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Spinal muscular atrophy (SMA) is an autosomal-recessive disorder characterized by severe, often fatal muscle weakness due to loss of
motor neurons. SMA patients have deletions and other mutations of the survival of motor neuron 1 (SMN1) gene, resulting in decreased
SMN protein. Astrocytes are the primary support cells of the CNS and are responsible for glutamate clearance, metabolic support,
response to injury, and regulation of signal transmission. Astrocytes have been implicated in SMA as in in other neurodegenerative
disorders. Astrocyte-specific rescue of SMN protein levels has been shown to mitigate disease manifestations in mice. However, the
mechanism by which SMN deficiency in astrocytes may contribute to SMA is unclear and what aspect of astrocyte activity is lacking is
unknown. Therefore, it is worthwhile to identify defects in SMN-deficient astrocytes that compromise normal function. We show here
that SMA astrocyte cultures derived from mouse spinal cord of both sexes are deficient in supporting both WT and SMN-deficient motor
neurons derived from male, female, and mixed-sex sources and that this deficiency may be mitigated with secreted factors. In particular,
SMN-deficient astrocytes have decreased levels of monocyte chemoactive protein 1 (MCP1) secretion compared with controls and MCP1
restoration stimulates outgrowth of neurites from cultured motor neurons. Correction of MCP1 deficiency may thus be a new therapeutic
approach to SMA.
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Introduction
Spinal muscular atrophy (SMA) is the most common inherited
cause of death in infants and young children. The incidence is
estimated to be 1 in 10 –12,000 live births and the carrier rate is

�1 in 50 in populations of European and Asian descent (Pearn,
1973; Sugarman et al., 2012).

SMA results from deletions and other mutations in the sur-
vival motor neuron 1 (SMN1) gene, leading to loss of SMN protein
(Coovert et al., 1997; Lefebvre et al., 1997). Humans have an
SMN1 homolog, SMN2, which primarily encodes a truncated
and rapidly degraded protein product due to a nucleotide substi-
tution that leads to the exclusion of exon 7 (Monani et al., 1999).

In SMA, there are intrinsic deficits in motor neurons (Mo-
nani, 2005; Burghes and Beattie 2009; Park et al., 2010; Gogliotti
et al., 2012) and the clinical manifestations are linked to the dys-
function of motor neurons and the neuromuscular junction.
Ubiquitous reversal of SMN deficiency early in life is sufficient to
rescue a mouse model and to give the mice normal motor func-
tion and lifespan (Foust et al., 2010; Robbins et al., 2014). How-
ever, experiments in mouse models have shown that restoring
SMN protein levels in motor neurons alone, while resulting in
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Significance Statement

Spinal muscular atrophy (SMA) is caused by the loss of motor neurons, but astrocyte dysfunction also contributes to the disease
in mouse models. Monocyte chemoactive protein 1 (MCP1) has been shown to be neuroprotective and is released by astrocytes.
Here, we report that MCP1 levels are decreased in SMA mice and that replacement of deficient MCP1 increases differentiation and
neurite length of WT and SMN-deficient motor-neuron-like cells in cell culture. This study reveals a novel aspect of astrocyte
dysfunction in SMA and indicates a possible approach for improving motor neuron growth and survival in this disease.
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improvement in motor function and
reducing weight loss, does not extend
lifespan significantly (Lee et al., 2012;
Martinez et al., 2012). It has been shown
that supporting astroglial cells contribute
to the SMA phenotype and selective res-
cue of SMN deficiency in astrocytes slows
disease progression in a mouse model
of SMA (Rindt et al., 2015). In addition,
SMN-deficient astrocytes have calcium
wave deficits, reduced release of glial-de-
rived neurotrophic factor (GDNF), increa-
sed activation unrelated to oxidative stress
(McGivern et al., 2013; Patitucci and Ebert,
2016), and less support of motor neuron
synapse formation in culture (Zhou et al.,
2016). In other neurodegenerative disor-
ders, astrocytes have alterations that can
contribute to the disease manifestation
and progression (Clement et al., 2003;
Miao et al., 2014; Tong et al., 2014; Jiang et
al., 2016). Incorporation of healthy astro-
cytes ameliorates disease manifestations
in amyotrophic lateral sclerosis (ALS)
mouse models (Clement et al., 2003,
Kondo et al., 2014). Defective astrocytes
can contribute to neuronal dysfunction in
several ways, including deficient neuronal
support (Jeong et al., 2014), secretion of a
toxic factor (Pehar et al., 2004), and contact-
dependent toxicity.

However, just how SMN deficiency in
astrocytes results in motor neuron loss has
not been fully elucidated and further ex-
amination of how these cells interact may
provide therapeutic targets. Astrocytes se-
crete supportive and directional factors
that can promote motor neuron health
and survival. One such factor, monocyte
chemoactive protein 1 (MCP1, also known
as CCL2), has been linked to neuronal pro-
tection from excitotoxicity (Madrigal et al.,
2009), the survival of acoustic ganglion neu-
rons during development (Bianchi et al.,
2005), and regeneration and neurite out-
growth after preconditioning stress (Stowe
et al., 2012).

We tested the hypothesis that healthy
astrocytes are required to maintain healthy
motor neuron function and that SMN-

Figure 1. Cultured WT mouse spinal cord motor neurons have shorter neurites and express lower levels of motor neuron
markers when grown in the presence of SMA ACM compared with WT ACM. Motor neurons were derived from WT mouse E13.5
spinal cords. The neurons were treated 24 h after plating for 7 d with ACM from astrocytes from the spinal cords of either SMA or WT
littermate pups. A, Primary neurites identified by SMI-32 immunostaining. Scale bar, 250 �m. The cell soma is indicated by a black
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arrow and the end of a measured neurite by a white arrow.
B, A minimum of 20 neurons were measured and quantified by
a blinded evaluator ( p � 0.001). C, Relative mRNA levels of
Nefl ( p � 0.02) and Isl1 ( p � 0.002) are reduced in neurons
grown in the presence of SMA ACM. D, At 4 d, the neurite
lengths are similar between WT and SMA, but at 7 d, the motor
neuron neurites in SMA ACM were significantly shorter than
the motor neuron neurites grown in WT ACM ( p � 0.02). Neu-
rite data are shown as mean � SEM. Relative mRNA levels are
normalized to Pgk1 and mRNA data shown are presented as
mean � SD.
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deficient astrocytes are less able to do so. We found that condi-
tioned medium from SMN-deficient astrocytes has decreased
support of both WT and SMN-deficient motor neuron growth in
culture. We also found that the amount of MCP1 released by
SMA astrocytes is reduced compared with WT astrocytes. The ad-

dition of MCP1 to motor neuron cultures
increases neurite length and expression of
motor neuron markers and neutralization
of MCP1 prevents the positive effects of
WT astrocyte-conditioned medium (ACM)
on motor neurons.

Considering the evidence that early
restoration of SMN to astrocytes improves
the mouse phenotype and that MCP1 has
been linked to developmental survival
and regeneration of neuronal cell types,
our observations indicate that MCP1 res-
toration may be worth pursuing as a new
approach to treatment for SMA.

Materials and Methods
Transgenic mice. All experiments were per-
formed in accordance with the National Insti-
tutes of Health’s Guide for the Care and Use of
Laboratory Animals and were approved by the
National Institute for Neurological Disorders
and Stroke (NINDS) Animal Care and Use
Committee. Smn �/�/SMN2 �/�/SMN�7 �/�

(SMA�7) mice on the FVB background were
obtained from The Jackson Laboratory and
bred in our facility. The breeding colony was
maintained by interbreeding heterozygous
mice and offspring were genotyped using PCR
on tail DNA. The primers used were GTG TCT
GGG CTG TAG GCA TTG C and GGC TGT
GCC TTT TGG CTT ATC TG for the SMN2
transgene and GCC TGC GAT GTC GGT TTC
TGT GAG G and CCA GCG CGG ATC GGT
CAG ACG for the �gal transgene (Integrated
DNA Technologies).

Primary astrocyte cultures. Astrocytes were
prepared from newborn mice of both sexes
(adapted from Gibb et al., 2007). In brief, four
to six spinal cords dissected from postnatal day
2 (P2)–P3 mice were pooled for each condition
(WT and SMA). The tissue was digested with
trypsin/DNase solution (Worthington) followed
by mechanical dissociation. The cells were resus-
pended in 4 ml of astrocyte medium (Dulbecco’s
Modified Eagle Media F12 Ham, 1:1; Invitrogen),
20% fetal bovine serum, Primocin (1:1000), and
Fungin (1:500) (InvivoGen), and plated in T75
flasks. When confluent, the cells were shaken
overnight at 220 RPM for three nights with the
medium changed each day. After shaking, the as-
trocytes were collected, the medium was aspi-
rated, and the cells were washed twice with
Hank’s balanced salt solution (Invitrogen).
Then, 0.1% trypsin in PBS was added to each
flask so that it covered the cells and the mixture
incubated at 37°C for 1 min or until the cells
began to lift. Mechanical disruption was used
to remove all cells from the flask. Once cells
had lifted completely, astrocyte medium was
added. The cells were centrifuged and resus-
pended in 4 ml of warm astrocyte medium.
Cell counts were done with a Cell-o-meter

(Bio-Rad) and the indicated number of cells was plated for each
experiment.

ACM. Confluent six-well plates of astrocytes were grown in Neuro-
basal complete medium (containing Neurobasal medium, N2 supple-
ment, and penicillin–streptomycin; Invitrogen) for 7 d. Every 48 h, half

Figure 2. Differentiated motor-neuron-like cells from healthy control iPSCs have shorter neurites and express lower levels of
motor neuron markers when grown in the presence of SMA ACM compared with WT ACM. iPSCs were differentiated into motor-
neuron-like cells. The neurons were treated 24 h after plating for 7 d with ACM from astrocytes from the spinal cords of either SMA
or WT littermate pups. A, A minimum of 20 neurons were measured and quantified ( p � 0.009). B, Relative mRNA levels of Isl1
( p�0.001) are reduced in neurons grown in the presence of SMA ACM. Differentiated motor neurons from SMA patient iPSCs have
shorter neurites and express lower levels of motor neuron markers when grown in the presence of SMA ACM compared with WT
ACM. C, A minimum of 20 neurons were measured and quantified ( p � 0.03). D, Relative mRNA levels of TUBB3 ( p � 0.02) are
reduced in neurons grown in the presence of SMA ACM. Neurite data are shown as mean � SEM. Relative mRNA levels are
normalized to Pgk1 and GusB and mRNA data shown are presented as mean � SD.
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of the medium was removed and centrifuged at 1000 � g to remove cells
and debris. The supernatant was added 50:50 to fresh Neurobasal com-
plete medium and the medium was added to plated neurons.

Primary motor neuron cultures. Motor neurons were obtained from
mouse embryos of both sexes at embryonic day 13.5 (E13.5) using a
method adapted from Taylor et al. (2007). Briefly, 4 – 6 spinal cords were
dissected and incubated in 0.025% trypsin for 8 min, followed by me-
chanical dissociation, and wee then enriched by centrifugation through
serial bovine serum albumin and Optiprep (Iodiaxonal; Sigma-Aldrich)
gradients. The cells were plated on eight-chamber slides coated with
poly-L-ornithine (Sigma-Aldrich) and laminin (Roche) in Neurobasal
complete medium.

Human induced pluripotent stem cell (iPSC) differentiation to motor-
neuron-like cells. Control and SMA patient iPSCs of both sexes, derived in
our laboratory, were differentiated to motor-neuron-like cells (Grun-
seich et al., 2014). In brief, the cells were grown to confluency, lifted with
collagenase, and transferred to a nonadherent plate to form embryoid
bodies. The embryoid bodies were expanded with medium and supple-
ment changes to neuralize, caudalize, and then ventralize the cells to
become like ventral horn motor neurons. After 15 d, the cells were plated
in coated eight-well dishes and incubated in medium containing growth

factors overnight. Twenty-four hours after plating, the cells were treated
with ACM with or without neutralizing antibody to MCP1 (Millipore,
1:500) or IL-6 (R&D Systems) or with or without MCP1 or IL-6 supple-
mentation for 7 d. The media and MCP1 or IL-6 were refreshed every
other day.

Tissue collection. Six mice of either sex per time point per genotype
were anesthetized with isofluorene gas and decapitated. The spinal
cords were removed using sterile PBS in a 13 ml syringe with an
18 –1/2 Ga needle and immediately placed in liquid nitrogen or pro-
cessed for analysis.

Antibodies. Primary antibodies were SMI-32 (Abcam, 1:2500) and Is-
let1 (DSHB,1:200). Secondary antibodies were Alexa Fluor (Invitrogen,
1:500), goat anti-mouse 488, and goat anti-chicken 647.

RNA extraction and DNA conversion. RNA was collected with TRIzol
reagent (Life Technologies) according to the manufacturer’s protocol.
Phase separation with chloroform was performed; the aqueous, RNA-
containing layer was collected and RNA was precipitated with isopropa-
nol. The precipitated RNA was then resuspended in water. High-capacity
reverse transcriptase (Roche) was used to convert 1 �g of RNA per sam-
ple to cDNA using a thermocycler (Bio-Rad).

RNA probes and real-time qPCR primers and probes used to amplify
RNA were from Invitrogen. The following primers and probes were used
to amplify the respective cDNA product: SMN, MCPI/CCL2, Isl1, TUBB3,
Nefl, PGK1, and GUSB. All analysis was performed on QuantStudio 6 Flex
(Invitrogen).

ELISA. The University of Maryland Cytokine Laboratory performed
an array analysis of 32 mouse chemokines, including GCSF, eotaxin,
GMCSF, IFN-G, IL-1A, IL-1B, IL-2, IL-4, IL-3, IL-5, IL-6, IL-7, IL-9,
IL-10, IL-12 P40, IL-12 P70, LIF, IL-13, LIX, IL-15, IL-17, IP-10, KC,
MCP-1, MIP-1A, MIP-1B, MCSF, MIP-2, MIG, RANTES, VEGF, and
TNF-A. The mouse chemokines that were within detectable levels and
showed a 20% difference between SMA and WT are represented in the
figures. Sandwich ELISA kits (Abcam) were used to determine the con-
centrations of the secreted proteins. Samples used were cell culture media
from astrocytes after a 7 d incubation; each ELISA was replicated at least
3 times with independent astrocyte preparations. ELISAs were per-
formed according to the protocols that accompanied each kit (MCPI,
RANTES, IL-6). Data are expressed as relative protein expression com-
pared with WT astrocytes.

Immunofluorescence of cultured cells. Plated motor neurons were pre-
pared for confocal imaging as described for astrocytes in Foran et al.
(2014). In brief, plated cells were washed with PBS, fixed with 4%
paraformaldehyde (Electron Microscopy Systems), dehydrated in 100%
methanol, blocked with 5% normal goat serum (Jackson Laboratory),
permeabilized with 0.5% Triton X-100 (Sigma-Aldrich), and then
treated with primary antibody (Islet1 and SMI-32) overnight and sec-
ondary antibody (Alexa Fluor; Invitrogen) for 1 h in the dark. Coverslips
were applied with Prolong Diamond Antifade and DAPI (Invitrogen).

Cell counts and assessment of neurite length. Motor neurons were plated
at a density of 10 5 cells per milliliter and cultured for 1 week. ACM was
added at a ratio of 50:50 to normal motor neuron media every other day.

Figure 3. MCP1 levels are decreased in SMA ACM compared with WT ACM. Astrocytes were
cultured from P2 neonatal mouse spinal cord by enzymatic and mechanical disruption. Once
confluent, the cells were incubated with complete astrocyte medium for 5 d. The medium was
then collected and tested using a 32 chemokine panel from the University of Maryland Cytokine
Core Laboratory. A, Cytokines within detectable limits and with a 20% difference between the
WT and SMA average values are shown (protein values in pg/ml). B, secondary validation using
a sandwich ELISA for MCP1, RANTES, and IL-6 (blinded). All ELISA data are shown as mean � SD
( p � 0.01).

Figure 4. MCP1 mRNA levels are decreased in young SMA mouse spinal cords compared with
unaffected littermate controls. MCP1 mRNA levels from spinal cords from P1, P5, and P10 mice
were quantified using qPCR by a blinded evaluator. Relative mRNA levels are normalized to
Pgk1. Data are shown as mean � SEM (day 0, p � 0.0004; day 5, p � 0.02).
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The cells were fixed and stained for Islet1, a motor neuron marker, and
SMI32, a neurofilament highly expressed by motor neurons. A minimum
of five randomly selected fields per well were imaged to ensure that a
sufficient number of neurons was captured. Neurite length was assessed

by measuring the SMI32-positive neurites of
Islet1-positive cells and measurements were
made with the NeuronJ plugin for ImageJ. A
minimum of 20 neurons per condition per ex-
periment were measured and each experiment
was replicated four times. The average neurite
lengths of neurons grown with SMN-deficient
or control astrocytes were compared.

Experimental design and statistical analyses.
Analyses of neurite length, ELISAs, and mRNA
quantification were done by observers blinded
to ACM condition and the presence or absence
of recombinant MCP1 or IL-6 or neutralizing
MCP1 or IL-6 antibody. For all neurite com-
parisons, n � 20 or greater; for all ELISA and
mRNA comparisons, n � 3 or greater. Two
tailed Student’s t tests were used to analyze all
comparison data.

Results
SMA �7 mouse ACM provides
decreased support of isolated motor
neurons
Isolated mouse spinal cord motor neu-
rons grow in culture when supplemented
with growth factors. Media conditioned
with astrocytes will also support the pro-
longed growth of isolated motor neurons.
This support is provided by a combina-
tion of secreted factors from the astro-
cytes. We set out to determine whether
there is a difference in support capacity
between SMA�7 (Smn�/�/SMN2�/�/
SMN�7�/� mice on an FVB background)
mouse astrocytes and astrocytes from the
WT littermate controls. Isolated spinal
cord motor neurons grown in SMA ACM
had shorter axons (Fig. 1A,B) and less
mRNA expression of the motor neuron
markers Nefl and Isl1 compared with
motor neurons grown in ACM from WT
littermates (Fig. 1C). We used the ex-
pression of these motor-neuron-specific
genes relative to the housekeeping genes
PGK1 and GusB as a surrogate for motor
neuron health and survival. The decrease
in motor-neuron-specific gene expres-
sion indicates less persistence of motor
neurons.

The relative neurite length decreased
over time. At 4 d in culture, the lengths of
neurites grown in SMA or WT ACM was
similar, but at 7 d, the length of SMA ACM-
exposed neurites had decreased more than
the WT ACM-exposed neurites (Fig. 1D).

We sought to determine whether hu-
man neurons are also vulnerable to the
diminished support of SMA astrocytes.
Human iPSCs can be directed to motor
neuron lineages with appropriate media
and morphogen exposure. After differenti-

ation iPS-cell-derived motor-neuron-like cells grown in SMA ACM
had shorter neurites compared with iPS-cell-derived neurons grown
in WT ACM (Fig. 2A). The mRNA levels for Isl1 were also decreased

Figure 5. Application of exogenous MCP1 increases the neurite length of cultured WT mouse spinal cord motor neurons. Motor
neurons were derived from WT mouse E13.5 spinal cords. The neurons were treated 24 h after plating for 7 d with 500 pg/ml of
media recombinant MCP1 or PBS. A, Primary neurites as indicated by SMI-32 immunostaining. A, B, A minimum of 20 neurons
were measured and quantified ( p � 0.04). Cell soma are indicated by a black arrow and the end of a measured neurite by a white
arrow. C, Relative mRNA levels of Isl1 ( p � 0.05) are increased in isolated neurons grown in the presence of recombinant MCP1.
Neurite data are shown as mean � SEM. Relative mRNA levels are normalized to Pgk1. mRNA data are shown as mean � SD.
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in the iPS-cell-derived motor-neuron-like
cells grown in SMA ACM (Fig. 2B).

We also sought to determine whether
SMA motor neuron neurite growth was
also affected differentially by SMA or WT
ACM. After differentiation SMA patient
iPS-cell-derived motor neurons grown in
SMA ACM had shorter neurites compared
with iPS-cell-derived neurons grown in WT
ACM (Fig. 2C). The mRNA levels for
TUBB3 were also decreased in the iPS-cell-
derived motor neurons grown in SMA
ACM (Fig. 2D).

SMA astrocytes produce decreased
amounts of MCP1
We investigated which factors were in-
creased or decreased in SMA ACM in a
manner that may have led to the altered
motor neuron neurite outgrowth. There
were several alterations to the chemokine/
cytokine secretion profile of the SMA
astrocytes compared with WT control as-
trocytes. The chemokines with a 20% dif-
ference between the SMA and WT groups
are shown (Fig. 3A). Previously published
studies reported that RANTES, IL6, and
MCP1 increased the survival of neurons
(Bruno et al., 2000; Pavelko et al., 2003; Rosito
et al., 2012). We verified by ELISA that
MCP1 levels are significantly decreased
(Fig. 3B), but we saw no difference with
RANTES or IL-6.

After collecting the data from isolated
astrocyte cultures, we sought to verify that
the MCP1 alterations also occur in vivo in
SMA mice. We found that MCP1 mRNA
levels are lower in the spinal cords of P1
and P5 SMA mice compared with WT lit-
termate controls (Fig. 4).

MCP1 supplementation improves
motor neuron growth
We also sought to verify that MCP1 in-
creases neurite length in cultured neurons.
The addition of 500 pg of recombinant
MCP1 increased neurite outgrowth in iso-
lated primary mouse motor neurons (Fig.
5A,B). The mRNA levels for the motor neu-
ron marker Isl1 were also increased with
exogenous MCP1 (Fig. 5C). Motor neu-
rons express CCR2, the receptor for
MCP1 (Coughlan et al., 2000 and data not
shown). Similar effects were not seen with
the addition of recombinant IL-6 (data
not shown).

Motor neurons differentiated from con-
trol human iPSCs were also sensitive to MCP1 treatment. The neu-
rons grown in the presence of 500 pg of MCP1 had longer neurites
(Fig. 6A) and higher mRNA levels of Nefl mRNA (Fig. 6B). In addi-
tion, recombinant MCP1 increased neurite length of motor neurons
derived from SMA patient iPSCs (Fig. 6C), but did not significantly
elevate motor neuron mRNA levels (Fig. 6D).

We found that the action of MCP1 was directly on the motor
neurons and was not mediated through autocrine signaling
within the astrocytes. Astrocytes were treated with recombinant
MCP1 for 24 h and ACM from the treated cells was added to
motor neurons as above. No alteration to motor neuron pheno-
type was seen (data not shown).

Figure 6. Application of exogenous MCP1 increases the neurite length of motor-neuron-like cells derived from human control
and SMA iPSCs. The cells were treated 24 h after plating for 7 d with 500 pg/ml exogenous MCP1 or PBS. A, A minimum of 20
neurons were measured and quantified ( p � 0.02). B, Relative mRNA levels of Nefl ( p � 0.05) are increased in neurons grown in
the presence of recombinant MCP1. Application of exogenous MCP1 increases the neurite length of motor-neuron-like cells derived
from SMA patient iPSCs. The cells were treated 24 h after plating for 7 d with 500 pg/ml exogenous MCP1 or PBS. C, A minimum of
20 neurons were measured and quantified ( p � 0.002). D, Relative mRNA levels of TUBB3 and Isl1 are unchanged in SMA neurons
grown in the presence of recombinant MCP1. Neurite data are shown as mean � SEM. Relative mRNA levels are normalized to
Pgk1 and GusB. mRNA data are shown as mean � SD.
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Neutralizing antibody to MCP1 blocks
supportive effects of WT ACM
When ACM from WT astrocytes was in-
cubated with a neutralizing antibody to
MCP1, the neurites of isolated mouse
neurons were shorter than when the cells
were treated with ACM without the anti-
body (Fig. 7A,B). The levels of Isl1 and
Nefl mRNA were reduced when the WT
ACM was pretreated with the antibody
(Fig. 7C). Similar effects were not seen
with the addition of antibody to IL-6 (Fig.
7D).

Neutralization of MCP1 also decreased
the length of control human iPS-cell-de-
rived motor neuron neurites when added
to WT ACM (Fig. 8A) and the corre-
sponding mRNA levels of Nefl were de-
creased (Fig. 8B). Motor neurons derived
from SMA patient iPSCs were also sensi-
tive to MCP1 depletion. The addition of
antibody to MCP1 prevented the increase
in neurite length of SMA cells in WT ACM
(Fig. 8C) and prevented the increased ex-
pression of the motor neuron marker
TUBB3 (Fig. 8D). Isl1 mRNA levels were
unchanged with treatment of both WT
and SMA iPSCs.

Discussion
Levels of MCP1 in the spinal cord, where
it is predominantly produced by astro-
cytes, are depressed in young SMA mice
and the levels in the medium of cultured
astrocytes from these mice are reduced.
Our data show that increasing MCP1
levels by including WT astrocytes or add-
ing purified recombinant MCP1 increases
neurite length and increases expression of
motor neuron markers. Restoration of
MCP1 to WT levels might improve the
axonal integrity and survival of motor
neurons from mice and differentiated
human iPSCs from both healthy WT con-
trols and SMA patients. The relative
mRNA levels of common motor neuron
markers were used as a substitute for mo-
tor neuron health and overall survival
(Ferraiuolo et al., 2007; Ho et al., 2016).
Although neurite length in cell culture is
an imperfect indicator of neuronal health
in vivo, increases in neurite persistence
have been associated with resistance to

Figure 7. Neutralizing antibody to MCP1 reduced the neurite lengths of cultured WT mouse spinal cord motor neurons. Motor
neurons were derived from WT mouse E13.5 spinal cords. The neurons were treated 24 h after plating for 7 d with a neutralizing
antibody to MCP1 in WT ACM. A, Primary neurites as indicated by Nefl immunostaining. B, A minimum of 20 neurons were
measured and quantified ( p � 0.03). Cell soma are indicated by a black arrow and the end of a measured neurite by a white arrow.

4

C, Relative mRNA levels of Nefl ( p � 0.0001) and Isl1 ( p �
0.0001) are reduced in neurons grown in the presence of WT
ACM with the neutralizing MCP1 antibody. D, Relative mRNA
levels of Nefl and Isl1 were not different between neurons
grown in the presence or absence of a neutralizing antibody to
IL-6. Neurite data are shown as mean � SEM. Relative mRNA
levels are normalized to Pgk1. mRNA data are shown as
mean � SD.
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neurotoxicity (Ryan et al., 2016) and used
as a marker for neuronal health (Custer et
al., 2013; Chen et al., 2016) and regenera-
tion potential (Berretta et al., 2016; Chen
et al., 2016; Sun et al., 2016). Restoring
MCP1 levels early in SMA might therefore
improve disease outcome.

Chemokine signals influence cellular
growth and neurite extension. MCP1, in
particular, has been linked to neuronal
survival during development (Bianchi et
al., 2005) and with HIV-induced neuro-
toxicity in culture (Eugenin et al., 2003).
In culture, neurite outgrowth is known to
be mediated in part by MCP1 expression
(Kwon et al., 2015; Niemi et al., 2016) and
the addition of MCP1 increases electro-
physiological activity in cultured neurons
(Zhou et al., 2016).

Neurons express the MCP1 receptor
CCR2 during basal conditions (Coughlan
et al., 2000), as do astrocytes during devel-
opment (Rezaie et al., 2002) and adult-
hood (Andjelkovic et al., 1999).

MCP1 is a proinflammatory chemo-
kine and has been linked to increases in
macrophage infiltration of the CNS. In
neurodegeneration, there is evidence that
gliosis and overall reactivity increase as
disease progresses (Sheng et al., 1997).
There is evidence that MCP1 levels rise
later in disease in the SMA model mice
(Rindt et al., 2015) and of gliosis in patient
autopsy tissue (Araki et al., 2003). There-
fore, increasing MCP1 might have a narrow
range of therapeutic efficacy. Elevation of
MCP1 could exacerbate the inflammatory
cascade and, if so, increases to MCP1 may
have to be avoided after gliosis has begun.

That there is a role of non-neuronal
cells in SMA has now been well estab-
lished (Hua et al., 2011; Paez-Colasante et
al., 2013; Hua et al., 2015). Therefore, it is
important to discover through what
mechanisms astrocytes are involved in
SMA. Factors secreted by astrocytes have
been linked to neuronal health (Aït-Ikhlef
et al., 2000; Nakano et al., 2016) and mat-
uration (Ullian et al., 2004). Supplemen-
tation with BDNF, a neurotrophic factor
released by astrocytes, has been shown to
improve motor neuron health in cell cul-
ture and in vivo (Connor et al., 2016; Sun
et al., 2016). The expression levels of ISL1,
NEFL, and TUBB3 were used in this study
to evaluate the overall health status of the
motor neurons in culture. It is expected that a reduction in neu-
rite length in our cultured motor neurons would also lead to
widespread changes in gene expression. Several studies evaluat-
ing transcription in SOD1 models and patient samples with ALS
have reported changes in gene expression (Ferraiuolo et al., 2007;
Ho et al., 2016) with differences that can depend on the stage of
disease. We chose to evaluate ISL1, NEFL, and TUBB3 in this

study to test for toxicity that may affect the levels of these neuro-
nal genes. The overall pattern of gene expression was variable
within our study and this may relate to differences in the amount
and duration of the toxicity between the motor neuron cells in
our tissue culture experiments. The studies by Ferraiuolo et al.
(2007) and Ho et al. (2016) have also shown gene expression
changes that vary depending on the disease or toxicity duration.

Figure 8. Neutralizing antibody to MCP1 decreases the neurite length of differentiated motor-neuron-like cells from healthy
control and SMA iPSCs. After plating for 7 d, the cells were treated for 24 h with a neutralizing antibody to MCP1 in WT ACM. A, A
minimum of 20 neurons were measured and quantified ( p � 0.02). B, Nefl relative mRNA level is decreased in the presence of the
antibody to MCP1 ( p � 0.0001). Neutralizing antibody to MCP1 also decreases the neurite length of differentiated motor-neuron-
like cells from SMA patient iPSCs. C, A minimum of 20 neurons were measured and quantified ( p � 0.03). D, The TUBB3 relative
mRNA level is decreased in the presence of the antibody to MCP1 ( p � 0.017). Neurite data are shown as mean � SEM. Relative
mRNA levels are normalized to Pgk1 and GusB. Relative mRNA data are shown as mean � SD.
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Overall, our findings implicate the astrocyte-dependent
chemokine balance and particularly MCP1 in SMA pathogenesis
and indicate that restoration of deficient astrocyte-secreted fac-
tors may be worth pursuing as a therapeutic approach. Whereas
SMA is caused by the lack of functional SMN protein, the long-
term effects may alter cellular processes that are not directly
related to SMN protein levels. MCP1 elevation could thus com-
plement other SMN-targeted treatments.
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