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In Vivo NMDA Receptor Activation Accelerates Motor Unit
Maturation, Protects Spinal Motor Neurons, and Enhances
SMN2 Gene Expression in Severe Spinal Muscular Atrophy
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Spinal muscular atrophy (SMA), a lethal neurodegenerative disease that occurs in childhood, is caused by the misexpression of the survival of
motor neuron (SMN) protein in motor neurons. It is still unclear whether activating motor units in SMA corrects the delay in the postnatal
maturation of the motor unit resulting in an enhanced neuroprotection. In the present work, we demonstrate that an adequate NMDA receptor
activation in a type 2 SMA mouse model significantly accelerated motor unit postnatal maturation, counteracted apoptosis in the spinal cord,
and induced a marked increase of SMN expression resulting from a modification of SMN2 gene transcription pattern. These beneficial effects
were dependent on the level of NMDA receptor activation since a treatment with high doses of NMDA led to an acceleration of the motor unit
maturation but favored the apoptotic process and decreased SMN expression. In addition, these results suggest that the NMDA-induced accel-
eration of motor unit postnatal maturation occurred independently of SMN. The NMDA receptor activating treatment strongly extended the life
span in two different mouse models of severe SMA. The analysis of the intracellular signaling cascade that lay downstream the activated NMDA
receptor revealed an unexpected reactivation of the CaMKII/AKT/CREB (cAMP response element-binding protein) pathway that induced an
enhanced SMN expression. Therefore, pharmacological activation of spinal NMDA receptors could constitute a useful strategy for both increas-
ing SMN expression and limiting motor neuron death in SMA spinal cord.

Introduction
Spinal muscular atrophy (SMA) is a very severe autosomal reces-
sive disease in childhood for which no efficient therapy is cur-
rently available. SMA is characterized by a specific loss of spinal
motor neurons leading to a severe muscular weakness and death
when vital muscles are affected (Crawford and Pardo, 1996).
SMA is caused by mutation of the survival of motor neuron 1
(Smn1) gene (Lefebvre et al., 1995) leading to a deficiency of the
survival of motor neuron (SMN) protein expression. All patients

retain one or more copies of the Smn2 gene, which modulates the
disease severity by allowing a small amount of full-length SMN
transcripts and stable SMN protein to be produced (Lorson and
Androphy, 2000). Several recent reports indicate that a low level
of SMN protein impairs the motor system postnatal development
in mice (Biondi et al., 2008; Kariya et al., 2008; Kong et al., 2009)
and in patients (Martínez-Hernández et al., 2009). Whether this
delay in postnatal development is a leading factor in SMA phys-
iopathology is still a matter of debate. In this respect, modulating
the activation of the signaling cascade triggered by the NMDA
subtype of ionotropic glutamate receptors (NMDARs) could
provide relevant elements for solving this controversy. Indeed,
several studies based on NMDAR inhibition strategies pointed
out the major role of NMDAR-mediated signaling in (1) trigger-
ing the activity-dependent postnatal maturation of motor neu-
rons (MNs) (Kalb and Hockfield, 1992; Kalb, 1994) and (2)
preventing apoptosis in developing neurons (Ikonomidou et al.,
1999; Lladó et al., 1999). Likewise, impairing NMDAR activity in
type 2 SMA-like mice limits the exercise-induced acceleration of
the motor unit maturation and partly prevents exercise-induced
neuroprotection (Biondi et al., 2008). Surprisingly, the effects of
a direct and specific activation of NMDAR on motor unit matu-
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ration have never been investigated in vivo, even in wild-type
mice.

Furthermore, the NMDAR signaling pathway could activate
neuroprotective mechanisms and possibly enhance the SMN2
gene expression in SMA motor neurons. The precise intracellular
signaling pathways triggered by NMDARs still remain unex-
plored in spinal motor neurons. Yet it can be speculated from
data collected from granular and hippocampal cell cultures that
the extracellular signal-regulated kinase (ERK) and the phospha-
tidylinositol 3-kinase (PI3K)/AKT kinase pathways might be ac-
tivated downstream the receptor (Lee et al., 2005; Papadia and
Hardingham, 2007). Interestingly, both pathways can in theory
recruit the cAMP response element-binding protein (CREB), a
powerful activator of neuron prosurvival transcription factor on
the one hand (Hardingham et al., 2002; Lee et al., 2005; Papadia et
al., 2005) and an efficient transactivator of the Smn gene in vitro
on the other (Majumder et al., 2004). Moreover, it is well
known that the activation of the NMDAR results in an increase
in the mouse Smn gene expression in wild-type neuron cul-
tures (Andreassi et al., 2002).

The present study provides the first experimental lines of ev-
idence indicating that an adequate activation of NMDAR in sev-
eral SMA-like mice can delay cellular symptom progression,
accelerating the motor unit postnatal maturation, limiting the
apoptotic process, and enhancing SMN expression in SMA spinal
cord.

Materials and Methods
Mice and treatments. The knock-out transgenic type 2 SMA-like mice
(Smn � 7/ � 7, SMN2 �/�) derive from mice obtained from the Institute of
Molecular Biology (Hsieh-Li et al., 2000) (Academia Sinica, Taipei, Tai-
wan). To standardize the type 2 phenotype, male and female mutant mice
with a weight ranging from 3 to 4 g at 8 d of age were used for this study
as previously described (Biondi et al., 2008). A vehicle-treated group
(n � 64) and a NMDA-treated group (n � 109) of type 2 SMA-like mice
were randomly constituted in a blind systematic manner to minimize
bias. The control mice were heterozygous knock-out for Smn with the
human SMN2 transgene (Smn �/ � 7, SMN2 �/�; n � 70). The type 1
SMA-like mice containing two human SMN2 transgenes and the mouse
Smn knock-out were purchased from the The Jackson Laboratory and
genotyped as previously described (Monani et al., 2000). Mouse geno-
types were as follows: type 1 SMA-like mice (Smn �/�, SMN2 �/�) (n �
58) and controls (Smn �/�, SMN2 �/�) (n � 29).

To evaluate the benefits of NMDAR activation on SMA, postnatal day
8 (P8) neonatal control and type 2 SMA-like mice, and P1 neonatal
control and type 1 SMA-like mice, were injected intrathecally with either
5 (referred as low dose) or 25 (referred as toxic dose) pmol of NMDA
(100 �M) (Sigma-Aldrich) in 0.5 �l/g of 0.9% NaCl dyed in Evans blue
per gram. These mice were compared, control and SMA-like mice in-
jected from P8 or P1 with 0.5 �l/g of 0.9% NaCl dyed in Evans blue. Body
weight and life span recordings were performed every day until the death
of the animal. The animals were considered to be dead when mice were
no longer able to stand up 20 s after having been placed on their sides. For
the cellular studies, NMDA-treated and vehicle type 2 SMA-like mice
were compared at P12, whereas P2 vehicle type 1 SMA-like mice were
compared with P6 NMDA-treated type 1 SMA-like mice, to deal with the
very short life span of vehicle type 1 SMA-like mice (�2 d) and the need
for an appropriate duration of the NMDA treatment to be able to analyze
its effects. Spinal cord of mice was systematically removed and assayed
for the Evans blue staining within the spinal cord (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material).

The care and treatment of animals followed the national authority
(Ministère de la Recherche et de la Technologie, France) guidelines for
the detention, use, and the ethical treatment of laboratory animals. The
in vivo NMDA injection was approved by the local ethic committee
(number P2.CC.034.07).

Cell cultures and treatments. Cocultures of spinal cord explants (1
mm 3) and muscle cells were performed as described by Kobayashi et al.
(1987) with the following modifications. Spinal cord explants were ob-
tained from control and severe SMA embryonic mice. Explants from the
whole transverse slices of 10.5-d-old mice embryo spinal cords including
dorsal root ganglia (DRGs) were placed on the muscle monolayer. DRGs
are essential to ensure a good innervation ratio (Kobayashi et al., 1987).
The muscle culture was established through the differentiation of the
wild-type muscle cell line made MBI (Cartaud et al., 2004). Myoblast
cells were cultured on 35 mm Petri dish at 33°C in 8.5% CO2 in DMEM
supplemented with 2 mM glutamine, 20% horse serum, 10% fetal bovine
serum, 2% penicillin/streptomycin (5000 U), and 20 U/ml �-interferon
(Roche Diagnostics). All the culture medium reagents were purchased
from Invitrogen. Confluent myoblasts were differentiated into myotubes
in the same medium without interferon [differentiation medium (DM)].
After 5–7 d in DM, spinal cord explants were added on the cultured
contracting muscle cells. After coculture with spinal cord, the culture was
kept in DM. All cocultures were fed three times a week and examined
daily by phase-contrast inverted microscopy to check the appearance of
the innervation. The presence of neuromuscular junctions (NMJs) was
detected with Alexa Fluor 568-conjugated �-bungarotoxin and the ax-
onal growth was observed through immunodetection using an anti-
neurofilament and anti-synaptophysin primary antibodies as described
below.

Stimulation of the NMDARs was achieved by exposing cells to 100 �M

NMDA. Specific blockade of synaptic NMDARs was achieved using 10
�M (�)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-
imine maleate (MK801) (Sigma-Aldrich) in Mg 2�-free medium, fol-
lowed by a thorough 1 mM MgCl2 wash to fully remove MK801. To
evaluate the Ca 2� dependency, extracellular Ca 2� chelator EGTA (5 �M)
(Sigma-Aldrich) and cell-permeable Ca 2� chelator BAPTA-AM (10 �M)
(Invitrogen) were added to the culture. The role of key signaling enzymes
was achieved by the treatment of cocultures by specific inhibitor, the
CaMKII inhibitor N-[2-[N-(4-chlorocinnamyl)-N-methylaminomethyl]
phenyl]-N-(2-hydroxyethyl)-4-methoxybenzenesulfonamide phosphate
salt (KN-93) (10 �M) (Calbiochem), the mitogen-activated protein
kinase (MAPK)/ERK kinase (MEK) inhibitor 1,4-diamino-2,3-
dicyano-1,4-bis(2-aminophenylthio)butadiene (U0126) (10 �M)
(Promega), and the PI3K inhibitor 2-morpholin-4-yl-8-phenylchromen-4-
one (LY294002) (100 �M) (Calbiochem).

After 5 d of treatment, explants were mechanically removed from the
muscle layer, and proteins were purified and analyzed by Western blot as
described below. The absence of muscle cell contamination in the explant
fraction was checked by probing the Western blot with a myogenin an-
tibody (1:500; Santa Cruz Biotechnology) and a tropomyosin I antibody
(1:5000; Santa Cruz Biotechnology) (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).

Behavioral testing in NMDA-treated type 2 SMA-like mice. The grip
strength was performed in the forelimb of control mice and vehicle- and
NMDA-treated type 2 SMA-like mice from P8 to death. All the tests were
made blind, the group assignment being unknown to the observers. The
time spent holding onto a thin metal rod suspended in midair was cal-
culated. Each mouse was subjected to five successive attempts separated
by a 10 min rest period.

The ambulatory behavior was assessed in an open-field test for all
groups. The apparatus consisted of a wooden box measuring 28 � 28 �
5 cm. The floor of the arena was divided into 16 7 � 7 cm squares. The
squares that were immediately adjacent to the walls were referred to as
periphery, and the four remaining squares were referred to as center. The
mice were tested individually, and the open field was washed after each
session. Each mouse initially placed in the center of the open field was
allowed to move freely for 5 min. The behavioral measures recorded
manually by the experimenter during these 5 min were the number of
peripheral and central square crossings.

Histological and immunohistochemical analysis. Anesthetized animals
were submitted to an intracardial perfusion of 40 ml of PBS solution at
1.2 ml � min �1 followed by 40 ml of 4% PFA solution diluted in PBS
solution at the same flow. Then spinal cords were dissected and incu-
bated overnight in 4% PFA solution and washed twice for 2 h with PBS.
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The lumbar spinal cords (L1 to L5) were em-
bedded in 4% agarose solution in sterilized wa-
ter for 30 min at 4°C. Fifty micrometer sections
were then performed using a vibratome on the
whole length of the sample. One of every five
sections (an average of 30 sections examined
corresponding to �600 MNs per animal and
�5000 MNs per experimental point) was pro-
cessed for immunohistochemical analysis. Tis-
sue sections were incubated for 1 h at room
temperature in a blocking solution [7% nor-
mal donkey serum with 0.5% Triton X-100 in
Tris-buffered solution (TBS)]. Motor neuron
immunodetection was performed using a cho-
line acetyltransferase (ChAT) primary anti-
body (polyclonal goat anti-ChAT; 1:200;
Millipore Bioscience Research Reagents) for
2 d at 4°C. Sections were washed between each
subsequent step with 0.5% Triton X-100 in
TBS. Sections were subsequently incubated
with an Alexa Fluor 568 donkey anti-goat Ig
(1:400; Jackson ImmunoResearch) for 1 h at
room temperature. The sections were washed
three times for 10 min in TBS and mounted in
Vectashield mounting medium with DAPI
(4�,6�-diamidino-2-phenylindole) (Vector Labo-
ratories). The staining specificity was checked in
control incubations performed in the absence of
the primary antibody.

For motor endplate labeling, whole-mount
preparations of muscle fibers (�200 NMJs per
muscle and per animal; �1000 NMJs per ex-
perimental point) or cocultures were stained
using Alexa Fluor 568-conjugated �-bungaro-
toxin (4 mg/ml in PBS with 4% bovine serum
albumin). Presynaptic motor nerve terminals
were stained with monoclonal rabbit antibod-
ies directed against the 145 kDa isoform of
neurofilament light protein (NN18; 1:500; Mil-
lipore Bioscience Research Reagents) and synap-
tophysin (1:5; Invitrogen). The whole-mount
preparations were subsequently incubated with
an Alexa Fluor 488 goat anti-rabbit IgG (1:400;
Invitrogen) for 1 h at room temperature.

For muscle typology, cryostat sections (one
transversal medial section per muscle and per
animal, which represented �4000, 6000, and
12,000 muscle fibers in the soleus, the planta-
ris, and the tibialis, respectively, for each exper-
imental point) were incubated with mouse
monoclonal antibodies raised against myosin
heavy chains (MyHCs) (1) embryonic (F1.652;
University of Iowa, Iowa City, IA) and (2) neo-
natal MHC isoforms (N3.36; University of
Iowa) at a dilution of 1:20 for 1 h at room tem-
perature and washed three times in PBST (PBS
containing 0.1% Tween 20). Sections were
then incubated at room temperature with a
rabbit anti-mouse Ig conjugated with FITC (1:20; Sigma-Aldrich) for 1 h.
After washing with PBS, sections were mounted in Vectashield Mounting
Medium (Vector Laboratories).

All counts were performed using NIH ImageJ software, version 1.37.
Color images were tinted using Image Pro-Plus software, in which iden-
tical brightness, contrast, and color balance adjustments were applied to
all groups.

Microscopy. All immunofluorescence images were collected with a
CCD camera (QImaging Retiga 2000R Fast; Cooled Mono 12 bit)
mounted on Olympus microscope (BX51) using the Image Pro-Plus,
version 6.0, software (Media Cybernetics) with 40� (4� Olympus ob-

jective UPlan FL N 0.13), 100 (10� Olympus objective UPlan FL N 0.3),
200 (20� Olympus objective FL N 0.5), 400 (40� Olympus objective
UPlan FL N 0.75), 600 (60� Olympus objective UPlanS Apo 1.35 oil),
and 1000 (100� Olympus objective UPlanS Apo 1.4 oil) magnifications.

Protein and Western blot analysis. Ventral lumbar spinal cord samples
(4 –10 mg) were homogenized in 100 �l/5 mg tissues of ice-cold RIPA
buffer [50 mM Tris HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% NP-40, 5 mM EDTA, pH 8.0, 2 mM PMSF (phenyl-
methylsulfonyl fluoride) (Sigma-Aldrich), 50 �g/ml leupeptin, 50 �g/ml
pepstatin A, and 50 �g/ml aprotinin]. Protein concentration of the clar-
ified homogenates (4°C, 15 min, 13,500 rev � min �1) was determined on
all samples using the Bradford protein assay (Bio-Rad Laboratories). Ten

Figure 1. Effect of NMDA treatment on the muscle phenotype of type 2 SMA-like mice. A–H, Immunodetection of develop-
mental MyHC isoforms (i.e., embryonic and neonatal) in the soleus of vehicle (A, E)- and NMDA-treated control mice (B, F ) and
vehicle (C, G)- and NMDA-treated type 2 SMA-like mice (D, H ) at 12 d of age. Scale bar, 200 �m. I, Analysis of the embryonic (Emb)
and neonatal (Neo) typology of three muscles of the calf (i.e., the soleus, the plantaris, and the tibialis muscles) from vehicle- and
NMDA-treated control mice and type 2 SMA-like mice (n � 6), at 12 d of age. *p � 0.05; **p � 0.01. J, Determination of the
cross-section area (CSA) of the soleus, the plantaris, and the tibialis from vehicle- and NMDA-treated control and type 2 SMA-like
mice (n � 6) at 12 d of age. K, Number of muscle fibers in the soleus, plantaris, and tibialis muscles from vehicle- and NMDA-
treated control and type 2 SMA-like mice (n � 6) at 12 d of age. Error bars indicate SD.
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microgram protein samples for SMN analysis and 30 �g samples for
other analysis of each homogenate were submitted to 12.5% SDS-PAGE
electrophoresis [1.5 M Tris, pH 8.3, 12.5% acrylamide, 0.07% Bis, 0.1% SDS,
0.05% APS (ammonium persulfate), 0.06% TEMED (tetramethylethyl-
enediamine)]. The separated proteins were transferred on PVDF (polyvi-
nylidene difluoride) membranes (Bio-Rad Laboratories) according to
Towbin et al. (1984). Equal loading of samples was checked by Ponceau
dye staining of the transferred gels. Western blot analysis was performed
on membranes overnight at 4°C in 4% BSA, 0.05% Tween 20, TBS, pH
7.4. Each of the following primary antibodies, including monoclonal
mouse anti-SMN (1:5000; Santa Cruz Biotechnology), polyclonal rabbit anti-
Ser473 phospho-AKT (1:1000; Cell Signaling Technology), polyclonal rab-
bit anti-phospho-ERK1/2 (1: 500; Cell Signaling), polyclonal rabbit
anti-Ser 133 phospho-CREB (1:1000; Millipore), polyclonal rabbit anti-
myogenin (1:500; Santa Cruz Biotechnology), polyclonal rabbit anti-
tropomyosin (1:5000; Santa Cruz Biotechnology), and polyclonal rabbit
anti-caspase 3 (1:1000; Cell Signaling) was incubated overnight at 4°C in
the above blocking medium. Membranes were rinsed in 0.1% Tween 20
in TBS three times for 10 min each time at room temperature and then
incubated in horseradish peroxidase-conjugated goat secondary antibody

directed against mouse Igs (1:5000; Bio-Rad
Laboratories) and in horseradish peroxidase-
conjugated goat secondary antibody directed
against rabbit Igs (1:10,000; Jackson Immu-
noResearch) in 0.1% Tween 20 in TBS for 1 h at
room temperature. Bound antibody com-
plexes were developed using the ECL system
(GE Healthcare) and exposed to Hyperfilm
ECL-plus x-ray film (GE Healthcare).

In some instances, membranes were stripped
after immunoblotting with phospho-AKT,
phospho-ERK, and phospho-CREB by incuba-
tion in stripping buffer (100 mM �-mercapto-
ethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7)
for 30 min at 55°C with agitation, and mem-
branes were then blocked and reprobed with
polyclonal rabbit anti-AKT (1:1000; Cell Sig-
naling), polyclonal rabbit anti-ERK1/2 (1:500;
Cell Signaling), polyclonal rabbit anti-CREB
(1:1000; Millipore), monoclonal mouse anti-
GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) antibody (1:5000; Millipore Bioscience
Research Reagents).

Films were quantified with NIH ImageJ, ver-
sion 1.37, and the results reported as means 	
SD.

Real-time reverse transcription–PCR analysis.
Spinal cord samples were grinded using an Al-
loy Tool Steel Mortar (Thermo Fisher Scien-
tific) and RNA was extracted using Trizol
(Invitrogen) and 1 �l of Glycoblue (Ambion)
as a carrier. Each RNA preparation was treated
with DNase I (DNAfree; Ambion). Reverse
transcription (RT) was performed using AMV
Reverse Transcriptase (Promega) and random
primers (Invitrogen). PCR was performed us-
ing GoTaq (Promega) and qPCR was per-
formed using IQ SYBR Green Supermix
(Bio-Rad) on a Chromo4 real-time PCR ma-
chine (Bio-Rad). The relative amounts of
cDNA in samples were determined on the basis
of the threshold cycle for each PCR product
(Ct) and were normalized to 18S RNA levels.

Sequences of primer sets used for amplifica-
tion were as follows: SMN2 exon 4 – exon 5 seg-
ment: E4E5, forward, 5�-TGTGTTGTGGTT-
TACACTGG-3�, and E4E5, reverse, 5�-TATT-
TCCAGGAGACCTGGAG-3�; SMN2 exon
6 – exon 8 segment: E6E8, forward, 5�-GAT-
GCTGATGCTTTGGGAAG-3�, and E6E8, re-

verse, 5�-GCCTCACCACCGTGCTGG-3�; SMN2 exon 7– exon 8
segment: E7E8, forward, 5�-AAAAAGAAGGAAGGTGCTCAC-3�, and
E6E8, reverse, 5�-GCCTCACCACCGTGCTGG-3�; 18S: 18S, forward,
5�-GTAACCCGTTGAACCCCATT-3�, and 18S, reverse, 5�-CCAT-
CCAATCGGTAGTAGCG-3�.

Statistical analysis. All values are displayed as means and SD within
each group (Systat, version 8.0; SPSS). Statistical analysis was performed
and comparison between groups were done using ANOVA and post hoc
test least significant difference. Survival analysis was performed using
Kaplan–Meier analysis.

Results
The NMDA treatment accelerates skeletal muscle maturation
We evaluated the effects of NMDAR activation on the neuromus-
cular maturation schedule in control and type 2 SMA-like mice.
Mice were treated daily by intrathecal injection of NMDA (5
pmol � g�1) from 8 d of age. The progressive acquisition of the
adult phenotype by the skeletal muscle was used as a quantitative

Figure 2. Effect of NMDA treatment on neuromuscular junction maturation in type 2 SMA-like mice. A–D, Motor endplate
labeling with �-bungarotoxin, anti-neurofilament, and anti-synaptophysin antibodies in the soleus of vehicle (A)- and NMDA-
treated control mice (B) and vehicle (C)- and NMDA-treated type 2 SMA-like mice (D) at 12 d of age showing a typical pretzel (B),
perforated (A, D), and immature (C) type of NMJ. Scale bar, 20 �m. E–G, Analysis of the neuromuscular junction maturation in the
soleus, the plantaris, and the tibialis muscles from vehicle- and NMDA-treated control and type 2 SMA-like mice (n � 5) at 12 d of
age. H–J, Determination of the neuromuscular junction area in the soleus, plantaris, and tibialis from vehicle- and NMDA-treated
control and type 2 SMA-like mice (n � 5) at 12 d of age. *p � 0.05; **p � 0.01. Error bars indicate SD.
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index of the neuromuscular postnatal
maturation. Therefore, we analyzed the
muscle phenotype of three skeletal mus-
cles including two extensors, the slow-
twitch soleus and the fast-twitch plantaris,
and one flexor, the fast-twitch tibialis,
from control and type 2 SMA-like at 12 d
of age (Fig. 1). The NMDA treatment re-
sulted in a remarkable acceleration of
muscle postnatal maturation in SMA-like
mice, as evidenced by the NMDA-
induced promotion of embryonic to neo-
natal phenotype shift (Fig. 1 I). This
phenomenon occurred regardless of both
the muscle phenotype (slow-twitch vs
fast-twitch) and the muscle function (ex-
tensor vs flexor). It should be emphasized
that an acceleration of muscle maturation
was also observed in control soleus mus-
cles after the NMDA treatment.

Previous experiments in our labora-
tory have shown that the SMA skeletal
muscles display severe atrophy and hyp-
oplasia (Biondi et al., 2008). The present
investigation showed that the NMDAR
activation limited SMA-induced muscle
atrophy, leading to an increase of 248,
222, and 177% in the fiber cross-section
area of the soleus, plantaris, and tibialis, re-
spectively, compared with vehicle-treated
SMA-like mice ( p � 0.05) (Fig. 1J). In con-
trast, no change in the total number of mus-
cle fibers could be detected (Fig. 1K).

The NMDA treatment accelerates
neuromuscular junction maturation
To ensure an accurate description of the
motor unit developmental pattern in
NMDA-treated versus type 2 SMA-like mice, we have analyzed
the structure of the NMJs at 12 d of age (Fig. 2). During the motor
unit postnatal maturation, the postsynaptic organization of the
NMJ progressively changes from an immature small uniform
plaque of acetylcholine receptors (AChRs) to a perforated large
plaque of AChRs that eventually adopts a pretzel form. The
changes in the synapse shape were determined for innervated
NMJ using �-bungarotoxin staining of the three muscles, as pre-
viously described (Biondi et al., 2008). Up to 63% of the NMJs
were elliptical, made of uniform plaques of AChRs in the two
extensor muscles of the vehicle-treated type 2 SMA-like mice at
12 d of age. Only 28% of immature NMJs were found in control
muscles ( p � 0.01), regardless of muscle fiber phenotype. The
NMDA treatment improved the NMJ morphology in the three
muscles in type 2 SMA-like mice, as demonstrated by the
NMDA-induced perforation (Fig. 2E–G) and enlargement (Fig.
2H–J) of the NMJs on the muscle fibers.

The NMDA treatment protects motor neurons in type 2
SMA-like mice
Since the NMDA treatment likely accelerated the skeletal muscle
maturation, we questioned whether this effect could be beneficial
in protecting motor neurons from cell death. Thus, we compared
the number of ChAT-positive motor neurons in the ventral spi-
nal cord of control mice and of vehicle- and NMDA-treated

SMA-like mice (Fig. 3). At 12 d of age, a 33% loss of motor
neurons was observed in the vehicle-treated type 2 SMA-like
mice compared with untreated controls (Fig. 3E). In contrast,
NMDA-treated type 2 SMA-like mice only showed a 18% reduc-
tion in the number of motor neurons, therefore demonstrating
that the NMDA treatment significantly limited the extent of mo-
tor neuron death ( p � 0.05). Furthermore, motor neuron cell
body area evaluation provided evidence for a persistent atrophy
of motor neurons in the ventral horn of the spinal cord of the
vehicle-treated type 2 SMA-like mice compared with control
mice at 12 d of age (Fig. 3F). In contrast, the extent of atrophy is
significantly limited in NMDA-treated mice ( p � 0.05). No dif-
ference could be observed in the number of motor neurons in
NMDA- and vehicle-treated control mice at the same age.

To determine whether the NMDA treatment interfered with
the apoptotic process in the spinal cord of SMA-like mice, we eval-
uated the activation of the caspase 3 in the ventral spinal cord of
control mice and of vehicle- and NMDA-treated SMA-like mice
(Fig. 3G,H). As shown in these figures, the NMDA treatment limited
the range of the apoptotic process in SMA-like mouse spinal cord.

The NMDA treatment improves the motor behavior and
prolongs survival of type 2 SMA-like mice
We then questioned whether the cellular benefits of the NMDA
treatment would improve the motor behavior of the treated mice.

Figure 3. Neuroprotective effect of NMDA in type 2 SMA-like mice. A–D, Immunodetection of ChAT-positive motor neurons in
the lumbar spinal cord (L1–L5) of vehicle (A)- and NMDA-treated control mice (B), and vehicle (C)- and NMDA-treated type 2
SMA-like mice (D) at 12 d of age. Scale bar, 100 �m. E, F, Quantitative analysis of the number (E) and the cell body area (F ) of motor
neurons per ventral horn in the lumbar spinal cord of vehicle-treated control and type 2 SMA-like mice (n � 6) compared with
NMDA-treated control and type 2 SMA-like mice (n � 6) at 12 d of age. G, H, Western blot analysis and quantification of cleaved
caspase 3 protein expression in the ventral lumbar spinal cord of vehicle- and NMDA-treated control and type 2 SMA-like mice at
12 d of age (n � 3). *p � 0.05; **p � 0.01. Error bars indicate SD.
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We first subjected the mice to a grip test and found that the
vehicle-treated SMA-like mice were unable to efficiently grip the
metal rod, at any age (Fig. 4A,B). In contrast, the grip time of
the NMDA-treated type 2 SMA-like mice progressively increased
to 
5 	 0.2 s until 17 d of age, but remained lower compared
with the vehicle-treated control mice. We then compared the
spontaneous activity of the mice in an open field (Fig. 4C–E).
After 10 d of age, vehicle-treated SMA-like mice displayed a
strongly reduced exploratory activity compared with age-
matched controls, with a limited increase in the total number of
crossings (18 –24 crossings between 10 and 12 d of age, respec-
tively; p � 0.05) and no increase in the number of peripheral
crossings ( p 
 0.05). In contrast, the NMDA-treated SMA-like
mice displayed a significant increase in the total number of cross-

ings between 10 and 12 d of age ( p �
0.01). Interestingly, the NMDAR activa-
tion induced a progression in exploratory
activity of SMA-like mice with an in-
crease in the total number of peripheral
crossings during growth and until 17 d
of age (from 6 to 43 crossings at 10 and
17 d of age, respectively; p � 0.001).

The impact of the NMDAR activa-
tion on the life span of type 2 SMA-like
mice was then evaluated. The NMDA
treatment significantly increased sur-
vival of type 2 SMA-like mice compared
with vehicle-treated SMA-like mice (Fig.
4 F). The mean survival increased from
11.36 	 1.92 d for the vehicle-treated
mice to 18.96 	 5.13 d for the NMDA-
treated mice, representing a 66.9% in-
crease in life span ( p � 0.001). The type
2 SMA-like mice typically displayed a
severe body weight reduction. The NMDA
treatment led to a significant and pro-
gressive increase in the body weight of
SMA-like mice, until 4 or 5 d before
death (Fig. 4 H).

The NMDA treatment is strongly
beneficial for the severe type 1 SMA-like
mouse model
To evaluate the therapeutic relevance of
the NMDAR activation in SMA, we inves-
tigated the effects of the NMDA treatment
in another mouse model of SMA, namely
the type 1 SMA-like model developed by
Monani et al. (2000). A population of 25
type 1 SMA-like mice was treated daily
by intrathecal injection of NMDA (5
pmol � g�1) from 1 d of age and compared
with a control population of 25 mutant
mice treated with vehicle (NaCl, 0.9%)
from 1 d of age. The NMDA treatment
significantly extended the type 1 SMA-like
mouse life span that increased from
1.65 	 0.62 to 5 	 1.87 d, representing a
threefold gain of life span ( p � 0.001)
(Fig. 4 I). In addition, during the treat-
ment, SMA-like mice regularly gained
weight until death (Fig. 4 J).

In vivo NMDA treatment enhances SMN protein expression
in the spinal cord of SMA-like mice
Since the cause and the severity of SMA are both related to the
expression level of SMN, we analyzed the impact of NMDAR
activation on the expression profile of SMN in the spinal cord of
the two SMA mouse models. In both strains, the NMDA-induced
increase in SMN protein concentration is clearly evidenced by the
immunoblot analysis performed at the lumbar spinal cord level
(Fig. 5). In type 1 SMA-like mice, a twofold increase in SMN
expression level was observed in NMDA-treated mutant mice
compared with vehicle-treated SMA-like mice, although this level
was lower compared with wild-type controls (Fig. 5A,B). The
NMDA-mediated enhancement of SMN expression was also de-

Figure 4. Effect of NMDA on muscle function, life span, and weight curve in SMA-like mice. A, Picture showing NMDA-treated
type 2 SMA-like mice during a grip test on a metal rod at 12 d of age. B, Grip time of vehicle-, and NMDA-treated type 2 SMA-like
mice compared with vehicle-treated controls (n � 13, n � 11, and n � 15, respectively). C, Behavior of NMDA-treated type 2
SMA-like mice during an open field test at 12 d of age. D, Total number of crossings during 5 min for the NMDA-treated (n � 13)
compared with vehicle-treated type 2 SMA-like mice (n � 11). E, Number of peripheral crossings for the NMDA-treated mice
compared with the vehicle-treated mice. F, Life span of NMDA-treated (n � 30) compared with vehicle-treated type 2 SMA-like
mice (n � 30). G, Phenotype of control mice (Control) compared with vehicle-treated type 2 SMA-like mice (Vehicle SMA) and
NMDA-treated type 2 SMA-like mice (NMDA SMA) at 12 d of age. H, Weight curve in NMDA-treated (n � 20) compared with
vehicle-treated type 2 SMA-like mice (n � 20). I, Life span of NMDA-treated (n � 25) compared with vehicle-treated type 1
SMA-like mice (n � 25). J, Weight curve in NMDA-treated (n � 15) compared with vehicle-treated type 1 SMA-like mice (n � 15)
and vehicle-treated control (n � 15). *p � 0.05; **p � 0.01; ***p � 0.001. Error bars indicate SD.
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tected in controls treated from P1 and analyzed at 6 d of age. In type
2 SMA-like mice, the NMDA-induced SMN expression corre-
sponded to a twofold increase compared with vehicle-treated SMA-
like mice, although this level was lower compared with wild-type

controls (Fig. 5C,D). No significant NMDA effect on SMN expres-
sion could be detected in controls treated from 8 d of age.

To determine whether the increased SMN protein level re-
sulted from an activation of SMN2 gene expression and/or from
a modulation of the exon 7 insertion in the SMN transcripts, we
quantified the fraction of exon 7-containing mRNA inside the
population of SMN transcripts using real-time RT-PCR aimed at
amplifying either the exon 7– exon 8 segment (E7–E8) or the
exon 4 – exon 5 segment (E4 –E5) in the ventral spinal cord of
vehicle- and NMDA-treated type 1 and type 2 SMA-like mice
(Fig. 5E–H). Unexpectedly, the NMDA treatment provided a dif-
ferential effect depending on the SMA type. In type 1 SMA-like
mice, the NMDAR activation induced a twofold increase in
SMN2 gene expression. In contrast, this treatment had no
detectable effect on exon 7 inclusion in SMN transcripts. Con-
versely, in type 2 SMA-like mice, the NMDA treatment, which
had no detectable effect on SMN2 gene transcription, did in-
crease the relative level of exon 7-containing SMN transcripts.
These results were further confirmed by a classic RT-PCR
approach aimed at amplifying the exon 6 – exon 8 segment
(E6 –E8) (Fig. 5G,H ).

The Ca 2� signaling is involved in NMDA-induced SMN
expression in SMA spinal cord
To investigate the molecular pathways that lay downstream the
NMDAR, we developed an in vitro protocol, based on the cocul-
ture of spinal cord explants from severe SMA and control em-
bryos (E10.5) grown on a monolayer of contractile muscle fibers
(muscle cell line MBI) (Cartaud et al., 2004). Approximately 150
neuromuscular junctions per explant could be seen after 20 d of
culture in SMA and control preparations (Fig. 6A,B). The
NMDA treatment of the cocultures induced a strong increase
(fivefold) of SMN protein expression in the SMA explants, after
5 d of treatment by 100 �M NMDA (Fig. 6C,D). To ascertain that
the SMN protein increase was solely attributable to NMDAR
activation, we treated the SMA explants with NMDA in presence
of the NMDAR antagonist MK801 (10 �M). Specific inhibition of
NMDARs blocked the NMDA-mediated increase of SMN ex-
pression. The same effects were observed in control explants al-
beit to a lower range.

Because Ca 2� influx through NMDARs is important in
downstream signaling after synaptic activity (Hardingham et al.,
2001), we explored its role in NMDA-induced increase of SMN
expression in control and SMA explants (Fig. 6C,D). Chelating
extracellular Ca 2� by EGTA completely blocked the NMDA-
induced activation of SMN protein expression in SMA explants.
To evaluate more accurately the role of the Ca 2� influx through
the NMDAR, we analyzed the effects of the cell-permeable Ca 2�

chelator BAPTA-AM. The inhibition of the Ca 2� cell signal abol-
ished the NMDA-induced increase of SMN expression. Similarly,
in control explants, blocking the Ca 2� influx prevented the
NMDA-mediated SMN increase of expression.

Since CaMKII, which is present at excitatory postsynaptic
compartments, transduces Ca 2� signals generated by NMDARs
(Fukunaga et al., 1992), we examined the involvement of CaMKII
in the NMDA-induced increase in SMN expression in SMA spi-
nal cords. We first analyzed the phosphorylation status of
CaMKII in the spinal cord after in vivo NMDAR activation in type
1 (Fig. 6E,F) and type 2 SMA-like mice (Fig. 6G,H). The NMDA
treatment induced a threefold and a twofold increase of the phos-
phorylated form of CaMKII in type 1 and type 2 SMA-like mice,
respectively, compared with vehicle-treated SMA spinal cords. A
NMDA-mediated increase of CaMKII phosphorylation was also

Figure 5. SMN expression in the spinal cord of vehicle- and NMDA-treated SMA-like mice. A,
B, Western blot analysis and quantification of SMN protein expression in the ventral lumbar
spinal cord of control mice at 6 d of age, vehicle type 1 SMA-like mice at 2 d of age, and
NMDA-treated type 1 SMA-like mice at 6 d of age (n � 3). C, D, Western blot analysis and
quantification of SMN protein expression in the ventral lumbar spinal cord of control mice,
vehicle- and NMDA-treated type 2 SMA-like mice at 12 d of age (n � 4). E, F, Quantification by
real-time RT-PCR of exon 7– exon 8 (E7–E8) segment-containing SMN transcripts normalized
to 18S transcripts in the ventral lumbar spinal cord of vehicle type 1 and type 2 SMA-like mice at
2 and 12 d of age, respectively, and of NMDA-treated type 1 and type 2 SMA-like mice at 6 and
12 d of age, respectively (E). Quantification by real-time RT-PCR of exon 7– exon 8 (E7–E8)
segment-containing SMN transcripts normalized to exon 4 – exon 5 (E4 –E5) segment-
containing SMN transcripts in the ventral lumbar spinal cord of vehicle type 1 and type 2 SMA-
like mice at 2 and 12 d of age, respectively, and of NMDA-treated type 1 and type 2 SMA-like
mice at 6 and 12 d of age, respectively (F ). G, RT-PCR analysis of SMN full-length tran-
scripts (SMN FL, 392 nt) and SMN transcripts lacking exon 7 (SMN�7, 338 nt) in the ventral
lumbar spinal cord of vehicle type 1 SMA-like mice at 2 d of age and NMDA-treated type 1
SMA-like mice at 6 d of age. H, RT-PCR analysis of SMN full-length transcripts (SMN FL, 392
nt) and SMN transcripts lacking exon 7 (SMN�7, 338 nt) in the ventral lumbar spinal cord
of vehicle- and NMDA-treated type 2 SMA-like mice at 12 d of age. *p � 0.05; **p � 0.01.
Error bars indicate SD.
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observed in control spinal cord. We next analyzed the effects of
the specific inhibition of CaMKII activity by KN-93 (10 �M) in
cocultures from SMA spinal cords. We found that inhibition of
CaMKII blocked the NMDA-induced increase of SMN expres-
sion in SMA explants (Fig. 6 I, J).

Ca 2�/calmodulin signaling is therefore an essential require-
ment for triggering NMDA-dependent SMN expression activa-
tion in SMA spinal cords.

The phosphatidylinositol 3-kinase–AKT pathway, but not the
MAPK–ERK pathway, mediates SMN expression evoked by
NMDAR activation in SMA spinal cord
Among the potential prosurvival pathways triggered by NMDAR
activity, the PI3K–AKT kinase cascade is one of the most reported

signaling pathway in a number of neuro-
nal cells (Brunet et al., 2001; Lafon-Cazal
et al., 2002). In addition, PI3K can be ac-
tivated in a Ca 2�-dependent manner by
CaMKII (Sutton and Chandler, 2002).
We then questioned whether the PI3K/
AKT signaling pathway is involved in the
NMDA-induced increase of SMN protein
expression. We first analyzed the phos-
phorylation status of the AKT kinase, a
key target of PI3K, implicated as the trans-
ducer of PI3K-dependent survival signals
(Franke et al., 1997). Interestingly, the
state of AKT phosphorylation was consis-
tently lower in the spinal cord of type 1
(Fig. 7A,B) and type 2 (Fig. 7C,D) SMA-
like mice, compared with control. The in
vivo NMDA treatment of the spinal cord
of type 1 and type 2 SMA-like mice in-
creased the phosphorylation of AKT by
more than twofold. Accordingly, the p-
AKT/total AKT ratio increased after the
NMDA treatment compared with vehicle-
treated SMA-like mice, reflecting an
increase in the activity level of AKT. Pre-
treatment of the cocultures with LY294002
(10 �M), a selective inhibitor of PI3K,
completely blocked the NMDA-induced
increase of SMN expression, thus dem-
onstrating that NMDA-induced SMN
expression in SMA spinal cord is PI3K/
AKT dependent (Fig. 7 E, F ).

Since the MAPK–ERK pathway has
also been implicated in the survival of
neuronal cells (Xia et al., 1995; Hetman
et al., 1999) and is a target for active
CaMKII (Chandler et al., 2001), we ex-
amined whether the in vivo NMDA
treatment led to ERK1/2 activation in
the spinal cord of type 1 and type 2
SMA-like mice. Western blot analysis
using both a phospho (Thr 202/Tyr 204)-
and a dephospho-specific P 44/42 MAPK
antibody showed that NMDA treatment
was unlikely to activate ERK in SMA spi-
nal cords (Fig. 7G–J ). Accordingly, pre-
treatment of the cocultures with the
MEK inhibitor U0126 (10 �M), which sig-
nificantly inhibited ERK1/2 activation, had
no detectable effect on NMDA-induced

SMN expression in SMA explants (Fig. 7K,L).

NMDA treatment stimulates CREB phosphorylation in SMA
spinal cord
A key mediator of activity-dependent gene transcription is the
transcription factor CREB, which binds to the cAMP response
element (CRE) (Lonze and Ginty, 2002). CRE-dependent gene
expression is strongly induced by synaptic NMDAR activity
(Hardingham et al., 2002). Interestingly, several CRE sites have
been identified in the Smn promoter (Monani et al., 1999), and
CRE was shown to function as positive regulator of SMN expres-
sion in vitro (Majumder et al., 2004). Therefore, we tested
whether in vivo and in vitro activation of NMDARs triggered

Figure 6. Evaluation of the role of the Ca 2� signaling in NMDA-induced SMN expression in SMA spinal cord and SMA
explants. A, B, Labeling of neuromuscular junctions with �-bungarotoxin, anti-neurofilament, and anti-synaptophysin
antibodies in control (A) and SMA (B) spinal cord explants showing similar structures. Scale bar, 20 �m. C, D, Western blot
analysis and quantification of SMN protein expression in control and SMA spinal cord explants in presence or not of NMDA,
MK801, and calcium chelators EGTA and BAPTA-AM (n � 3). E, F, Western blot analysis and quantification of CaMKII
protein phosphorylation in the ventral lumbar spinal cord of control mice at 6 d of age, of vehicle type 1 SMA-like mice at
2 d of age, and NMDA-treated type 1 SMA-like mice at 6 d of age (n � 3). G, H, Western blot analysis and quantification of
CaMKII protein phosphorylation in the ventral lumbar spinal cord of control mice, vehicle- and NMDA-treated type 2
SMA-like mice at 12 d of age (n � 3). I, J, Western blot analysis and quantification of SMN protein expression in SMA spinal
cord explants in presence or not of NMDA and CaMKII inhibitor KN-93 (n � 3). *p � 0.05. Error bars indicate SD.
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phosphorylation of CREB in type 1 and
type 2 SMA-like mice and in coculture
with SMA explants (Fig. 8). Immunoblot-
ting with an antibody that specifically rec-
ognizes CREB phosphorylation at Ser 133

revealed that the NMDAR activation re-
sulted in a more than twofold increase in
CREB phosphorylation in type 1 (Fig.
8A,B) and type 2 (Fig. 8C,D) SMA-like
mice compared with vehicle-treated
SMA-like mice. NMDA-induced phos-
phorylation of CREB was inhibited when
SMA explants were incubated with MK801,
with the Ca2� chelator BAPTA-AM, with
the PI3K inhibitor LY294002, or with the
CaMKII inhibitor KN-93, but not with the
ERK inhibitor U0126 (Fig. 8E,F).

Discussion
As evidenced by the activity-dependent
development of neurons within several
regions of the nervous system (Crair and
Malenka, 1995; Kirkwood and Bear,
1995), motor neurons undergo NMDAR-
mediated molecular and morphologic de-
velopment during the critical period of early
postnatal life (Kalb and Hockfield, 1992;
Kalb, 1994). We reported here that, in addi-
tion to its strictly neuronal effect, the
NMDA-mediated acceleration of motor
neuron development is directly involved
in the whole motor unit development, in-
cluding the promotion of the skeletal
muscle maturation. These data are partic-
ularly relevant in the specific context of
SMA, since accumulating data in patients
(Martínez-Hernández et al., 2009) and in
SMA mouse models (Biondi et al., 2008;
Kariya et al., 2008; Kong et al., 2009) have
revealed developmental defects with a
particular impact of the postnatal matura-
tion of the motor unit. Indeed, although
no obvious difference in the development
schedule was observed in the motor units of
type 1 SMA-like mice at birth (McGovern
et al., 2008), a significant delay was observed thereafter in the
same strain (Kariya et al., 2008). A poor activity of the motor unit
as seen in SMA might interfere with the postnatal maturation,
worsening the effects of the lack of SMN. A treatment with a toxic
dose of NMDA (25 pmol � g�1) still accelerated motor unit post-
natal maturation, but was unable to enhance SMN expression
and to alleviate disease symptoms in type 2 SMA-like mice (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material). These results are likely attributable to the promotion of
apoptotic pathways, as seen by analysis of the caspase 3 pattern of
activation and to the inhibition of prosurvival pathways, as seen
by the downregulation of AKT phosphorylation in the spinal
cord of toxic NMDA dose-treated mice (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). Never-
theless, these results suggest that SMN is not directly involved the
NMDA-induced promotion of motor unit development.

The present study reports for the first time that the in vivo and
direct activation of the NMDARs can efficiently protect motor

neurons from death in SMA mouse model spinal cord. These data
are consistent with previous studies showing neuroprotective ef-
fects of low doses of NMDA in the embryonic brain and spinal
cord (Kalb and Hockfield, 1992; Kalb, 1994; Ikonomidou et al.,
1999, 2000; Hardingham and Bading, 2003). The NMDA-
induced promotion of motor neuron survival in SMA spinal cord
likely occurs through the activation of the predominantly anti-
apoptotic PI3K/AKT pathway. Importantly, we have observed a
decrease in the phosphorylated-active form of AKT and in one of
its main target protein CREB in SMA spinal cord from both type
1 and type 2 SMA-like mice. Consequently, the beneficial effects
of the NMDA treatment for SMA-like mice might be also related
to an activation of the AKT/CREB prosurvival cascade, which
likely counteracts the caspase cascade activation and the motor
neuron death as found in the spinal cord of NMDA-treated type
2 SMA-like mice. This hypothesis is consistent with the fact that,
under higher activation of the spinal NMDARs, the pattern of
AKT activation was comparable with those of the vehicle SMA-
like mice, and the neuroprotective potential of NMDAR activa-

Figure 7. Evaluation of AKT and ERK phosphorylation in NMDA-induced SMN expression in SMA spinal cord and SMA explants.
A, B, Western blot analysis and quantification of AKT protein phosphorylation in the ventral lumbar spinal cord of control mice at
6 d of age, of vehicle type 1 SMA-like mice at 2 d of age, and NMDA-treated type 1 SMA-like mice at 6 d of age (n � 3). C, D, Western
blot analysis and quantification of AKT protein phosphorylation in the ventral lumbar spinal cord of control mice, vehicle- and
NMDA-treated type 2 SMA-like mice at 12 d of age (n�3). E, F, Western blot analysis and quantification of SMN protein expression
in the control and SMA spinal cord explants in presence or not of NMDA and PI3K inhibitor LY294002 (n � 3). G, H, Western blot
analysis and quantification of ERK protein phosphorylation in the ventral lumbar spinal cord of control mice at 6 d of age, of vehicle
type 1 SMA-like mice at 2 d of age, and NMDA-treated type 1 SMA-like mice at 6 d of age (n � 3). I, J, Western blot analysis and
quantification of ERK protein phosphorylation in the ventral lumbar spinal cord of control mice, vehicle- and NMDA-treated type 2
SMA-like mice at 12 d of age (n � 3). K, L, Western blot analysis and quantification of SMN protein expression in SMA spinal cord
explants in presence or not of NMDA and ERK inhibitor U0126 (n � 3). *p � 0.05. Error bars indicate SD.
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tion was lost (supplemental Fig. 3, available at www.jneurosci.org
as supplemental material). In all likelihood, our study further
substantiates the concept that in vivo NMDAR activation might
have two opposite effects on motor neuron survival, depending
of the level of its activation. Indeed, although low NMDAR acti-
vation triggered AKT phosphorylation in SMA spinal cord, cor-

relating with a significant decrease of caspase activation, a
treatment with a toxic dose of NMDA decreased AKT phosphor-
ylation, resulting in the promotion of motor neuron death (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material). A dose effect in the physiology of the NMDAR has been
previously reported in cultured cortical neurons on the basis of
the pattern of CREB phosphorylation (Lee et al., 2005). There-
fore, taking into account this biphasic effect in which both the
near absence of and the excessive NMDAR activation could be
harmful, an appropriately dosed NMDA treatment of SMA spi-
nal cord might reinitiate a beneficial NMDAR signaling for mo-
tor neurons, without reaching a level that could induce neuron
apoptosis.

In addition, we report here a complete in vivo characterization
of an intracellular pathway activated downstream the NMDARs
in the ventral spinal cord and leading to the activation of SMN2
gene expression. We have found that the Ca 2�-dependent acti-
vation of the PI3K/AKT signaling pathway, but not the ras/
MAPK pathway, leads to the NMDA-induced phosphorylation of
CREB and then to the increased SMN gene expression in the
ventral spinal cord of type 1 SMA-like mice. These results con-
trast with the chain of events in cultured cortical neurons, in
which the NMDA-mediated activation of CREB depends on ERK
activation (Lee et al., 2005), suggesting a cell specificity in the
activation of signaling pathways downstream the NMDAR. The
Ca 2� influx through the low-activated NMDARs regulates
CaMKII, which activation proved to be essential for NMDA-
induced SMN2 gene activation of expression. Indeed, a toxic
NMDA dose does reduce CaMKII activity (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material), sug-
gesting that CaMKII might determine which NMDAR-mediated
cellular response will occur, either apoptosis or survival. These
results account for those reported in cultured rat hippocampal
cells in which a treatment with toxic doses of NMDA induced a
reduction of CaMKII activation (Morioka et al., 1995). Interest-
ingly for SMA, in addition to its kinase activity, CaMKII is also
known to directly bind with actin and to induce the actin cy-
toskeleton reorganization in cultured neurons (Shi and Ethell,
2006), leading to the control of filipodia extension and branching
as well as the control of the number of synapses (Fink et al., 2003).
Thus, in the spinal cord of NMDA-treated SMA-like mouse
models, activated CaMKII may stabilize motor neuron cytoskel-
eton, thus participating in the maintenance of the motor units.

Finally, the NMDA treatment led to a remarkable increase of
SMN protein rate in SMA spinal cord. Interestingly, depending
on the SMA-like mouse strain, the NMDAR activation resulted in
either a strictly transcriptional (type 1 SMA-like mice) or a
strictly posttranscriptional (type 2 SMA-like mice) effect on SMN
expression. This difference in NMDA effects may be related to the
characteristics of the SMN2 transgene used in each mouse model
[i.e., a transgene containing only the human SMN2 gene in type 1
SMA-like mice (Monani et al., 2000) or a transgene including the
human SMN2 gene and the neighboring genes in the type 2 SMA-
like mice (Hsieh-Li et al., 2000)]. It could be speculated that, since
alternative splicing is sometimes coupled with transcription rate
(Allemand et al., 2008), the genomic context may contribute to
the differential effects observed after NMDA treatment in each
model. Alternatively, the differential effect of NMDA might be
attributable to the time course of NMDA administration, imme-
diately after birth or from 8 d of age, in type 1 and type 2 SMA-like
mice, respectively. This hypothesis accounts for the developmen-
tal regulation of Smn gene expression (Germain-Desprez et al.,
2001; Gabanella et al., 2005), substantiating the idea that different

Figure 8. Evaluation of CREB phosphorylation in NMDA-induced SMN expression in SMA
spinal cord and SMA explants. A, B, Western blot analysis and quantification of CREB protein
phosphorylation in the ventral lumbar spinal cord of control mice at 6 d of age, of vehicle type 1
SMA-like mice at 2 d of age, and NMDA-treated type 1 SMA-like mice at 6 d of age (n � 3). C, D,
Western blot analysis and quantification of CREB protein phosphorylation in the ventral lumbar
spinal cord of control mice, vehicle- and NMDA-treated type 2 SMA-like mice at 12 d of age (n �
3). E, F, Western blot analysis and quantification of CREB protein phosphorylation in the control
and SMA spinal cord explants in presence or not of NMDA, MK801, BAPTA-AM, PI3K inhibitor
LY294002, CaMKII inhibitor KN-93, and ERK inhibitor U0126 (n � 3). *p � 0.05. Error bars
indicate SD.
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molecular mechanisms, including trans-acting factors or cis-
acting events, would be functional at specific time intervals dur-
ing the postnatal maturation of motor neurons. In this context,
on the basis of the present data, CREB might represent a key
protein for the modulation of SMN2 gene transcription in neo-
natal SMA spinal cord. Indeed, activated at birth by the NMDA
treatment, CREB might bind to the SMN2 gene promoter, which
harbors two functional CRE sites considered essential for Smn
gene transactivation (Majumder et al., 2004). The molecular ba-
sis of the time-dependent NMDA-induced SMN2 transgene ex-
pression remains to be investigated. Furthermore, additional
identification of the molecular mechanisms that are triggered by
NMDAR activation and result in the promotion of exon 7 inclu-
sion in SMN transcripts opens the way to develop new therapeu-
tic strategy for SMA. It should be noted that, in this context, the
NMDA treatment mimics the effects of a running-based training
in the same SMA-like mouse strain (Grondard et al., 2005), sug-
gesting the activation of common intracellular mechanisms in
electrically stimulated motor neurons.

Together, all these results indicate that the adequate activation
of the NMDARs in the SMA mouse spinal cord could be consid-
ered as an efficient means of promoting SMN gene expression,
leading to an increase in survival and in motor capacities. Impor-
tantly, the beneficial effects of the NMDA treatment was observed
in two different SMA mouse models, which were differently en-
gineered in terms of Smn gene invalidation (exon 2 or exon 7
targeted in type 1 and type 2 SMA-like mice, respectively) and of
SMN2 transgene (only SMN2 or a larger genomic region in type
1 and type 2 SMA-like mice, respectively) (Hsieh-Li et al., 2000;
Monani et al., 2000). Needless to say, the transposition of our
results collected in animal models to human patients is beyond
the scope of this study. The determination of the nociceptive
threshold and the efficient doses of NMDA constitute an ab-
solute preliminary requirement conditioning the use of
NMDA or NMDA receptor agonists in human SMA patients.
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