaptogenesis, proliferation, glutamate uptake,
and release. Interestingly, we have found that SMN deficiency

does not affect [Ca 2�]i signals in motoneurons (Fig. 1G–I), sug-
gesting that the defects in calcium homeostasis following SMN
deficiency are restricted to astrocytes.

SMN deficiency disrupts motoneuron–astrocyte interactions
in synapse formation and synaptic transmission
In motoneuron–astrocyte contact cocultures (Fig. 4), we ex-
amined the role of motoneuron–astrocyte interactions in syn-
apse formation and synaptic transmission onto motoneurons.
We observed that SMA astrocytes were less supportive than
WT astrocytes for synaptic formation and excitatory synaptic
transmission onto WT motoneurons. However, WT astro-
cytes did not further improve synapse formation and synaptic
transmission on SMA motoneurons in comparison with SMA
astrocytes in our coculture system. Our data suggest that in-
teractions between motoneurons and astrocytes might be dis-
rupted due to SMN deficiency, and either motoneurons or
astrocytes from SMA might contribute to the defects in syn-
apse formation and synaptic transmission. Different from in
vitro results here, our recent in vivo study has shown that
selective SMN restoration in astrocytes actually increases syn-
apse number onto motoneurons in SMN�7 mice (Rindt et al.,
2015). One possible explanation is that, in our culture system,
there are only motoneurons and astrocytes, as well as primary
motoneurons forming synapses with each other. However,
motoneurons in the spinal cord receive synaptic inputs from
other neuron types, such as interneurons and sensory neu-
rons. Selective SMN restoration in astrocytes may be benefi-
cial not only to motoneurons but also to interneurons or
sensory neurons, which may further improve maintenance of
synapses on motoneurons in SMA mice.

One potential concern is that the reduced synapse numbers in
WT motoneurons cocultured with SMA astrocytes could be sec-
ondary to a toxic effect of SMA astrocytes, as suggested in other
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Table 2. Electrophysiological properties of motoneurons in astrocyte contact coculturesa

Motoneurons WT WT SMA SMA WT SMA

Astrocytes WT SMA WT SMA — —

Resting membrane potential (mV) �56.6 � 1.8 (12) �55.3 � 2.2 (10) �63.5 � 3.0 (8) �56.3 � 3.7 (10) �53.60.9 � 2.5 (14) �55.7 � 3.2 (9)
Input resistance (M�) 545.5 � 51.2 (12) 525.0 � 126.1 (10) 469.2 � 73.1 (8) 425.0 � 72.7 (10) 1579 � 128 (14)* 1128 � 84.4 (9)*
C threshold (pA) 33.8 � 8.3 (12) 41 1 � 3.2 (10) 41.2 � 12.9 (8) 33 � 8.6 (10) 14 � 1.9 (14)* 16.7 � 2.9 (9)*
V threshold (mV) �44.6 � 1.3 (12) �41.9 � 2.1 (9) �40.9 � 1.9 (8) �44.2 � 2.2 (10) �42.2 � 1.7 (14) �42.6 � 2.4 (9)
aThe numbers of neurons are shown in parentheses.

*p � 0.05, compared with WT motoneurons plus WT astrocytes contact coculture (one-way ANOVA).
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neurological diseases, such as ALS and Rett syndrome (Di Gior-
gio et al., 2007; Nagai et al., 2007; Ballas et al., 2009). We ruled out
such possibility because the survival of motoneurons in contact
or noncontact cocultures was not affected when either motoneu-
rons, astrocytes, or both were from SMA (Figs. 3, 6). Therefore, it
is likely that SMA astrocytes exhibit a defect in providing synap-
togenic support for motoneurons.

During neuronal communication, synaptic inputs drive dra-
matic membrane potential changes and alter firing patterns. One

might anticipate that reduced excitatory
synaptic inputs would lead to abnormal
excitability in SMA motoneurons. How-
ever, we did not find changes in the excit-
ability of SMA motoneurons (Fig. 5; Table
2). The result is contradictory with the hy-
perexcitability of SMA motoneurons ob-
served in in vivo studies (Mentis et al.,
2011; Gogliotti et al., 2012). The differ-
ence between in vitro and in vivo systems
might account for the discrepancy. The
hyperexcitability of motoneurons in in
vivo studies may originate from motoneu-
ron homeostatic reaction in response to
reduced excitatory synaptic inputs, per-
haps from the proprioceptive dorsal root
ganglion neurons or spinal interneurons
(Mentis et al., 2011).

Our observations from noncontact co-
cultures of motoneurons and astrocytes
(Fig. 6) demonstrated that contact sup-
port from astrocytes contributes to the
impaired interactions between motoneu-
rons and astrocytes in SMA. In our ex-
perimental condition, all motoneuron
cultures (contact and noncontact cocul-
tures) were supplemented with neu-
rotrophic factors (BDNF, GDNF, CNTF)
(Ullian et al., 2004; Graber and Harris,
2013). Therefore, our data cannot rule out
the possibility that SMA astrocytes might
have defects in releasing diffusible factors
in vivo.

It has been reported recently that SMA
Schwann cells also exhibit intrinsic de-
fects, and their interactions with motor
axons are disrupted by SMN reduction,
likely mediated by extracellular matrix de-
fects, but not Schwann cell secreted fac-
tors (Hunter et al., 2014). Thus, it is likely
that both astrocytes and Schwann cells
contribute to the overall development of
SMA pathology.

Downregulation of Ephrin B2 in
SMA astrocytes
Among several contact molecules that
contribute to contact interactions be-
tween motoneurons and astrocytes, we
found, for the first time, that transcription
of Ephrin B2 is reduced in SMA astrocytes
(Fig. 7C). Considering that (1) Ephrin B2
coordinates development of both presyn-
aptic and postsynaptic compartment and

regulation of glutamatergic synaptogenesis (Kayser et al., 2006;
McClelland et al., 2009) and (2) loss of Ephrin B2 results in spe-
cific defects in synapse formation in cortex neurons (Henke-
meyer et al., 2003), it is therefore possible that EphrinB2
reduction in astrocytes could be a potential mechanism underly-
ing the impaired synapse formation and glutamatergic synaptic
transmission on SMA motoneurons. However, further investiga-
tion needs to be followed to understand the involvement of Eph-
rin B2 in SMA.
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n 
 3 different cell preparations. C, Summary of normalized synapse number on motoneurons in noncontact cocultures (WT MNs
with WT astrocytes, bar 1: 100 � 5.9%; WT MNs with SMA astrocytes, bar 2: 93.7 � 4.0%; SMA MNs with WT astrocytes, bar 3:
101.4 � 8.9%; SMA MNs with SMA astrocytes, bar 4: 89.9 � 6.2%). n � 30 for each group, 3 experiments in each condition. p 

0.54 (one-way ANOVA). D, E, Summary of mEPSC frequency (D) and amplitude (E) on motoneurons (WT MNs with WT astrocytes,
bar 1: 2.5 � 0.3 Hz, 17.9 � 1.4 pA; WT MNs with SMA astrocytes, bar 2: 3.4 � 0.7 Hz, 19.4 � 1.2 pA; SMA MNs with WT astrocytes,
bar 3: 2.7�0.7 Hz, 19.4�1.2 pA; SMA MNs with SMA astrocytes, bar 4: 3.0�0.8 Hz, 15.9�1.0 pA). n �25 for each group. p 

0.63 for frequency comparison. p 
 0.43 for amplitude comparison (one-way ANOVA). Error bars indicate SE.
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Figure 7. SMN deficiency alters Ephrin B2 expression in astrocytes. A–C, Quantification of mRNA expression of Ephrin A3, Ephrin
A4, and Ephrin B2 in astrocytes using quantitative RT-PCR. Ephrin A3: WT, 0.8 � 0.19; SMA, 0.53 � 0.22; p 
 0.37; Ephrin A4: WT,
0.8 � 0.15; SMA, 0.80 � 0.18, p 
 0.99; Ephrin B2: WT, 0.75 � 0.19; SMA, 0.20 � 0.06, p 
 0.02; n 
 6 for each group. *p �
0.05 (unpaired t test). Error bars indicate SE.
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In conclusion, the present study reveals critical pathophysio-
logical signs of early-stage SMA: impaired contact-dependent in-
teractions between motoneurons and astrocytes result in reduced
synaptogenesis. SMA astrocytes display impairments in vitro in
intracellular Ca 2� signaling, synaptic promotion function, and
Ephrin B2 expression. It will be interesting to determine whether
these impairments contribute to disease phenotypes in SMA an-
imal models or patients as well. Together, our results indicate that
astrocytes play a role in the pathogenesis of SMA and that target-
ing astrocytes, especially improving their contact communica-
tion with motoneurons, could be a potential therapy for SMA.
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moral and contact interactions in astroglia/stem cell co-cultures in the
course of glia-induced neurogenesis. Glia 49:430 – 444. CrossRef Medline

Lai KO, Ip NY (2009) Synapse development and plasticity: roles of ephrin/
Eph receptor signaling. Curr Opin Neurobiol 19:275–283. CrossRef
Medline

Le TT, Pham LT, Butchbach ME, Zhang HL, Monani UR, Coovert DD, Gavr-
ilina TO, Xing L, Bassell GJ, Burghes AH (2005) SMNDelta7, the major
product of the centromeric survival motor neuron (SMN2) gene, extends
survival in mice with spinal muscular atrophy and associates with full-
length SMN. Hum Mol Genet 14:845– 857. CrossRef Medline

Lefebvre S, Bürglen L, Reboullet S, Clermont O, Burlet P, Viollet L, Benichou
B, Cruaud C, Millasseau P, Zeviani M, et al. (1995) Identification and
characterization of a spinal muscular atrophy-determining gene. Cell 80:
155–165. CrossRef Medline

Ling KK, Lin MY, Zingg B, Feng Z, Ko CP (2010) Synaptic defects in the
spinal and neuromuscular circuitry in a mouse model of spinal muscular
atrophy. PLoS One 5:e15457. CrossRef Medline

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-delta delta C(T)) Method.
Methods 25:402– 408. CrossRef Medline

Martinez TL, Kong L, Wang X, Osborne MA, Crowder ME, Van Meerbeke JP,
Xu X, Davis C, Wooley J, Goldhamer DJ, Lutz CM, Rich MM, Sumner CJ
(2012) Survival motor neuron protein in motor neurons determines syn-
aptic integrity in spinal muscular atrophy. J Neurosci 32:8703– 8715.
CrossRef Medline

Martinou JC, Martinou I, Kato AC (1992) Cholinergic differentiation factor
(CDF/LIF) promotes survival of isolated rat embryonic motoneurons in
vitro. Neuron 8:737–744. CrossRef Medline

McClelland AC, Sheffler-Collins SI, Kayser MS, Dalva MB (2009)
Ephrin-B1 and ephrin-B2 mediate EphB-dependent presynaptic develop-
ment via syntenin-1. Proc Natl Acad Sci U S A 106:20487–20492.
CrossRef Medline

McGivern JV, Patitucci TN, Nord JA, Barabas ME, Stucky CL, Ebert AD
(2013) Spinal muscular atrophy astrocytes exhibit abnormal calcium
regulation and reduced growth factor production. Glia 61:1418 –1428.
CrossRef Medline

McWhorter ML, Monani UR, Burghes AH, Beattie CE (2003) Knockdown
of the survival motor neuron (Smn) protein in zebrafish causes defects in
motor axon outgrowth and pathfinding. J Cell Biol 162:919 –931.
CrossRef Medline

Mentis GZ, Blivis D, Liu W, Drobac E, Crowder ME, Kong L, Alvarez FJ,

2552 • J. Neurosci., February 24, 2016 • 36(8):2543–2553 Zhou, Feng et al. • Astrocytes in SMA

http://dx.doi.org/10.1038/457675a
http://www.ncbi.nlm.nih.gov/pubmed/19194443
http://dx.doi.org/10.1017/S1740925X09000064
http://www.ncbi.nlm.nih.gov/pubmed/19250562
http://dx.doi.org/10.1038/nn.2275
http://www.ncbi.nlm.nih.gov/pubmed/19234456
http://dx.doi.org/10.1523/JNEUROSCI.1744-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18701677
http://dx.doi.org/10.1016/j.neuron.2008.10.013
http://www.ncbi.nlm.nih.gov/pubmed/18995817
http://dx.doi.org/10.1016/j.molmed.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19230774
http://dx.doi.org/10.1093/hmg/ddu142
http://www.ncbi.nlm.nih.gov/pubmed/24691550
http://dx.doi.org/10.1523/JNEUROSCI.4178-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171944
http://dx.doi.org/10.1016/0165-0270(92)90114-S
http://www.ncbi.nlm.nih.gov/pubmed/1434751
http://dx.doi.org/10.1073/pnas.0903328106
http://www.ncbi.nlm.nih.gov/pubmed/19592509
http://dx.doi.org/10.1016/j.cell.2004.12.020
http://www.ncbi.nlm.nih.gov/pubmed/15707899
http://dx.doi.org/10.1038/nrn3484
http://www.ncbi.nlm.nih.gov/pubmed/23595014
http://dx.doi.org/10.1006/nbdi.1996.0010
http://www.ncbi.nlm.nih.gov/pubmed/9173917
http://dx.doi.org/10.1038/nn1885
http://www.ncbi.nlm.nih.gov/pubmed/17435754
http://dx.doi.org/10.1167/iovs.11-8788
http://www.ncbi.nlm.nih.gov/pubmed/22408005
http://dx.doi.org/10.1371/journal.pone.0014200
http://www.ncbi.nlm.nih.gov/pubmed/21152035
http://dx.doi.org/10.1523/JNEUROSCI.5775-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22423102
http://dx.doi.org/10.1101/pdb.prot074161
http://www.ncbi.nlm.nih.gov/pubmed/23547162
http://dx.doi.org/10.1038/nbt.1957
http://www.ncbi.nlm.nih.gov/pubmed/21832997
http://dx.doi.org/10.1016/j.molmed.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23228902
http://dx.doi.org/10.1038/35058528
http://www.ncbi.nlm.nih.gov/pubmed/11256079
http://dx.doi.org/10.1083/jcb.200306033
http://www.ncbi.nlm.nih.gov/pubmed/14691139
http://dx.doi.org/10.1093/hmg/ddt612
http://www.ncbi.nlm.nih.gov/pubmed/24301677
http://dx.doi.org/10.12703/P7-04
http://www.ncbi.nlm.nih.gov/pubmed/25705387
http://dx.doi.org/10.1083/jcb.200908164
http://www.ncbi.nlm.nih.gov/pubmed/19951898
http://dx.doi.org/10.1523/JNEUROSCI.5027-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20335488
http://dx.doi.org/10.1523/JNEUROSCI.2689-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24501372
http://dx.doi.org/10.1523/JNEUROSCI.3072-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17122040
http://dx.doi.org/10.1002/glia.20123
http://www.ncbi.nlm.nih.gov/pubmed/15546152
http://dx.doi.org/10.1016/j.conb.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19497733
http://dx.doi.org/10.1093/hmg/ddi078
http://www.ncbi.nlm.nih.gov/pubmed/15703193
http://dx.doi.org/10.1016/0092-8674(95)90460-3
http://www.ncbi.nlm.nih.gov/pubmed/7813012
http://dx.doi.org/10.1371/journal.pone.0015457
http://www.ncbi.nlm.nih.gov/pubmed/21085654
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1523/JNEUROSCI.0204-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22723710
http://dx.doi.org/10.1016/0896-6273(92)90094-T
http://www.ncbi.nlm.nih.gov/pubmed/1567622
http://dx.doi.org/10.1073/pnas.0811862106
http://www.ncbi.nlm.nih.gov/pubmed/19915143
http://dx.doi.org/10.1002/glia.22522
http://www.ncbi.nlm.nih.gov/pubmed/23839956
http://dx.doi.org/10.1083/jcb.200303168
http://www.ncbi.nlm.nih.gov/pubmed/12952942


Sumner CJ, O’Donovan MJ (2011) Early functional impairment of
sensory-motor connectivity in a mouse model of spinal muscular atro-
phy. Neuron 69:453– 467. CrossRef Medline

Molofsky AV, Krenick R, Ullian E, Tsai HH, Deneen B, Richardson WD,
Barres BA, Rowitch DH (2012) Astrocytes and disease: a neurodevelop-
mental perspective. Genes Dev 26:891–907. CrossRef Medline

Murai KK, Nguyen LN, Irie F, Yamaguchi Y, Pasquale EB (2003) Control of
hippocampal dendritic spine morphology through ephrin-A3/EphA4 sig-
naling. Nat Neurosci 6:153–160. CrossRef Medline

Nagai M, Re DB, Nagata T, Chalazonitis A, Jessell TM, Wichterle H, Przed-
borski S (2007) Astrocytes expressing ALS-linked mutated SOD1 release
factors selectively toxic to motor neurons. Nat Neurosci 10:615– 622.
CrossRef Medline

Nicole S, Desforges B, Millet G, Lesbordes J, Cifuentes-Diaz C, Vertes D, Cao
ML, De Backer F, Languille L, Roblot N, Joshi V, Gillis JM, Melki J (2003)
Intact satellite cells lead to remarkable protection against Smn gene defect
in differentiated skeletal muscle. J Cell Biol 161:571–582. CrossRef
Medline

O’Leary DD, McLaughlin T (2005) Mechanisms of retinotopic map devel-
opment: Ephs, ephrins, and spontaneous correlated retinal activity. Prog
Brain Res 147:43– 65. CrossRef Medline

Ota Y, Zanetti AT, Hallock RM (2013) The role of astrocytes in the regula-
tion of synaptic plasticity and memory formation. Neural Plast 2013:
185463. CrossRef Medline

Paez-Colasante X, Seaberg B, Martinez TL, Kong L, Sumner CJ, Rimer M
(2013) Improvement of neuromuscular synaptic phenotypes without
enhanced survival and motor function in severe spinal muscular atrophy
mice selectively rescued in motor neurons. PLoS One 8:e75866. CrossRef
Medline

Park GH, Maeno-Hikichi Y, Awano T, Landmesser LT, Monani UR (2010)
Reduced survival of motor neuron (SMN) protein in motor neuronal
progenitors functions cell autonomously to cause spinal muscular atro-
phy in model mice expressing the human centromeric (SMN2) gene.
J Neurosci 30:12005–12019. CrossRef Medline

Perea G, Araque A (2005) Properties of synaptically evoked astrocyte cal-
cium signal reveal synaptic information processing by astrocytes. J Neu-
rosci 25:2192–2203. CrossRef Medline

Pickles JO (2003) Expression of Ephs and ephrins in developing mouse in-
ner ear. Hear Res 178:44 –51. CrossRef Medline

Rindt H, Feng Z, Mazzasette C, Glascock JJ, Valdivia D, Pyles N, Crawford
TO, Swoboda KJ, Patitucci TN, Ebert AD, Sumner CJ, Ko CP, Lorson CL
(2015) Astrocytes influence the severity of spinal muscular atrophy.
Hum Mol Genet 24:4094 – 4102. CrossRef Medline

Rossoll W, Jablonka S, Andreassi C, Kröning AK, Karle K, Monani UR, Send-
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