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Development/Plasticity/Repair

Exercise-Induced Activation of NMDA Receptor Promotes
Motor Unit Development and Survival in a Type 2 Spinal
Muscular Atrophy Model Mouse

Olivier Biondi,' Clément Grondard,' Sylvie Lécolle,' Séverine Deforges,' Claude Pariset,' Philippe Lopes,'

Carmen Cifuentes-Diaz,> Hung Li,> Bruno della Gaspera,' Christophe Chanoine,' and Frédéric Charbonnier!

"Equipe Biologie du Développement et de la Différenciation Neuromusculaire, Laboratoire de Neurobiologie des Réseaux Sensorimoteurs, Centre
Universitaire des Saints-Peres, Université Paris Descartes, Unité Mixte de Recherche 7060, Centre National de la Recherche Scientifique, F-75270 Paris
Cedex 06, France, 2INSERM, U839, Institut du Fer a Moulin, 75005 Paris, France, and *Institute of Molecular Biology, Academia Sinica, Nankang, Taipei
115, Taiwan

Spinal muscular atrophy (SMA) is an inborn neuromuscular disorder caused by low levels of survival motor neuron protein, and for
which no efficient therapy exists. Here, we show that the slower rate of postnatal motor-unit maturation observed in type 2 SMA-like mice
is correlated with the motor neuron death. Physical exercise delays motor neuron death and leads to an increase in the postnatal
maturation rate of the motor-units. Furthermore, exercise is capable of specifically enhancing the expression of the gene encoding the
major activating subunit of the NMDA receptor in motor neurons, namely the NR2A subunit, which is dramatically downregulated in the
spinal cord of type 2 SMA-like mice. Accordingly, inhibiting NMDA-receptor activity abolishes the exercise-induced effects on muscle
development, motor neuron protection and life span gain. Thus, restoring NMDA-receptor function could be a promising therapeutic

approach to SMA treatment.
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Introduction

Spinal muscular atrophy (SMA) is a neurodegenerative disease
characterized by the loss of spinal cord motor neurons. No effi-
cient therapy is presently available for SMA, which represents a
common genetic cause of death in childhood. SMA can be clas-
sified into three types on the basis of the age of onset, time course
and range of motor function loss. Deletion or mutation of the
telomeric copy of the survival-of-motor-neuron (SMN) gene
(Smnl) causes SMA (Hahnen et al., 1995; Lefebvre et al., 1995;
Rodrigues et al., 1995). The expression of SMN protein encoded
by a centromeric copy of the Smn gene (Smn2) only partially
compensates for the lack of Smn1 function. Indeed, the predom-
inant SMN protein isoform encoded by Smn2lacks its C terminus
because of the alternative splicing of exon 7 (Lorson et al., 1999;
Monani et al., 1999), which results in a protein that cannot oli-
gomerize efficiently (Lorson et al., 1998) and becomes degraded
(Lorson and Androphy, 2000). Knocking out the single copy
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Mouse Smn gene causes developmental arrest and embryonic
death (Schrank et al., 1997). Introduction of human Smn2 trans-
genes on either a Smn null background (Monani et al., 2000) or
on a Smn-delta7 background (Hsieh-Li et al., 2000; Le et al.,
2005) rescues the embryonic lethal phenotype and results in mice
with severe SMA.

One well documented role of the SMN protein is linked to the
assembly of small nuclear ribonucleoproteins (snRNPs), the es-
sential components of the pre-mRNA splicing machinery (Meis-
ter etal., 2001; Yong et al., 2004; Wan et al., 2005), suggesting that
SMA might originate from an alteration of the transcriptome. To
this respect, the SMN deficiency induced alteration of a mecha-
nism that is essential for the motor neuron development has
recently emerged as an hypothesis to explain some cellular as-
pects of SMA, notably during the postnatal period (Fan and Si-
mard, 2002; Gabanella et al., 2005). First, SMN is found in motor
axons of normal and SMA-like mice in vitro (Fan and Simard,
2002; Sharma et al., 2005; Zhang et al., 2006). Second, the knock-
down of SMN in zebrafish led to cell-autonomous axonal defects
(McWhorter etal., 2003). Yet, the activity-dependent maturation
of motor neurons is dependent on the activation of the NMDA
receptor by L-glutamate, the major excitatory neurotransmitter
in the mammalian CNS (Kalb and Hockfield, 1992; Kalb, 1994).
Interestingly, the activation of the NMDA receptor induces a
significant increase in SMN levels and gem number in neurons
(Andreassi et al., 2002).

We have previously evaluated the running-based training ef-
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ficiency on a type 2 SMA-like mouse model (Grondard et al.,
2005). The results have shown a gain in motor function and life
span for type 2 SMA-like mice. Exercise leads to an increase in
exon7-containing SMN transcripts. In the present study, we per-
formed a complete analysis of all parts of the motor units in trained
versus untrained type 2 SMA-like mice and we provide experimental
data that strongly substantiate the hypothesis of a direct relationship
between the maturation state of the motor units and the resistance to
neuronal cell death. Most importantly, we report here that the
exercise-induced neuroprotection in SMA-like mice results from the
trigger of NMDA signaling pathway.

Materials and Methods

Mice. The knock-out transgenic SMA-like mice (SmnA7+/+ Smn2)
were obtained from the Institute of Molecular Biology (Academia Sinica,
Taipei, Taiwan). These mice derive from the Smn2 transgenic line 2 from
Hsieh-Li et al. (2000), which carry two Smn2 transgene copies as origi-
nally determined by Southern blots (Hsieh-Li et al., 2000; Tsai et al.,
2006). These mice were subsequently purified in an FVB/NR] (Janvier, Le
Genest-St-Isle, France) genetic background (10 generations). Heterozy-
gous Smn knock-out (SmnA7+/—) mice were bred with heterozygous
transgenic-knock-out (SmnA7+/— Smn2) mice. The offspring were
genotyped by PCR assay of DNA obtained from tail tissue, as described
previously (Hsieh-Li et al., 2000), and SMA-like mice were classified as
type 1,2, or 3 at 9 d of age based on their phenotype, particularly on their
age of survival (Hsieh-Li et al., 2000). Breeder mice that gave only type 2
SMA-like mice in their progeny were selected for this study. To standard-
ize the type 2 phenotype, mutant mice with a weight ranging from3to4 g
at 9 d of age were used for this study (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material). Other mutant mice were
used to check that the life span did not exceed 3 weeks. To further con-
firm the phenotype of the type 2 SMA-like mice, the amount of full-
length SMN transcript in the spinal cord was systematically evaluated at
the end of each experiment (9 or 12 d of age), as reported previously
(Grondard et al., 2005). An untrained group (n = 47) and a trained
group (n = 68) of type 2 SMA-like mice were randomly constituted in a
blind systematic manner to minimize bias. The control mice were het-
erozygous knock-out for Smn with the human Smn2 transgene (Smn+/
—Smn2; n = 66). The care and treatment of animals followed the na-
tional authority (Ministere de la Recherche et de la Technologie, Paris,
France) guidelines for the detention, use and the ethical treatment of
laboratory animals.

To evaluate the role of NMDA receptor in exercise-induced neuropro-
tection, P9 neonatal mice were injected subcutaneously with 0.25 mg/kg
(+)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine
hydrogen maleate (MK-801) in 0.9% NaCl (Sigma, Saint Quentin Falla-
vier, France).

Training protocol. Exercise was performed in an elastomer-covered
wheel with a controlled speed essentially as described previously (Grond-
ard et al., 2005). The protocol was started at 9 d of age. The mice were
progressively accustomed to wheel training for a period of 2 d (first day,
four periods of 5 min running separated by rest periods of 30 min; second
day, two periods of 10 min running separated by a rest period of 30 min).
Then, the mice were continuously trained, individually for 20 min/d. The
speed was fixed at 2 m min ~ ! for the first 2 d and then progressively
increased by 1 m min ~! per training day. The MK-801-treated mice did
not show evidence of any motor behavior worsening and were thus
trained exactly as described above.

Histological and immunohistochemical analysis. Dissected spinal cord
were directly frozen in isopentane cooled in liquid nitrogen (—140°C)
and then the lumbar region (between L1 and L5) was selectively cut on a
cryostat microtome. Two hundred serial 14-um-thick cross sections of
the lumbar spinal cords were performed (2800 wm total length), among
which one of every five sections (40 sections examined) was processed for
immunohistochemical analysis. Tissue sections were fixed with 2% para-
formaldehyde/0.1 M sodium phosphate buffer, pH 7.2, for 20 min, rinsed,
and incubated for 1 h at room temperature in a blocking solution [7%
normal donkey serum with 0.3% Triton X-100 in Tris buffer solution
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(TBS)]. Incubations in the primary antiserums, namely anti-NR2A (1:
300; Upstate Biotechnology, Euromedex, Mundosheim, France), anti-
NRI1 (1:100; Millipore, Temecula, CA), anti-5-HT2AR (1:200; PharMin-
gen, Le-Pont-de-Claix, France), and anti-L-type calcium channel (alc
subunit) (1:200; Sigma, St. Louis, MO) were performed during 3 d at 4°C.
To stain motor neurons, immunodetection of choline acetyltransferase
(ChAT) (polyclonal goat anti-ChAT; 1:200; Millipore) was performed in
single- or double-labeling analysis. Sections were washed between each
subsequent step with 0.3% Triton X-100 in TBS. Sections were subse-
quently incubated with an Alexa Fluor 568 donkey anti-goat Ig or an
Alexa Fluor 488 donkey anti-rabbit IgG (1:400; Invitrogen, Carlsbad,
CA) 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 (Vector Laboratories, Burlingame, CA). The staining specificity
was checked in control incubations performed in the absence of the
primary antibody.

For the apoptosis evaluation in the spinal cord, the apoptotic nuclei
were observed after terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) staining, as described previously
(Grondard et al., 2005).

For motor end-plate labeling, whole-mount preparations of muscle
fibers were stained using Alexa Fluor 568-conjugated a-bungarotoxin (4
mg/mlin PBS with 4% bovine serum albumin). Presynaptic motor nerve
terminals were stained with monoclonal antibody directed against the
145 kDa isoform of neurofilament protein (NF-M; 1:200; NN18, Milli-
pore). 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. To compare neuromuscular junction (NMJ) matu-
ration between fast and slow muscle fibers, a-bungarotoxin-labeled
whole-mount preparations of muscle were analyzed for succinate dehy-
drogenase activity, as described previously (Pool et al., 1979).

For muscle typology, cryostat sections were incubated with mouse
monoclonal antibodies against myosin heavy chains (MyHCs) reacting
either with (1) slow type I (NCL-MHCS; Novocastra, Newcastle, UK),
(2) all fast epitopes (NCL-MHCEF), (3) fast type ITIA (SC71), (4) fast type
IIB (BF-F3), and (5) embryonic (F1.652; from Helen M. Blau, Stanford
University, Stanford, CA) and (6) neonatal MHC isoforms (N3.36; from
Helen M. Blau) at a dilution of 1:20 for 1 h at room temperature, washed
three times in PBS containing 0.1% Tween 20 (PBST). Sections were then
incubated at room temperature with a rabbit anti-mouse Ig conjugated
with fluorescein isothiocyanate (1:20; Sigma) for 1 h. After washing with
PBST, sections were mounted in Vectashield mounting medium (Vector
Laboratories). The proportion of fiber IIX was determined as the differ-
ence between the total number of type II fibers and the number of fibers
TIA plus IIB.

For muscle-fiber cross-sectional analysis, frozen soleus, plantaris, and
tibialis muscles from mice at 9 and 12 d of age were collected and sec-
tioned into 10-um-thick cryostat sections. Muscle sections were stained
with hematoxylin and eosin, dehydrated through an ethanol gradient
(70, 90, and 100%), and mounted in Eukitt (VWR International, Stras-
bourg, France).

Retrograde labeling of motor neurons projecting in soleus, plantaris, and
tibialis muscles. Nine-day-old mice were anesthetized with halothane
(Belamont; Mundipharma SAS, Boulogne Billancourt, France). A total
volume of 50 nl of fluorogold (Fluorochrome, Denver, CO) in PBS was
injected in three different parts of each muscle (median, proximal, and
distal) using an oil-based microinjector (Nanoject; Drummond Scien-
tific, Broomall, PA) as described previously (Grondard et al., 2005). At
12 d of age, mice were perfused and processed for histological analysis.

In situ hybridization. To detect mRNAs for NMDA-receptor subunits,
antisense oligonucleotide probes were synthesized as reported previously
(Oshima et al., 2002; Fukaya et al., 2005): oligoNR3b-1, oligoNR3b-3,
and oligoNR3b-4 for NR3B cDNA, oligo-{1Ex11 for NR1 cDNA, oligo-
e1L for NR2A ¢DNA, oligo-£2L for NR2B ¢DNA, oligo-£3L for NR2C
¢DNA, and oligo-g4L for NR2D ¢DNA. Under deep chloral hydrate
anesthesia, the spinal cord was obtained from 12-d-old SMA-like mice.
Frozen sections (14 um thickness) were mounted on glass slides coated
with 3-aminopropyltriethoxysilane. Probe labeling and hybridization
were performed exactly as described previously (Vassias et al., 2005).
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Sections were exposed to Nuclear Track emulsion (NTB-2; Kodak, Roch-
ester, NY) for 8 weeks. Emulsion-dipped sections were stained with to-
luidine blue.

Real-time reverse transcription-PCR analysis. RNA isolation and re-
verse transcription (RT) were performed as described previously
(Grondard et al., 2005). The real-time RT-PCR were performed using an
ABI Prism 7700 (Applied Biosystems, Courtaboeuf, France) and the follow-
ing forward and reverse primers: NR2A, forward, 5'-AGCCCCC-
TTCGTCATCGTAGA-3', reverse, 5'-ACCCCTTGCAGCACTTCTTCAC-
3'; GAPDH, forward, 5-TCCTGCACCACCAACTGCTTAGCC-3/,
reverse, 5'-TAGCCCAAGATGCCCTTCAGTGGG-3"). PCR conditions
and sample value comparisons using the relative Ct (cycle threshold)
method were described previously (Grondard et al., 2005).

Microscopy. All immunofluorescence and ISH images, except L-type
calcium-channel-labeled sections and double-labeled NMJ images, were
collected with a CCD camera (Retiga 2000R Fast, Cooled Mono 12 bit;
QImaging Burnaby, British Columbia, Canada) mounted on an Olym-
pus (Tokyo, Japan) microscope (BX51) using the Image Pro-Plus version
6.0 software (MediaCybernetics, Bethesda, MD) with 40X (4X Olympus
objective UPlan FL N 0.13), 100X (10X Olympus objective UPlan FL N
0.3), 200X (20X Olympus objective FL N 0.5), 400X (40X Olympus
objective UPlan FL N 0.75), 600X (60X Olympus objective UPlanS Apo
1.35 oil), and 1000X (100X Olympus objective UPlanS Apo 1.4 oil)
magnifications. The L-type calcium-channel-labeled sections were ex-
amined with a Zeiss (Oberkochen, Germany) LSM 510 Meta confocal
microscope at 100X Zeiss objective (UPlanS Apo 1.4 oil). Double-
labeled NM]J images were collected with a Nikon (Tokyo, Japan) 3D
TE2000E microscope equipped with a CoolSnap HQ2 CCD camera
(Roper Instruments, Tucson, AZ) with a 100X Nikon objective (Plan-
Apo numerical aperture, 1.4 oil).

Images measurements. For spinal cord immunofluorescence images, all
cells were counted within the ventral horn of the lumbar spinal cord
(L1-L5) below an arbitrary horizontal line drawn from the central canal.
L-type calcium channel confocal images were analyzed with Zeiss LSM 5
Image Examiner software. TUNEL-positive cells were counted in 30 sec-
tions of the lumbar spinal cord of each mouse. These counts were then
compared with the total number of nuclei determined after DAPI stain-
ing. Approximately 150 neuromuscular junctions were counted for each
mouse in any given muscle. Images of double-labeled NMJs were pro-
cessed by three-dimensional deconvolution using the AutoDeblur and
Visualize version X1.4 software (MediaCybernetics). Muscle immuno-
fluorescence images were assembled using Photoshop version 7.0 (Adobe
Systems, San Jose, CA). The highest number of myofibers per muscle
section was retained for statistical analysis.

All counts were performed using NTH Image] software version 1.37. Color
images were tinted using Image Pro-Plus software, where identical bright-
ness, contrast, and color balance adjustments were applied to all groups.

Statistical analysis. All values are presented as means and SD within
each group (Systat version 8.0; SPSS, Chicago, IL). A Kolmogorov—Smir-
nov normal distribution analysis was performed on all data followed by
either a Student’s ¢ test for normally distributed data or a nonparametric
Kruskal-Wallis test, to verify significant differences between groups. Sur-
vival analysis was performed using Kaplan—Meier analysis. For statistical
evaluation of motor neuron number, identified by ChAT immunoreac-
tivity, the number of cells present in each ventral horn of the L1-L5 spinal
cord was counted and corrected according to the method of Abercrom-
bie (1946), which compensates for double counting in adjacent sections.

Results

Comparative analysis of the skeletal-muscle development in
trained and sedentary SMA-like mice

Type 2 SMA-like mice (n = 26) were submitted to a regular
exercise protocol, which consisted of a forced run in a wheel.
Based on the ratio between embryonic and neonatal fibers, and
the relative persistence of type I fibers in fast-twitch muscles (Fig.
1f, supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material), we showed a dramatic change in fiber-type
distribution in the untrained type 2 SMA-like mice compared
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with controls (Fig. 1g,h). Furthermore, the muscular maturation
between 9 and 12 d of age of the two extensor muscles (i.e., the
soleus and the plantaris) proved to be abolished in SMA as dem-
onstrated by the absence of neonatal fiber gain (31.5% in the
soleus and 70% in the plantaris at 9 and 12 d of age, respectively).
Comparatively, in controls, the proportion of neonatal fibers in-
creased from 41 to 46.4% in the soleus and from 82.2 to 88% in
the plantaris during the same period. The flexor tibialis was less
affected by SMA compared with the two extensors. Despite the
proportion of neonatal fibers being lower compared with the
corresponding control muscles [64.6% in SMA vs 75.9% in con-
trol and 84.9% in SMA vs 93.8% in controls, at 9 ( p < 0.01) and
12 (p < 0.05) d, respectively], a significant increase in the per-
centage of neonatal fibers was evidenced in the tibialis of SMA-
like mice between 9 and 12 d ( p < 0.01). Thus, the range of the
SMA-induced effect was muscle-specific. Interestingly, in con-
trols, the maturation in the tibialis proved to be more advanced
than in the two extensor muscles, soleus and plantaris.

The exercise program partially corrects the typology of the
three muscles in type 2 SMA-like mice, as witnessed by the de-
crease in the number of embryonic fibers in trained muscles. In
addition to this effect, physical exercise also alters the adult mus-
cle typology in the SMA models. For the fast-twitch muscles plan-
taris and tibialis, the maintenance of the percentage of type I fiber
percentage over control values contrasts with a return to normal
values for type I1A, IIX, and IIB fiber-relative numbers (Fig. 1h).
These last results demonstrate the training-induced acceleration
of the adult phenotype acquisition. For the slow-twitch soleus,
training increases the ratio of type I to type II fibers. This transi-
tion to a slower phenotype is generally observed in healthy adult
muscles, submitted to endurance training (Pette and Staron,
1997). Surprisingly, neither an exercise-induced acceleration of
the muscle maturation nor an exercise-induced change in the
adult MyHC isoform expressing myofiber proportion was ob-
served in control muscles.

Comparative analysis of the neuromuscular junction
structure in trained and sedentary SMA-like mice

To ensure an accurate description of the motor unit developmen-
tal pattern in trained versus untrained type 2 SMA-like mice, we
have analyzed the structure of the neuromuscular junctions
(NMJ) during the postnatal period (Fig. 2). The changes in the
synapse shape were determined for innervated NM]J using
a-bungarotoxin staining of the three muscles. Up to 63% of the
NMJ were elliptical, made of uniform plaques of acetylcholine
receptors (AChRs) in the two extensors muscles of the sedentary
type 2 SMA-like mice at 12 d of age. Only 28% of immature NM]J
were found in control muscles ( p < 0.001) (Fig. 2e), regardless of
slow or fast type muscle fibers (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). In contrast, in the
flexor tibialis at the same age, uniform plaques of AChRs were
found in only 30% of the NMJ. Moreover, at 9 d of age, only a
small difference in the NMJ structure was found in the tibialis,
when compared with control muscles ( p < 0.05) (Fig. 2d). All
these data revealed that the NMJ maturation defect observed in
untrained type 2 SMA-like versus control mice was muscle-
function dependent. Accordingly, in controls, the maturation of
the tibialis NMJs proved to be more advanced than those of the
extensor muscles, soleus and plantaris. The exercise paradigm
improved the NMJ morphology in the three muscles in type 2
SMA-like mice, as demonstrated by the exercise-induced perfo-
ration of the NMJ on the muscle fibers (Fig. 2e). The exercise-
induced effect on the NMJ maturation in SMA-like mice was



956 - J. Neurosci., January 23, 2008 - 28(4):953-962

further demonstrated by the analysis of the
synaptic gutter through the use of a neuro-
filament staining (Fig. 2f~h). A significant
reduction (~16%; p < 0.001) of immature
large terminal axons was revealed in plan-
taris and soleus of trained type 2 SMA-like
mice, compared with untrained mutant
mice.

Comparative analysis of the motor
neuron postnatal maturation in trained
and sedentary SMA-like mice f)
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To determine whether the exercise para-
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Figure 1. Muscle typology analysis of the extensor slow-twitch soleus, the extensor fast-twitch plantaris, and the flexor

recently shown to occur between postnatal
days 7 (P7) and P14 in the rat (Vult von
Steyern and Lomo, 2005), which approxi-
mately corresponds to days 5 and 12 in the
mouse. In the sedentary type 2 SMA-like
mice at 12 d of age, only a small number of
motor neurons displayed an immunoreac-
tivity for 5-HT2AR, when compared with
controls at the same age (55 vs 84%, respec-
tively; p < 0.001) (Fig. 3¢,d). In contrast, in
the lumbar spinal cord of trained SMA-like
mice, a clear 5-HT2AR labeling, albeit lower than in the control
spinal cord, was shown in the cell body and in the dendrites of a large
number of motor neurons (69 vs 84%, in trained SMA-like and
control mice, respectively; p < 0.01).

0.001).

Analysis of muscle-specific motor neuron survival in trained
and sedentary SMA-like mice

To test a causal relationship between exercise-induced accelera-
tion of the motor-unit maturation and exercise-induced motor-

fast-twitch tibialis from type 2 SMA-like mice. a- e, Inmunodetection of MyHC isoforms revealed an increase in embryonic
muscle fiber proportion in the soleus from type 2 SMA-like mice (b) compared with control mice (a) at 9 d of age and an increase
intype | muscle fiber proportion in the plantaris from untrained SMA-like mice (d) compared with trained SMA-like mice (e) and
control mice (c) at 12 d of age. Scale bars, 100 wm. f, Schematic presentation of the myofiber transitions during postnatal
development of the motor unit including the role of motor neuron innervations on adult phenotype acquisition. MN, Motor
neuron; Emb, embryonic; Neo, neonatal. g, h, The quantitative analysis of the muscle typology variation during the postnatal
development of soleus, plantaris, and tibialis muscles from type 2 SMA-like mice compared with control at 9 d of age (g) and from
untrained and trained type 2 SMA-like mice compared with controls at 12 d of age (h) shows a muscle-function-specific delay in
skeletal-muscle maturation in SMA that could be counteracted by the exercise protocol (n = 6; *p << 0.05; **p << 0.01; ***p <

neuron protection, we have analyzed the motor-neuron connec-
tivity through the counts of Fluorogold retrogradely labeled
neurons projecting into the soleus, plantaris, and the tibialis mus-
cles in trained versus untrained type 2 SMA-like mice (Fig. 4). In
untrained type 2 SMA-like mice at 12 d of age, a 40.4 and 33.1%
decrease in the cell counts was noted for the motor neurons in-
nervating the soleus and plantaris muscles respectively (p <
0.001), compared with controls, contrasting with <17% in the
tibialis ( p < 0.001) (Fig. 4d). The faster maturation of the motor
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Expression analysis of the NMDA-
receptor subunit genes in trained and
sedentary SMA-like mice

Accumulating experimental data that
strongly suggest a major involvement of
the NMDA receptor in motor neuron post-
natal maturation prompted us to investi-
~k"  gate the expression patterns of the main
NMDA-receptor subunit genes in the lum-
bar spinal cord i.e., NR1, NR2A and NR3B
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material), of
?  trained versus untrained type 2 SMA-like
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Figure 2.  Morphological analysis of the NMJs in the soleus, plantaris, and tibialis from type 2 SMA-like mice. a- ¢, Uniform

immature plaque of NMJ are frequently observed in tibialis from untrained SMA-like mice (b) compared with the more perforated
plaque, which is preferentially observed in trained SMA-like mice (c) and the pretzel-like form observed in control mice at 12 d of
age (a). Scale bars, 10 .um. d, e, Changes in the NMJ morphology computed after a whole-mount a-bungarotoxin labeling of
soleus, plantaris, and tibialis muscles from untrained and trained type 2 SMA-like mice compared with control mice at 9d (d) and
12 d of age (e) reveal an NMJ maturation delay in SMA that could be counteracted by the exercise protocol. f, AChR (red) and
neurofilament (Neurofil M) (green) labeling in the plantaris muscle reveal the presence of thick terminal axons (arrows) at the
NMJ of untrained (top) type 2 SMA-like mice, whereas thin terminal axons are more frequently observed in trained type 2
SMA-like mice (bottom) at 12 d of age. g, These morphological differences are less evident in the tibialis muscle. Scale bars, 25 -
um. h, Quantification of thick terminal axons filled with neurofilament in the soleus, plantaris, and tibialis muscles from unit
untrained and trained type 2 SMA-like mice and from control mice (n = 6; *p << 0.05; **p << 0.01; ***p < 0.001).

units in the tibialis compared with the two extensor muscles fur-
ther substantiate the concept that the maturation of the motor
unit decreased the sensitivity of motor neurons to SMA. With a
decrease of only 15.6, 12.4, and <6.3% of the motor neurons
innervating the soleus, plantaris, and tibialis muscles, respec-
tively, compared with controls ( p < 0.01), the exercise regimen
efficiently delayed motor neuron death, regardless of the motor-
unit maturation level.

mice, and controls (Fig. 5). Surprisingly,
NR2A mRNA and protein displayed a spe-
cific decrease in gene expression in lumbar
motor neurons of the untrained type 2
SMA-like mice (Fig. 5a,d,e), contrasting
with a conserved gene expression levels for
NR1 (Fig. 5¢,f) and NR3B subunits (Fig.
5b) compared with the corresponding con-
trols. Physical exercise enhanced the ex-
pression of the NR2A subunit gene expres-
sion in the motor neurons of trained type 2
SMA-like and control mice without any
detectable effect on the gene expression
levels of NR1 and NR3B subunits.

We then used real-time RT-PCR to
evaluate more accurately the modulation
of the NR2A gene expression in the spinal
cord of trained and untrained type 2 SMA-
like mice. We found that the relative
amount of the NR2A mRNA was markedly
decreased in the spinal cord of untrained
SMA-like mice by ~6-fold compared with
control mice. The exercise regimen en-
hanced the NR2A gene expression by
~3.5-fold in SMA-like spinal cords limit-
ing the NR2A mRNA decrease to half of the
control (Fig. 5d).

NMDA -receptor involvement in the
exercise-induced neuroprotection of
SMA-like mice

To test whether the beneficial effects of ex-
ercise were dependent on the NMDA-
receptor activity, we evaluated the effects of
MK-801, a specific noncompetitive
NMDA-receptor  antagonist on the
exercise-induced promotion of the motor
development and protection in
trained type 2 SMA-like mice (Fig. 6). The
NMDA-receptor blockade resulted in a
drastic reduction of the exercise-induced
increase of survival (Fig. 6a) and weight
(Fig. 6b). Importantly, the MK-801 treatment led to a decrease of
the motor neuron number in the whole lumbar spinal cord com-
pared with vehicle-treated trained SMA-like mice (6.2 vs 7.7 mo-
tor neurons/anterior horn/section, respectively; p < 0.01) (Fig.
6¢—f). Because this number of motor neurons is comparable with
the number found in untrained type 2 SMA-like mice at 13 d of
age (Grondard et al., 2005), it could be assumed that blocking the
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NMDA receptor results in the abolishment of
the major part of the exercise-induced protec-
tion of the spinal motor neurons.

Therefore, the NMDA-receptor blockade
resulted in a loss of the exercise-induced ac-
celeration of the soleus, plantaris, and tibialis
muscle maturation, as shown by the observed
delay in the embryonic to neonatal myofiber
switch (Fig. 6k). The ratios of embryonic fi-
bers is comparable in MK-801-treated SMA-
like mice and in untrained SMA-like mice (78
vs 90%, p < 0.05; 25 vs 32%, and 17 vs 18%,
nonsignificant; in the soleus, plantaris, and
tibialis muscles, respectively). With only 60,
18 and 13% of embryonic fibers in the soleus,
plantaris, and tibialis muscles, respectively,
the data obtained in vehicle-treated SMA-like
mice are in close agreement with the ratio ob-
served in trained type 2 SMA-like mice (com-
pare Figs. 1h, 6k).

Because a proapoptotic effect of MK-801
has been reported previously during develop-
ment (Ikonomidou et al., 1999; Lladé et al.,
1999) that could artificially worsen the phe-
notype of type 2 SMA-like mice through an
additional and nonspecific increase in neuro-
nal death, we analyzed the effects of the MK-
801 treatment on the motor neuron popula-
tions from sedentary type 2 SMA-like mice.
No significant MK-801-induced increase of
motor neuron death was observed in the lum-
bar spinal cord of sedentary type 2 SMA-like
mice (Fig. 6¢). We then counted the lumbar
apoptotic cells in the spinal cord of MK-801-
treated control mice. No apoptotic cells could
be detected through TUNEL assays (supple-
mental Fig. 4, available at www.jneurosci.org
as supplemental material). Together, these
data reinforce the role of the NMDA-receptor
activation in the exercise-induced neuropro-
tection of the motor neurons of trained type 2
SMA-like mice.

Discussion

We have shown, in the present study, that the
deficient expression of the SMN protein in-
duces a structural alteration in each part of
the motor unit i.e., the motor neuron, the
NM]J and the muscle fibers in type 2 SMA-like
mice, which can be partially corrected by ex-
ercise. The range of these alterations was cor-
related with the extent of motor neuron
death. This is clearly demonstrated by the ob-
served range of neuronal loss in the motor
neuron populations that innervate the exten-
sors soleus and plantaris compared with the
flexor tibialis. Indeed, the neuronal loss for
the extensors is twice the neuronal loss re-
corded for the tibialis. The analysis of the

muscle typology unambiguously revealed that the postnatal mat-
uration is faster in the tibialis than in the soleus and plantaris of
control and SMA-like mice. This result is consistent with previ-
ous electrophysiological data that highlight specific time courses
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Figure3. Analysis of motor neuron postnatal maturation in untrained and trained type 2 SMA-like mice. a, The subcellular
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with membrane-labeled motor neurons (arrows) from trained SMA-like mice (bottom) and control mice (top) at 12 d of age.
Scale bars, 10 em. b, The proportion of perinuclear-stained motor neurons recorded in the spinal cord of untrained SMA-like
mice is significantly decreased in the spinal cord of trained SMA-like and control mice at 12 d of age (n = 6, **p << 0.01).¢,
The motor neuron maturation rate was further evaluated by the immunodetection level of the 5-HT2AR over the lumbar
spinal cord of the untrained (middle) versus trained (bottom) SMA-like mice and control mice (top). Scale bars: low-
magpnification views, 100 ,m; high-magnification views, 25 wm. d, The quantification of 5-HT2AR-expressing motor neu-
rons highlights a delay in 5-HT2AR appearance in the lumbar spinal cord from untrained type 2 SMA-like mice when com-
pared with their trained counterparts (n = 4; *p << 0.05; **p << 0.01; ***p << 0.001).

of electrical property acquisition in extensor versus flexor motor
neurons during their postnatal maturation in the rat (Vinay et al.,
2000). Determining whether the defects in the SMA-like motor-
units were a consequence of the spinal denervation and/or a lack
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Figure 4.  Analysis of the muscle-specific motor-neuron populations in untrained and
trained type 2 SMA-like mice. a— ¢, A loss of the soleus-innervating motor neurons, specifically
labeled using a fluorogold retrolabeling technique, is observed in the spinal cord from untrained
type 2 SMA-like mice (b) compared with trained type 2 SMA-like (c) and control mice (a) at 12d
of age. Scale bars, 20 um. d, The quantification of surviving motor neurons innervating each
muscle clearly indicates that the extent of motor neuron loss in type 2 SMA-like mice at 12 d of
age is muscle-specific and that, in each muscle, the exercise protocol exerts an efficient neuro-
protective effectin SMA (n = 6; *p << 0.05; **p << 0.01; ***p < 0.001).

of motor activity or alternatively the result of the specific devel-
opment disruption requires further investigation.

Moreover, our data clearly show that physical exercise leads to
a delay in the motor-neuron death regardless of the rate of post-
natal motor-unit maturation. This exercise-induced effect could
originate from the restoration of a basal level of activity needed
for the proper motor-unit postnatal maturation (Navarrette and
Vrbova, 1993). Basically, exercise could delay motor-neuron
death directly through a specific neuroprotective effect, thus po-
tentially promoting reinnervation of the NMJ and consequently
the remodeling of the motor unit structure. Nevertheless, it re-
mains that the exercise-induced protection of the motor neuron
populations is concomitant with an acceleration of their postna-
tal maturation which is evident when comparing the phenotype
of each part of the motor unit in trained versus untrained SMA-
like mice. To this respect, the lack of effect of exercise on healthy
muscles, at the same ages is puzzling. The greatest plasticity of
SMA muscles compared with controls could arise from a greatest
plasticity of the motor neurons, accounting for a maturation de-
lay in SMA motor neurons. However, it might be assumed that
the exercise workload, although unable to induce motor-unit
adaptation in wild mice, was efficient in restoring a normal mus-
cle phenotype in the weak SMA-like mice.

The greater sensitivity of immature motor neurons to SMA is
still unexplained. During the development of the nervous system,
the apparently spontaneous cell death of spinal motor neurons is
a commonly occurring phenomenon that is, in all likelihood,
determined by the presence and the size of their peripheral targets
(Hamburger, 1958; Tanaka and Landmesser, 1986). Although
this natural event in the spinal cord is no longer observed after
birth in rat and mouse (Oppenheim, 1991), both motor neurons
and sensory neurons undergo apoptosis after experiments of tar-
get deprivation or peripheral nerve axotomy in the neonates
(Kashihara et al., 1987). The dying predisposition of embryonic
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and neonatal motor neurons during development suggests a
greater sensitivity to cell death unlike adult motor neurons,
which are capable of resisting an apoptotic stimulus. Therefore,
the delay in motor unit maturation observed at P12 in SMA-like
mice could increase the sensitivity of the motor neuron to death
and the exercise-induced acceleration of motor unit maturation
would result in the motor neuron protection against cell death.

One molecular explanation of the exercise-induced effects in
SMA-like mice could originate from the modulation of NMDA-
receptor activity in motor neurons. Indeed, the specific inhibi-
tion of the NMDA-receptor activity leads to the suppression of
the exercise-induced benefits in the trained type 2 SMA-like
mice, in terms of motor neuron protection, acceleration of mus-
cle maturation, and lifespan gain. Furthermore, the activation of
the NMDA receptor was shown to induce a significant increase in
SMN levels in neurons (Andreassi et al., 2002). Our data suggest
that the exercise-induced triggering of the NMDA signaling may
result in an enhanced Smn gene expression in motor neurons,
leading to an increase in the level of exon-7 containing SMN
transcripts and consequently to an increase in SMN protein level
as previously described in trained type 2 SMA-like mice (Grond-
ard et al., 2005). However, these data substantiate the role of
exercise in accelerating motor-unit postnatal development in
SMA-like mice. Indeed, the role of the NMDA-receptor signaling
pathway in the activity-dependent maturation of motor neurons
during the postnatal developmental period is well established
(Kalb and Hockfield, 1992; Kalb, 1994). Thus, if exercise triggers
NMDA signaling in motor neurons, it is tempting to speculate
that it may accelerate the postnatal development of the motor
units leading to their protection.

Surprisingly, we have observed the defective expression of the
major activating factor of the NMDA receptor, namely the NR2A
subunit, in the spinal cord motor neurons of neonate type 2
SMA-like mice. Functional NMDA receptors are heterodimeric
complexes containing NR1, the ion channel, and the regulatory
subunits NR2 (NR2A-NR2D) and (or) NR3 (NR3A-NR3B),
which respectively activates or potentially inhibits NR1 (Seeburg,
1993; Andersson et al., 2001; Nishi et al., 2001). The major regu-
latory subunit of NMDA receptor switches from NR2A to NR3B
in motor-neurons during the early postnatal period (Fukaya et
al., 2005) leading to potential changes in channel properties such
as current kinetics and channel conductance (Monyer etal., 1994;
Nishi et al., 2001; Matsuda et al., 2002). The NR2A expression
defect in SMA-like spinal cord could originate from spinal dener-
vation or alternatively might be a direct and specific consequence
of SMA. Nevertheless, the modulation of the NMDA-receptor
activity, because of the likely absence of NR2A, might also be
involved in the motor unit defects seen in sedentary SMA-like
mice. Unquestionably, this assumption needs to be experimen-
tally confirmed, e.g., through the overexpression of NR2A in
SMA-like mice using transgenic approaches and through the
analysis of the NR2A expression patterns during embryonic
stages in SMA-like mice and in the spinal cord of NR2A—/—
mice. Indeed, in these mutant mice, if no developmental defect
has been detected in various brain regions (Sakimura et al., 1995)
in which NR2A mRNA is only expressed after birth (Watanabe et
al., 1992), the motor unit development, during which the NR2A
expression peaks at embryonic day 15 (Fukaya et al., 2005),
should be thoroughly studied.

In addition, we report that the exercise program enhanced the
NR2A gene expression in motor neurons of trained SMA-like
mice, in agreement with previous findings in the hippocampus of
wild mice using a microarray approach (Molteni et al., 2002).
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However, the exercise program did not
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modify the NR2B expression pattern in the
SMA-like mice. Importantly, Liu et al.
(2007) reported previously that the activa-
tion of NR2A-containing NMDA receptors
promotes neuronal survival in mature
cortical cultures but activating NR2B-
containing NMDA receptors results in ex-
citotoxicity and neuronal apoptosis. Ac-
cordingly, the exercise-induced expression
of the NR2A subunit gene in the motor
neurons of SMA-like mice would result in
an increased number of NR2A-containing
NMDA receptors, leading to neuroprotec-
tion. Moreover, because the NR2A subunit
is the major activating subunit of the
NMDA receptor in the ventral spinal cord
of neonatal mice (Fukaya et al., 2005), the
exercise-induced novel expression of the
NR2A subunit in lumbar motor neurons in
type 2 SMA-like mice would contribute to
the NMDA-receptor activation.

Together, the present results would in-
dicate that the activation of the NMDA-
receptor activity is beneficial in promoting
motor neuron survival in SMA-like spinal
cords. This finding is provocative given the
extensive amount of literature advocating
the use of NMDA-receptor antagonists to
protect immature motor neurons from
programmed cell death (Mentis et al,
1993; Greensmith et al., 1994; Dick et al.,
1995). The opposite effects of the NMDA
signaling in neonatal motor neurons i.e.,
the promotion of apoptosis in injured mo-
tor neurons and the neuroprotection of
SMA-like motor neurons might be related
to the level of the NMDA-receptor activity.
Indeed, the well described proapoptotic
potential effect of NMDA signaling was
shown to occur in a context of nerve injury
in neonates, leading to an important re-
lease of glutamate in the medium and con-
sequently to a hyper-activation of the
NMDA receptor (Mentis et al., 1993;
Greensmith et al., 1994; Dick et al., 1995).
This proapoptotic side effect of the NMDA
signaling in motor neurons was not acti-
vated when glutamate receptors are down-
regulated (Lladoé et al., 1999). In this case, a
MK-801 treatment induced massive neuron death and a NMDA
chronic treatment promoted motor neuron survival (Lladé et al.,
1999). In SMA, where the alteration of the NMDA-receptor sub-
unit composition is likely to induce a low level of NMDA signal-
ing, triggering the NMDA receptor unexpectedly induced gluta-
matergic excitotoxicity but promoted neuron survival. In
addition, the MK-801 treatment had no effect in the sedentary
type 2 SMA-like, presumably because of the very low activity of
the NMDA receptor when deprived of its NR2A subunit.

In the future, it will be useful to examine whether the NMDA
signaling is altered in other SMA mouse models. In particular,
studying the severe SMA mouse model developed by Le et al.
(2005), which is close to the model used in the present study in
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Expression profiles of NMDA-receptor isoforms in the lumbar spinal cord from trained and untrained type 2 SMA-like
mice. a- ¢, An important decrease in the NR2A subunit expression level is observed in the lumbar spinal cord of the type 2
SMA-like mice at 12 d of age at the level of the transcripts compared with controls (a) whereas the expression of either the NR3B
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cord. d, The quantification of NR2A transcripts in the spinal cord at 12 d of age by real-time RT-PCR further substantiates the
assumption of an exercise-induced reactivation of the NR2A gene expression in trained SMA-like mice (n = 3;*p << 0.05). e, The
immunodetection level of NR2A in motor neurons, identified for theirimmunoreactivity for ChAT, is in agreement with the in situ
hybridization data. The low NR2A labeling in motor neurons from untrained type 2 SMA-like mice is to be compared with the high
detection of this protein in the motor neurons of trained SMA-like mice, at 12 d of age. Scale bars, 50 m. f, In contrast, no
difference in the NR1 distribution in the spinal cord of SMA-like and control mice could be evidenced (n = 4).
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terms of genetic background and phenotype, represents a good
opportunity to evaluate how specific is the influence of the
NMDA signaling in SMA features. In the hypothesis of a SMA-
induced specific disruption of the NMDA signaling, restoring the
NR2A expression in embryo rather than in the postnatal period
could represent a new therapeutic approach to treat the disease.
The use of histone deacetylase inhibitor such as valproic acid
(VPA) that was shown to increase SMN protein levels in cells
from SMA patients (Brichta et al., 2003; Sumner et al., 2003) and
in SMA-like mouse models (Tsai et al., 2006) seems promising.
Indeed, the VPA-induced expression of SMN might result from
the change in NMDA subunit gene expression, such as the NR2A
gene, through acetylation of nucleosomal DNA. Thus, evaluating
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Figure 6.  NMDA-receptor involvement in the exercise-induced neuroprotection in type 2 SMA-like mice. a— e, SMA-like mice

that were submitted to a MK-801 treatment (MK801; n = 21) before training have lost the benefits of the exercise regimen
compared with the vehicle-treated trained mice (Vehicle; n = 9) in terms of life span (12.8 and 22.3 d, respectively), as revealed
by the Kaplan-Meier curve (a); growth gain, as revealed by the growth curve (b); and motor neuron protection, as revealed by
ChAT-immunodetection (c—e). Scale bars, 50 em. f, The quantification of the motor neurons was performed in the anterior horn
of the lumbar spinal cord (L1-L5) from the MK-8071- or vehicle-treated trained SMA-like mice (n = 7 and n = 6, respectively) and
compared with MK-801- or vehicle-treated trained control mice (n = 6) (*p << 0.05; **p << 0.01; ***p < 0.001). g, The MK-801
treatment does not promote motor neuron death at 12 d of age in the spinal cord of sedentary type 2 SMA-like mice, treated by
MK-801 or vehicle, as revealed by the count of Chat-positive cells (n = 3; nonsignificant). h, j, Inmunodetection of MyHC
isoforms revealed an increase in embryonic myofiber proportion in the soleus from MK-8071-treated (i) versus vehicle-treated (j)
trained type 2 SMA-like mice and control mice (h) at 12 d of age. Scale bars, 100 L.m. k, The comparison of the muscle typology
of the soleus, plantaris, and tibialis muscles in MK-8071- versus vehicle-treated trained type 2 SMA-like and control mice at 12 d of
age (n = 8,6,6,and 6, respectively) indicate that the NMDA-receptor blockade results in the abolishment of the exercise-induced
acceleration of muscle maturation (*p << 0.05; **p << 0.01; ***p < 0.001).

the NMDA-receptor activity in VPA-treated SMA-like mice
would have important implications for developing therapeutic
approaches for SMA.
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