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Abstract Spinal muscular atrophy (SMA) is a genetic
neuromuscular disorder characterized by spinal and
brainstem motor neuron (MN) loss and skeletal muscle
paralysis. Currently, there is no effective treatment other
than supportive care to ameliorate the quality of life of
patients with SMA. Some studies have reported that phys-
ical exercise, by improving muscle strength and motor
function, is potentially beneficial in SMA. The adenosine
monophosphate-activated protein kinase agonist 5-
aminoimidazole-4-carboxamide-1-β-D-ribofuranoside
(AICAR) has been reported to be an exercise mimetic
agent that is able to regulate muscle metabolism and in-
crease endurance both at rest and during exercise. Chronic
AICAR administration has been shown to ameliorate the
dystrophic muscle phenotype and motor behavior in the
mdx mouse, a model of Duchenne muscular dystrophy.
Here, we investigated whether chronic AICAR treatment
was able to elicit beneficial effects on motor abilities and
neuromuscular histopathology in a mouse model of severe
SMA (the SMNΔ7 mouse). We report that AICAR im-
proved skeletal muscle atrophy and structural changes
found in neuromuscular junctions of SMNΔ7 animals.
However, although AICAR prevented the loss of gluta-
matergic excitatory synapses on MNs, this compound

was not able to mitigate MN loss or the microglial and
astroglial reaction occurring in the spinal cord of diseased
mice. Moreover, no improvement in survival or motor
performance was seen in SMNΔ7 animals treated with
AICAR. The beneficial effects of AICAR in SMA found
in our study are SMN-independent, as no changes in the
expression of this protein were seen in the spinal cord and
skeletal muscle of diseased animals treated with this
compound.
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Introduction

Spinal muscular atrophy (SMA) is an autosomal-recessive
neuromuscular disorder representing the leading genetic cause
of pediatric mortality in children younger than 2 years of age,
with an incidence of 1 in 6000–10,000 live births and a carrier
frequency of 1 in 35–50 [1, 2]. The histopathological hallmark
of SMA is the progressive loss of α-motor neurons (MNs) in
the spinal cord and lower brainstem, leading to weakness,
paralysis, and subsequent atrophy of skeletal muscles. Clini-
cally, the phenotypes of this disorder are heterogeneous, rang-
ing from severe (type I) to mild (types III and IV), and patients
are classified according to the age of disease onset and the
severity of motor function.

In about 95 % of cases, SMA is caused by homozygous
deletion or inactivating mutations of the telomeric copy of
SMN1, located on the long arm of chromosome 5 [3]. This
gene encodes the survival of motor neuron (SMN) protein,
which is ubiquitously expressed and plays an essential role in
mRNA splicing by regulating the assembly of small nuclear
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ribonucleic proteins and pre-mRNAs maturation [4, 5]. Levels
of full-length SMN (FL-SMN) protein are dramatically reduced
in SMA. Humans have a SMN1 paralog, called SMN2, also
located on chromosome 5 but in a centromeric position.
SMN2 differs from SMN1 in a C-to-T transition in exon 7. This
leads to the alteration of the normal splicing and the inefficient
production of full-length transcripts. Thus, about 85–90 % of
SMN2 transcripts lack exon 7 and produce a truncated and
unstable protein (SMNΔ7), which is rapidly degraded and
therefore not functional [6]. The remaining (~10–15 %) tran-
scripts derived from the SMN2 produce a FL-SMN protein,
which is only able to compensate partially for the absence of
SMN1. SMN2 copy number is inversely correlated with the
severity of the disease [7, 8], and usually the most affected
patients are those with fewer copies of SMN2.

The reason why reduced levels of the ubiquitous SMN pro-
tein lead to predominant alterations in the neuromuscular sys-
tem is still unclear. It has been suggested that alterations in
small nuclear ribonucleic protein assembly due to low SMN
levels disturb the splicing of groups of genes that are crucial for
MN function. Moreover, it is known that SMN plays important
roles in motor axons and growth cones (reviewed in [9]), and a
recent study [10] provided evidence of a presynaptic localiza-
tion and interaction of this protein with the heterogeneous nu-
clear ribonucleoprotein R in motor axon terminals, suggesting
that SMN could contribute to differentiation and maintenance
of the neuromuscular junction (NMJ). In addition, SMN defi-
ciency induces intrinsic defects in skeletal muscle that appear to
contribute to motor disturbances observed in SMA ([11–16];
see also [17] for a review). Currently, there is no effective
therapy for SMA except for palliative care, such as nutritional
supplementation, and orthopedic and respiratory support, to
improve quality of life. However, tremendous efforts have been
made in the last decade to find useful strategies to halt the
progression of neurodegeneration linked to this disease. Owing
to the fact that all patients with SMA have at least 1 copy of
SMN2, most of the therapeutic strategies developed thus far are
focused on increasing the synthesis of endogenous FL-SMN
protein derived from SMN2 through different mechanisms.
Some of these approaches have been used in mouse models
of SMA and clinical trials, and include several histone
deacetylase inhibitors, aminoglycosides, C5-quinazoline deriv-
atives, β-adrenergic agonists, and chemical inhibitors of glyco-
gen synthase kinase 3, among of other compounds [18–26].
Other treatments are based on the use of antisense oligonucle-
otides, which act on SMN2 splicing by restoring the inclusion
of exon 7 in the final mRNA transcript with the subsequent
enhancement of SMN expression, and on gene therapy through
the insertion of the entire SMN1 cDNA sequence by using viral
vectors [21, 24, 27–32]. However, because MNs and skeletal
muscles may require particular conditions to respond adequate-
ly to treatments designed to enhance SMN levels, SMN-
independent strategies could also be very useful as adjunct

treatments for SMA. These approaches are based on the use
of neurotrophic factors and other neuroprotective and
myotrophic compounds, and on stem cell therapies aimed at
replacing MNs that are lost, and/or to confer MN protection
through the delivery of neurotrophic molecules by transplanted
cells (see [19, 20, 26, 27, 33, 34] for a review).

The potential role of physical exercise as an adjunct therapy
in MN disorders has been studied in mouse models of amyo-
trophic lateral sclerosis and SMA [35–39]. Thus, regular exer-
cise has been reported to improve motor function significantly,
prolong lifespan, protect MNs from death, and attenuate mus-
cular atrophy in mice mimicking SMA type II [38]. These
beneficial effects of physical exercise appear to be related not
only to the increase in exon 7-containing SMN transcripts, seen
in the spinal cord of trained SMA animals [38], but also to the
increased activation ofN-methyl-D-aspartate (NMDA) subtype
glutamate receptors, which is decreased in MNs of affected
SMAmice [39]. On the other hand, NMDA receptor activation
has been shown to enhance SMN levels in vitro [40].

Adenosine monophosphate-activated protein kinase
(AMPK) is known to be activated in skeletal muscle during
exercise and has an important role in the regulation of muscle
metabolism, transcription, and phenotypic plasticity [41–45].
The synthetic AMPK agonist 5-aminoimidazole-4-
carboxamide-1-β-D-ribofuranoside (AICAR) is a potent stim-
ulator of AMPK activity in skeletal muscle and, when admin-
istered chronically, has been reported to induce important
plastic changes in muscle cells [46–49]. AICAR has also been
demonstrated to increase training adaptation and enhance en-
durance in the absence of physical activity by acting as an
exercise mimetic agent [50]. Pharmacological AMPK activa-
tion with AICAR has been assayed in the dystrophin-deficient
mdx mouse as a model of Duchenne muscular dystrophy. In
this paradigm, chronic treatment with AICAR has been shown
to ameliorate disease muscle phenotype and motor behavior
[51–54].

In the present study, we investigated whether chronic
treatment with AICAR is able to exert beneficial effects
on lifespan, phenotype, motor abilities, and neuromus-
cular histopathology in a mouse model of severe SMA
(the SMNΔ7 mouse), in a similar way as reported for
physical exercise. We show here that AICAR induce
relevant changes in SMNΔ7 mice by improving skeletal
muscle atrophy, promoting the maturity of muscle fi-
bers, and ameliorating some structural alterations found
in NMJs. Although AICAR was also able to prevent the
loss of glutamatergic excitatory synapses on MNs linked
to the disease, this agent did not have any positive
effects in mitigating MN loss or the microgial and
astroglial reaction occurring in the spinal cord of
SMNΔ7 mice. Moreover, AICAR did not elicit any sig-
nificant improvement in survival and motor performance
of diseased animals.
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Materials and Methods

Mice and Pharmacological Experiments with AICAR

The Smn+/–;SMN2+/+;SMNΔ7+/+ [heterozygote knockouts for
Sm n , F VB . C g - T g ( SMN2 * d e l t a 7 ) 4 2 9 9A hm b
Tg(SMN2)89Ahmb Smn1tm1Msd/J, stock number 005025]
mice were purchased from The Jackson Laboratory (Sacramen-
to, CA, USA). Heterozygous female and male animals were
crossed to obtain Smn–/–;SMN2+/+;SMNΔ7+/+ (homozygote
knockouts for Smn, hereafter referred to as SMNΔ7) and
Smn+/+;SMN2+/+;SMNΔ7+/+ (wild-type for Smn, hereafter re-
ferred to as WT) mice. SMNΔ7 mice exhibit a severe postnatal
SMAphenotype,with overt symptomatology and histopatholog-
ical changes in the spinal cord and skeletal muscles at 7–8 days
after birth, and have a mean lifespan of about 2 weeks [55–57].

At postnatal day (P) 0, the feet of mice were marked with
tattoo paste (Fine Science Tools GmbH, Heidelberg, Germa-
ny) for identification purposes, and a small piece of tail was
cut for subsequent genotyping. The REDExtract-N-Amp Tis-
sue PCR Kit (Sigma, St. Louis, MO, USA) was used for
genomic DNA extraction and polymerase chain reaction set-
up. The primers used were as follows: WT forward 5’
ctccgggatattgggattg 3’, SMA reverse 5’ ggtaacgccagggttttcc
3’; WT reverse 5’ tttcttctggctgtgccttt 3’. Electrophoresis in
1 % agarose gel and SYBR safe DNA stain (Molecular
Probes, Eugene, OR, USA) was run at 100 V. Age-matched
WT littermates of mutant animals were used as controls.

Animals were divided into 4 experimental groups: WT and
SMNΔ7mice treated with AICAR (500mg/kg/day; Tocris Bio-
science, Bristol, UK), and WT and SMNΔ7 mice treated with
the corresponding volume of physiological saline solution (ve-
hicle). AICAR or vehicle was administered, through subcutane-
ous interscapular injections, once a day in the morning from P1
until the end of the experimental time frame. At selected times,
mice were anesthetized with an intraperitoneal injection of pen-
tobarbital (2 %, 1 ml/10 g body weight) and sacrificed by quick
decapitation. Tissue samples were rapidly dissected, removed,
and subsequently processed as described below. All the experi-
mental procedures were carried out in agreement with the guide-
lines of the committee for animal care and use of the University
of Lleida, approved by the Generalitat de Catalunya.

Behavioral Phenotype Testing

To evaluate disease progression, mice were weighed daily in
the morning and, subsequently, carefully examined in order to
determine the presence of specific signs and/or symptoms of
disease. Thereafter, the righting reflex and the hindlimb sus-
pension test (“tube test”) were conducted by the same inves-
tigator (blind to the experimental condition) to assess the mo-
tor abilities of mice. These tests were scored following the
guidelines described elsewhere [58]. In brief, for the righting

reflex, mice were placed on their backs on a flat surface, and
the time necessary to reposition themselves dorsal side up was
assessed over a period of 30 s. For the tube test, each mouse
was suspended head down from its hindlimbs in a 50-ml plas-
tic centrifuge tube containing a piece of cotton at the bottom to
protect the animal when they fell. For this test, 2 parameters
were evaluated: the latency (in seconds) to fall from the edge
of the tube, and the positioning of the legs and tail. For the
latter parameter, posture was scored from 4 to 0 as follows: 4,
hindlimbs were normally separated and tail raised; 3, weak-
ness was apparent and hindlimbs were closer together but only
occasionally touched each other; 2, hindlimbs were close to
each other and frequently touching; 1, hindlimbs were almost
always in a clasp position with the tail raised; 0, hindlimbs
were in constant clasping and the tail lowered; a score of 1 was
given when a mouse failed to hold on to the tube. For each
test, every mouse was examined twice, with a 15-min recov-
ery period between trials; the average of values obtained in the
2 independent tests was then determined for the final score.

Muscle and Spinal Cord Histology and MN Counts

Tibialis anterior (TA) and intercostalis (IC) muscles, and spi-
nal cords were rapidly dissected and processed for histological
analysis and MN counting.

TAmuscles were weighed, fixed in 4 % paraformaldehyde in
0.1 M phosphate buffer (PB) at pH 7.4 for 2 h, cryoprotected
with 30% sucrose in 0.1M in PB, embedded in Tissue Freezing
Medium (Triangle Biomedical Sciences, Durham, NC, USA),
and frozen. Multiple cryostat transverse sections (16-μm thick)
were obtained from the midbelly of the muscle. Sections were
subsequently stained with hematoxylin and eosin (H&E).

For MN counts, spinal cords were fixed in Bouin’s solution
and embedded in paraffin. Serial transverse sections (12-μm
thick), obtained through the entire lumbar segment, were
stained with H&E. The apparently healthy MNs present in
the ventral horn were identified by their size and shape, and
counted blindly on one side of every 10th section according to
previous described procedures [59, 60]. Briefly, only MNs
with a large nucleus, a visible clump of nuclear material, and
a substantial cytoplasm were counted. The total number of
MNs per ventral hornwas obtained bymultiplying the number
of counted cells by 10.

Immunocytochemistry and Imaging

Unless otherwise indicated, for immunocytochemical studies,
TA and IC muscles and lumbar spinal cords were fixed by im-
mersion in 4%paraformaldehyde in 0.1MPB, pH 7.4, either for
2 h (in the case of TA and IC muscles) or overnight (in the case
of spinal cords), and cryoprotected. Tissue samples were embed-
ded in Tissue Freezing Medium (Triangle Biomedical Sciences)
and frozen. Longitudinal (for TA and IC muscles) or transverse
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(for spinal cord) serial cryostat sections (16-μm thick) were ob-
tained and stored at –80 °C. Immunocytochemical analysis of
muscle fiber type composition was performed on unfixed TA
muscles. For this, muscles were embedded in tragacanth gum,
snap-frozen in liquid N2-cooled isopentane, and sectioned trans-
versely (10-μm thick) on a cryostat.

Sections were sequentially rinsed in phosphate-buffered
saline containing 0.1 % Triton X-100 for 30 min, blocked in
normal goat serum, and incubated with the selected primary
antibody overnight. The following primary antibodies were
used: rabbit polyclonal antivesicular glutamate transporter 1
(VGluT1) (diluted 1:1000; catalog no. 135 302, Synaptic Sys-
tems, Gottingen, Germany); rabbit polyclonal anti-ionized
calcium-binding adaptor molecule 1 (IBA1) (diluted 1:500;
catalog no. 019-19741, Wako Pure Chemical Industries Ltd,
Osaka, Japan); chicken polyclonal antiglial fibrillary acidic
protein (GFAP) (diluted 1:1000; catalog no. Ab4674, Abcam,
Cambridge, UK); rabbit polyclonal anti-NMDA receptor 2A
subunit (NR2A) (diluted 1:1000; catalog no. AB1555P,
Chemicon International Inc., Billerica, MA, USA); rabbit
polyclonal anticalcitonin gene-related peptide (CGRP) (dilut-
ed 1:1000; catalog no. C8198, Sigma); chicken polyclonal
antineurofilament 68 KDa (NF) (diluted 1:1000; catalog no.
ab72997, Abcam); mouse monoclonal antisynaptic vesicle
protein 2 (SV2) [diluted 1:1000; catalog no. SV2, Develop-
mental Studies Hybridoma Bank (DSHB), Iowa City, IA,
USA]; mouse monoclonal antimyosin heavy chain (MyHC)
I (diluted 1:5; catalog no. A4-840, DSHB); mouse monoclo-
nal anti-MyHC IIA (diluted 1:20; catalog no. SC-71, DSHB);
and mouse monoclonal anti-MyHC IIB (diluted 1:20; catalog
no. BF-F3, DSHB). After incubation with the primary anti-
body, sections where washed and incubated at room tempera-
ture (RT) for 1 h with the appropriate secondary fluorescent
antibodies: Dylight 488 donkey antirabbit IgG (diluted 1:500;
Jackson ImmunoResearch Laboratories, West Grove, PA,
USA); Cy3 donkey antichicken or antirabbit (diluted 1:500;
Jackson ImmunoResearch Laboratories); Alexa Fluor 488
goat antichicken IgG (diluted 1:500; Molecular Probes). Sec-
tions were also labeled with 4’,6-diamidino-2-phenylindole
dihydrochloride (50 ng/ml; Molecular Probes) for DNA stain-
ing. Muscle sections were incubated with Alexa Fluor 488- or
Alexa Fluor 647-labeled α-bungarotoxin (α-Bgtx) (diluted
1:500; Molecular Probes) to identify postsynaptic acetylcho-
line receptors. Spinal cord sections were counterstained with
Neuro Trace 500/525 or 530/615 (green or red, respectively)
fluorescent Nissl stain (Molecular Probes) to identify ventral
horn MNs. After washing, slides were coverslipped by using
Vectashield (Vector Laboratories, Burlingame, CA, USA) or
Mowiol (Calbiochem, San Diego, CA, USA). Slides were
examined with an Olympus BX51 epifluorescence micro-
scope (Olympus, Hamburg, Germany) equipped with a
DP30BW camera or FluoView 500 or FluoView 1000 Olym-
pus laser scanning confocal microscopes. For comparisons,

slides from different animals and experimental conditions
were processed in parallel for immunocytochemistry and sub-
sequent imaging. The same scanning parameters were used
for the acquisition of images corresponding to different exper-
imental groups. For spinal cord immunocytochemical studies,
digital images of the entire lumbar region were obtained from
every 30th section.

Image and Morphometric Analysis

Myofiber number counts and size measurements were per-
formed in bright field digital images taken from TA muscle
cross-sections stained with H&E. Images were subsequently
processed using ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

The cytoarchitecture of NMJs was analyzed in longitudinal
immunostained sections of TA and IC muscles. Z-stack optical
sections (1-μm thick) were obtained and projected to recon-
struct NMJs using the microscope software. Five to nine sec-
tions per muscle were analyzed for each animal, and 75–100
NMJs from randomly selected visual fields were evaluated per
experimental condition. NMJ size was assessed by determining
the area of the α-Bgtx-labeled postsynaptic site, manually
outlined, using ImageJ. A NMJ was considered to be denervat-
ed when the percentage of α-Bgtx-labeled postsynaptic surface
covered by SV2-stained presynaptic terminal was<15 %. Sin-
gle or poly-innervation was estimated by counting the number
of preterminal axons (revealed by NF immunostaining) enter-
ing a single postsynaptic site: a NMJ was considered to be
polyinnervated when≥2 axons were seen converging on the
postsynaptic site. Based on the structural appearance of each
postsynaptic site, the degree of maturity of NMJs was classified
as follows: plaque, folds, perforations, or secondary structure
(ranging from immature to mature) according to previously
described criteria [61]. NF was considered to accumulate in
the presynaptic sites when the terminal portion of axons exhib-
ited a swollen morphology and was strongly stained with the
anti-NF antibody. Terminal sprouting was quantified by
counting the number of NF-stained axonal processes coming
from a nerve terminal that escaped from an α-Bgtx-stained
postsynaptic site. The number of sprouts counted per NMJ
was referred to as a percentage of the total number of NMJs
examined per muscle. CGRP immunostaining in NMJs was
scored, by a blinded observer, according to the fluorescence
intensity and classified as follows: positive, mild (low signal
but distinguishable from the background), or negative. Any
NMJ that was difficult to analyze owing to its location and/or
orientation was excluded from the analysis.

Levels of GFAP and IBA1 immunoreactivity in the spinal
cord were quantified by digital image analysis using the Visilog
6.3 software (Noesis, Orsay, France). The number of VGluT1
immumunoreactive synaptic boutons on MN somata was
counted manually on the screen; only boutons in close contact
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with MNs showing a large nucleus, a visible nucleolus, and a
healthy appearance were included in the counts, which were
then normalized to the perimeter of MN soma.

Western Blotting

Frozen spinal cords and hindlimb muscles were fragmented
and homogenized with blending buffer 1×SR (2 % sodium
dodecyl sulfate and 125 mM Tris-HCl, pH 6.8) supplemented
with protease inhibitor (Ref. P8340; Sigma) and PhosSTOP
(Roche, Laval, Canada). Homogenized samples were heated
to 100 °C for 5 min and centrifuged at 13,000 g for 5 min. The
protein concentrations of supernatants were determined by
BIO-RAD Micro DC protein assay (BIO-RAD Laboratories
Inc., Hercules, CA, USA). Loading buffer 4×SS (20 % su-
crose and 0.05 % bromophenol blue, 0.1 % sodium azide)
containing 5–10 % β-mercaptoethanol (Sigma) and 15–
50 μg protein were loaded in a 10 % or 15 % polyacrylamide
electrophoresis gel. Proteins were electrotransferred to
polyvinyldifluoride membranes (ImmobilonTM-P, Millipore,
Bradford, MA, USA) in Tris-glycine-methanol-buffered solu-
tion. Membranes were blocked with 5 % dried skimmed milk
in 0.1 % Tween 20 and Tris-buffered saline pH 8 (TBST) for
1 h at RT, and then extensively washed in TBST.
Immunodetection was performed by incubating the mem-
branes overnight at 4 °C with the following antibodies: rabbit
polyclonal antiNR2A (diluted 1:1000; catalog no. AB1555P,
Chemicon International Inc.); rabbit polyclonal anti-AMPKα
(diluted 1:1000; catalog no. 2532, Cell Signaling, Beverley,
MA, USA); rabbit polyclonal antiphospho-AMPKα (Thr172)
(diluted 1:1000; catalog no. 2531, Cell Signaling); rabbit
polyclonal antiperoxisome proliferator-activated receptor-γ
coactivator 1 (H300) (PGC-1α) (diluted 1:200; catalog no.
SC-13067, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA); mouse monoclonal anti-SMN (diluted 1:1000; catalog
no. 610647, BD Biosciences, San Jose, CA, USA); mouse
monoclonal anti-β-actin (diluted 1:5000; catalog no.
A54441, Sigma); mouse monoclonal anti-α-tubulin (diluted
1:5000; catalog no. T5168, Sigma); and mouse monoclo-
nal antiglyceraldehyde 3-phosphatase dehydrogenase
(6C5); (diluted 1:10,000; catalog no. ab8245, Abcam).
The antibodies against β-actin and α-tubulin or glyceral-
dehyde 3-phosphatase dehydrogenase were used for load-
ing controls in blots of spinal cord and muscle extracts,
respectively. The membranes were washed in TBST, incu-
bated with the appropriate peroxidase-conjugated second-
ary antibodies (1:5000; Amersham Biosciences, Little
Chalfont, UK) for 60 min at RT, washed in TBST, and
visualized using the ECL Prime Western Blotting Detec-
tion Reagent detection kit (GE Healthcare, Little Chalfont,
UK), as described by the manufacturer. The quantification
of band densities was performed by using Chemi-Doc MP
Imaging System (BIO-RAD Laboratories Inc.).

Statistical Analysis

All data are expressed as means±SEM. The statistical analysis
was assessed by either one-way analysis of variance, followed
by post-hoc Bonferroni’s test, or Student’s t test. Differences
were considered to be statistically significant if p≤0.05.

Results

Effects of AICAR Treatment on AMPK Phosphorylation
and PGC-1α Content in the Skeletal Muscle of SMNΔ7
Mice

We first examined the effect of AICAR administration on
AMPK activity, evaluated by phosphorylation, in the skeletal
muscle of WT and SMNΔ7 mice in vivo. For this, either
AICAR (500 mg/kg) or saline was injected subcutaneously,
once daily, to animals from P1 to P8, and hindlimb muscles
were collected on P8, 3 h after the last injection. The AICAR
dosage, and regimen and route of administration used here
were the same as reported by others in previous studies [51,
62]. Western blot analysis of muscle extracts showed no sig-
nificant changes in total AMPK protein levels after AICAR
treatment in both WT and SMNΔ7 animals (Fig. 1A, B).
However, AMPK phosphorylation, examined with an anti-
phospho-AMPK (Thr172) antibody, displayed a moderate
(~0.6-fold) increase in muscles of AICAR-treated WT mice
compared with those of WT animals injected with saline
(Fig. 1A, C). Strikingly, we noticed that muscles of saline-
treated SMNΔ7 animals showed significantly greater levels
(~1.6-fold increase; p<0.05) of phosphorylated AMPK com-
pared with the saline-WTcondition. It is important to note that
we also found a similar increase in phosphorylated AMPK
expression in muscles of Smn–/–;SMN2+/+ mice, a more severe
model of the disease mimicking type I SMA (see supplemen-
tary Fig. S1). This elevated AMPK phosphorylation in mus-
cles of diseased animals was not increased further after
AICAR treatment; indeed, we observed a modest, but not
significant, decrease in phosphorylated AMPK in SMNΔ7
muscles of animals treated with AICAR in relation to those
injected with saline (p>0.05) (Fig. 1A, C). The phosphor-
ylation status of AMPK, based on the ratio of phosphory-
lated AMPK relative to total AMPK levels, showed a sim-
ilar profile to that of phosphorylated AMPK (Fig. 1D).
Overall, these results indicate that basal AMPK activity
in skeletal muscles is significantly elevated in SMA ani-
mals. Moreover, chronic treatment with AICAR modestly
activates AMPK in skeletal muscles of healthy mice in vivo
but is not able to modify significantly AMPK phosphory-
lation levels found in the course of the disease.

PGC-1α is a transcriptional coactivator that appears to play
an important role in the oxidative metabolism of skeletal
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Fig. 1 Effects of chronic 5-aminoimidazole-4-carboxamide-1-β-D-
ribofuranoside (AICAR) treatment on total and phosphorylated
adenosine monophosphate-activated protein kinase (AMPK)
protein levels, and peroxisome proliferator-activated receptor-γ
coactivator 1 (PGC-1α) content in the skeletal muscle of wild-
type (WT) and Smn–/–;SMN2+/+;SMNΔ7+/+ (SMNΔ7) mice.
Muscles from hindlimbs were collected on postnatal day 8 after
daily treatment with either 500 mg/kg AICAR or vehicle [saline
solution (Sal)]. (A) Representative Western blots for total AMPK,
phosphorylated AMPK (p-AMPK) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; as loading control). (B–D)
Quantification of changes in total (B) AMPK and (C) p-AMPK
content, determined by densitometry, and (D) the phosphorylation
status of the kinase in basal conditions (animals injected with

saline) and after AICAR treatment. The phosphorylation status
of AMPK is represented as the ratio of the phosphorylated form
relative to total AMPK. Data in all graphs are expressed as the
percentage of change in relation to the levels found in the saline-
WT group. Bars represent the values (mean±SEM) of 8 mice per
experimental condition from 3 independent experiments. (E)
Representative Western blots of PGC-1α protein and GAPDH
(as loading control). (F) Densitometric analysis of changes in
PGC-1α content in basal conditions (animals injected with
saline) and after AICAR treatment. Bars represent the values
(mean±SEM) of 5–6 mice per experimental condition from 2
independent experiments. *p<0.05, one-way analysis of variance
(Bonferroni’s post-hoc test)
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muscle by stimulating mitochondrial biogenesis and oxidative
enzymes [63, 64]. Exercise has been reported to induce PGC-
1α expression in both rodents and humans [65–67]. It is
known that AMPK is able to phosphorylate directly PGC-
1α protein resulting in the induction of the PGC-1α promoter
[68]. PGC-1α content in muscle increases after chronic phar-
macological AMPK stimulation by AICAR [50]. For this rea-
son, we next explored whether AICAR treatment enhanced
PGC-1α levels in skeletal muscles of SMNΔ7 mice. Western
blot examination of muscle extracts of AICAR-treated WT
mice showed a slight, but not significant, increase (~1.2-fold)
in PGC-1α in relation to levels found in saline-injected WT
animals. A similar modest increase in PGC-1α content was
observed in muscles of saline- and AICAR-injected SMNΔ7
mice. These results indicate that, in our experimental model,
AICAR treatment has a minor influence on the levels PGC-1α
protein in skeletal muscle.

Chronic Treatment with AICAR did not Improve Motor
Abilities and Lifespan of SMNΔ7 Mice

The progression of SMA in mouse models results in a gradual
weight loss and impaired motor performance [56]. As expected,
SMNΔ7mice treatedwith saline showed a lower growth-related
gain of body weight in relation to saline-injected WT animals.
SMNΔ7mice chronically treatedwithAICARdisplayed amod-
est improvement in body weight gain. Although this change was
already observed at P4, it was statistically significant at P7 and
P8 (p<0.05). No significant differences in body weight were
found at any experimental time point when WT mice treated
with either AICAR or saline were compared (Fig. 2A).

Righting reflex and the tube test were used as assessments of
the muscle strength and motor coordination. Both saline- and
AICAR-treated SMNΔ7 mice showed similar times to right
themselves on all 4 paws, with significant difficulties in righting
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Fig 2 Chronic treatment with 5-aminoimidazole-4-carboxamide-1-β-D-
ribofuranoside (AICAR) modestly ameliorates the deficiency in body
weight gain of Smn–/–;SMN2+/+;SMNΔ7+/+ (SMNΔ7) mice but does
not improve their motor phenotype. (A) Body weight of wild-type
(WT) and SMNΔ7 mice treated with either saline or AICAR. Note that
compared with saline-injected SMNΔ7 mice, mutant animals treated
with AICAR exhibit higher weights as early as postnatal day (P) 4;
however, these differences are only significant at P7 and P8 (*p<0.05
vs SMNΔ7 saline). (B, C) Motor behavior assessment by using (B)
righting reflex and (C) hindlimb suspension test; except for the tube test
at P3, in which SMNΔ7 mice treated with AICAR have significantly

lower scores than those injected with saline, no significant differences
in righting reflex or tube test performance were observed between these
2 groups at any of the ages examined (***p<0.001 vs SMNΔ7 saline). In
all graphs, values are shown as mean±SEM, and one-way analysis of
variance (Bonferroni’s post-hoc test) was used for statistical analysis
(n=15–28 mice per experimental group). (D) Kaplan–Meier survival
curve for saline-injected and AICAR-treated SMNΔ7 mice, and WT
littermates. Saline- and AICAR-treated SMNΔ7 mice did not show
significant differences in the mean survival (14.6±1 and 12.8±0.8 days,
respectively; p>0.05, Student’s t test, n=14–15 per experimental
condition
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in comparison with saline- and AICAR-treated WT mice
(Fig. 2B). Although on most of the days tested AICAR-
injected WT animals showed shorter times to right than saline-
injected WT mice, the differences were not statistically signifi-
cant. In relation to WT animals, both saline and AICAR-treated
SMNΔ7 mice had short latencies to fall and worse scores when
assessed in the tube test (Fig. 2C). At P3, significantly lower tube
test scores were observed in AICAR-treated SMNΔ7 mice
versus diseased animals injected with saline; however, this de-
cline was not maintained during the remaining days studied.

To determine whether AICAR treatment is able to prolong
the lifespan of SMNΔ7 mice, survival was monitored in a
group of animals injected daily with either the AMPK agonist
or saline from P1 until death. The Kaplan–Meier survival
curve is shown in Fig. 2D. AICAR administration did not
elicit any significant effect on the lifespan of diseased animals
(mean survival: SMNΔ7-saline 14.6±1 days, n =15;
SMNΔ7-AICAR 12.8±0.8 days, n=14; p>0.05). Moreover,
in this group of SMNΔ7 mice that received AICAR until the
end stages of disease, no significant improvements in motor
performance were found, and the enhancement in bodyweight
was only maintained until P10 (data not shown).

Chronic Treatment with AICAR Reduced Muscular
Atrophy Associated with SMA

To determine whether AICAR treatment is able to improve
muscle pathology linked to SMA, the phenotype of the TA
muscle was examined. As expected, TA muscle weights in
saline-treated SMNΔ7 mice were significantly lower (~40 %
reduction; p<0.01) than those in WT animals (Fig. 3A). An
increase (~15 %) in muscle weight was observed in AICAR-
treated WT mice in relation to saline-injected WT littermates;
however, this change was not statistically significant. Interest-
ingly, chronic AICAR treatment significantly increased
(~27 %) the weight of TA muscle in SMNΔ7 mice, even
though this increase did not reach the average weight values
observed in WT animals treated with saline (Fig. 3A).

In concordance with previous reports [69], analysis of cross-
sections revealed that TA muscles of saline-treated SMNΔ7
animals had ~19 % fewer fibers than those of saline-injected
WT littermates; however, probably because of the small sample
size, these differences were not statistically significant. AICAR
treatment resulted in a small, nonsignificant, increase (~1.3-fold)
in the number of TA myofibers in SMNΔ7 mice (Fig. 3B).

As expected, TA muscle fibers of saline-treated SMNΔ7
mice showed a smaller cross-sectional area (~32 % reduction)
compared with saline-treated WT littermates. In concordance
with the changes in muscle weight induced by chronic
AICAR treatment, we found a significant increase in the size
of TA muscle fibers in both SMNΔ7 and WT mice injected
with the AMPK agonist (Fig. 3C–G). The relative frequency
distribution of myofiber areas demonstrated a shift to larger

caliber fibers in TA muscle of both WT and SMNΔ7 animals
treated with AICAR (Fig. 3H, I). Thus, in the absence of
exercise training, chronic AICAR administration increases
the size of myofibers and hence the mass of skeletal muscles
of both normal and SMNΔ7 mice. In the latter, AICAR ap-
pears to be particularly beneficial, as it is able to limit the
degree of muscular atrophy that results from the impaired
postnatal myofiber growth linked to SMA [13, 69, 70].

It has been reported that muscle fibers of SMNΔ7 mice, in
addition to their reduced size, are less mature than those of
normal animals [69, 70]; this results in changes in the fiber
type composition of atrophied muscles. Accordingly, we next
examined whether AICAR can modulate the alterations in the
myofiber type profile observed in SMA. Specific MyHC iso-
forms are expressed in different types of muscular fibers [71].
Hence, different isoform-specific anti-MyHC (I, IIA, and IIB)
antibodies were used to analyze the fiber type composition of
WTand SMNΔ7 TAmuscles (Fig. 3J–N). The pattern of fiber
type composition in the TA muscle of saline-treated WT mice
was similar to that previously described [72], with a very low
proportion of type IA and IIA fibers and a predominance of
type IIB fibers. Interestingly, in relation to saline-treated WT
animals, TA muscles from saline-injected SMNΔ7 mice
showed significantly higher numbers of type I and a lower
(although not significant) proportion of type IIB fibers.
AICAR administration significantly increased the percentage
of type I fibers in both WT and SMNΔ7 TA muscles with no
apparent changes in type IIA and type IIB fibers. Thus, the TA
muscle (a predominantly fast muscle type) of diseased animals
exhibited a change in myosin expression profile with an ab-
normal increase in the abundance of type I (slow, oxidative)
myofibers that was accentuated by AICAR treatment.

AICAR Partially Restores NMJ Defects in SMNΔ7 Mice

We next asked whether AICAR was able to modify structural
abnormalities found in NMJs of SMNΔ7 mice. For this, mus-
cle cryostat sections were double immunostained with anti-
bodies against NF and SV2 to label axons and nerve terminals,
respectively, and co-stained with α-Bgtx to identify postsyn-
aptic acetylcholine receptors. Denervation of the skeletal mus-
cle has been described as a histopathological feature of SMA
in humans that is recapitulated in distinct mouse models of the
disease [13, 61, 73]. Denervation in the SMNΔ7 mouse mod-
el has been reported to occur in some specific muscles (i.e., in
those from head and trunk), with only discrete changes in
others (particularly in those located in hindlimbs) that appear
to be fully innervated despite disease progression [73, 74]. In
fact, we found a nonsignificant increase in the number of
denervated NMJs in TA muscle of SMNΔ7 mice at P8, the
age examined in the present study [WT 9.6 %±1.2 %,
SMNΔ7 12.3 %±1.6 % (p>0.05), 78 and 94 NMJs analyzed
from 3–4 animals per condition]. For this reason we used the
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Fig. 3 Effects of chronic 5-aminoimidazole-4-carboxamide-1-β-D-
ribofuranoside (AICAR; 500 mg/kg/day) administration on tibialis
anterior (TA) muscle of Smn–/–;SMN2+/+;SMNΔ7+/+ (SMNΔ7)
mice. (A) Weight of TA muscles from postnatal day (P) 8 WT
and SMNΔ7 animals treated with either saline (Sal) or AICAR
(*p<0.05; n=8–11 muscles per experimental condition). (B)
Number of fibers in the TA muscle of P8 animals from the 4
experimental groups. There is a small, but not significant,
reduction in the number of myofibers in saline-injected SMNΔ7
mice compared with saline-treated wild-type (WT) littermates;
AICAR treatment increases fiber counts in muscles of mutant
mice; however, the difference does not reach statistical
significance (n=4 muscles from distinct animals per group). (c)
Cross-sectional area of muscle fibers in the TA muscle from P8
WT and diseased mice after treatments (**p <0.001; n=200–300
fibers of TA muscles obtained from 4–5 mice per condition). (D–
G) Representative micrographs of TA muscle cryosections, stained
with hematoxylin and eosin, from either saline- or AICAR-treated
WT and SMNΔ7 mice. (H, I) Relative frequency of fiber sizes,
expressed as a percentage of the total number of fibers; in TA

muscles from (H) WT and (I) SMNΔ7 mice subjected to saline or
AICAR treatment (n=4–5 mice per condition); the cumulative
percentages of muscle fibers in each experimental group are also
shown in the same graph. (J–M) Representative images of myosin
heavy chain (MyHC) I immunostaining in TA muscles of (J, K)
WT and (L, M) SMNΔ7 mice treated with either (J, L) saline or
(K, M) AICAR. (N) Graphical summary of percentage of MyHC
I-, MyHC IIA-, and MyHC IIB-immunostained fibers (type I, IIA,
and IIB myofibers, respectively) in TA muscles of P8 WT and
SMNΔ7 mice after AICAR treatment. Note that muscles from
WT mice treated with AICAR display a moderate, but
significant, increase in slow, MyHC I, fibers; compared to WT
animals, muscles from saline-injected SMNΔ7 animals show a
marked elevation in the number of MyHC I fibers that is even
higher after AICAR treatment (*p<0.05, **p <0.01, ***p<0.001,
n=20 sections of TA muscles from 4–5 mice per experimental
condition). In all graphs, values are shown as mean±SEM, and
one-way analysis of variance (Bonferroni’s post-hoc test) was
used for statistical analysis. Scale bar=50 μm in (G) (applies to
D–G) and 25 μm in (M) (applies to J–M)
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IC muscle, which has an important role in maintaining respi-
ratory function and is clinically relevant in SMA. We know
from previous studies that IC muscle displays important mo-
lecular and structural NMJ defects in SMA mice [13, 61]. In
relation to P8 saline-treated WT animals, IC muscles of
SMNΔ7 mice treated with vehicle displayed a ~1.5-fold in-
crease [WT-saline 25.0 %±1.1 %, SMNΔ7-saline 39.7 %±
2.1 %, n=97 and 101 NMJs, respectively, from 3–4 mice per
condition (p<0.001)] in the number of denervated NMJs.
AICAR treatment significantly prevented SMNΔ7 IC muscle
denervation (~1.2-fold reduction vs. SMNΔ7-saline; p<0.05)
linked to the disease (Fig. 4A–E”).

It is known that NMJs of SMAmice display structural chang-
es indicative of delayed synaptic maturation [61, 70, 75]. We
found that, in the IC muscles of saline-injected SMNΔ7 mice,
~40.5 % of NMJs were innervated polyneuronally compared
with ~8 % polyneuronal innervation observed in saline-treated
WT littermates (p<0.001). AICAR administration significantly
decreased (~1.8-fold reduction; p<0.001) the number of
polyneuronally innervated NMJs found in the IC muscles of
SMA animals (Fig. 4F–J”). Moreover, we analyzed the architec-
ture of the NMJ postsynaptic site labeled withα-Bgtx and found
that, in relation to saline-treated WT mice, IC muscles of
SMNΔ7 mice injected with vehicle displayed a dramatic in-
crease in the number of NMJs showing a plaque morphology
and a significant reduction in the number of NMJs exhibiting
folds or a perforate appearance (Fig. 4K, L). These structural
alterations, reflecting NMJ immaturity in diseased animals, were
partially prevented by AICAR treatment [SMNΔ7-AICAR vs
SMNΔ7-saline=plaque: ~1.4-fold decrease (p<0.001); folds:
~1.5-fold increase (p<0.001), perforated: ~5.5-fold increase
(p<0.001), n=75 NMJs from 3–4 animals per experimental
condition].

Additionally, we examined whether AICAR was able to
modify some presynaptic histopathological changes found in
NMJs of SMA mice, such as NF accumulation in nerve ter-
minals and axonal sprouting [13, 61, 76]. AICAR treatment
was not able to prevent the abnormal NF aggregation ob-
served in the IC synapses of saline-treated SMNΔ7 mice
(Fig. 4M, O). However, AICAR significantly decreased the
number of terminal sprouts found in the IC NMJs of SMNΔ7
mice (~1.2-fold reduction in the sprouting levels in AICAR-
treated SMNΔ7 mice in comparison with those in saline-
injected SMNΔ7 animals; p<0.001) (Fig. 4N, P).

The neuropeptide CGRP is stored in large dense core vesi-
cles in spinal cord MN somata and nerve terminals, where it
appears to have an important role in the development andmain-
tenance of NMJs [77–80]. In agreement with our previous re-
ports [13, 81], CGRP was markedly reduced in spinal cord
MNs, and TA and IC NMJs of saline-treated SMNΔ7 mice,
especially at end stages of disease (not shown). This decrease in
CGRP content was not significantly modified by AICAR in
any tissue samples, as shown in Fig. 4Q–U’ for the IC muscle.

AICAR Treatment did not Protect Against MN Death
and Reactive Gliosis but Prevented MN Deafferentation
in the Spinal Cord of SMNΔ7 Mice

Progressive MN loss has been considered a pathological hall-
mark of SMA. In agreement with our previous report [57], we
found a moderate (but significant) MN number depletion
(~30 % of WT-saline) and MN size reduction (~15 % of
WT-saline) in the spinal cord of saline-treated SMNΔ7 mice
at P8, a time point at which diseased animals exhibited a
dramatic impairment in their motor abilities. We then exam-
ined whether changes in the skeletal muscle phenotype
of SMNΔ7 mice induced by chronic AICAR adminis-
tration were accompanied by an increase in MN survival
or size. In relation to saline-treated SMNΔ7 mice, dis-
eased animals injected with AICAR did not exhibit any
changes in the number or size of apparently healthy
spinal MNs (Fig. 5A–F).

Although AICAR was not able to protect against MN de-
generation in SMA, we wanted to further explore whether
AICAR had any beneficial effect on other known histopatho-
logical changes in the spinal cord of SMA mice, such as
microglial and astroglial reaction in the ventral horn, and the
loss of glutamatergic excitatory inputs to MNs [13, 57, 74, 82,
83]. Immunocytochemistry with antibodies against IBA1 and
GFAP, to stain microglia and astroglia, respectively, revealed
that AICAR administration did not prevent the reactive
microgliosis and astrogliosis observed in the spinal cord of
SMNΔ7 animals (Fig. 5G–K and L–P, respectively). Howev-
er, compared with diseasedmice injected with saline, AICAR-
treated SMNΔ7 animals showed a significant increase (~1.6-
fold; p<0.001) in the number of VGluT1-positive synapses
contacting MN somata (Fig. 5Q–U).

AICAR Treatment did not Modify the NR2A Subunit
in Spinal Cord MNs of SMNΔ7 Mice

It has been reported that in the type II SMA mouse model,
physical exercise is able to increase the expression of the gene
encoding the NR2A subunit of the glutamate NMDA receptor
in MNs [39]. To examine whether chronic AICAR treatment
is able to modulate the expression of NR2A protein in the
spinal cord and, particularly in MNs of SMNΔ7 mice,
immuncytochemical and Western blot analyses were per-
formed. In contrast to results by Biondi et al. [39], we did
not find a reduction in NR2A expression in lumbar MNs of
our SMAmouse model: the quantification of NR2A immuno-
fluorescence in spinal cord sections of WTand SMNΔ7 mice
treated with saline revealed comparable levels of intensity in
both conditions. Similar results were obtained when NR2A
protein content was examined in spinal cord extracts byWest-
ern blot. Levels of NR2A expression were not significantly
modified after AICAR administration (Fig. 6A–O).
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Fig. 4 Effects of chronic 5-aminoimidazole-4-carboxamide-1-β-D-
ribofuranoside (AICAR) treatment in the neuromuscular junctions
(NMJs) of Smn–/–;SMN2+/+;SMNΔ7+/+ (SMNΔ7) mice. Different
presynaptic and postsynaptic structural features were analyzed in
NMJs of intercostalis (IC) muscles of postnatal day (P) 8 wild-
type (WT) and SMNΔ7 mice after treatment with either saline or
AICAR. (A) Percentage of NMJs showing different degrees of
innervation based on the proportion of α-bungarotoxin (α-Bgtx)-
labeled postsynaptic site area covered by synaptic vesicle protein
2 (SV2)- immunosta ined presynapt ic terminals . (B–E” )
Representative images illustrating the results shown in (A);
micrographs were taken from sections immunolabeled with SV2
(green) and stained with α-Bgtx (red) for postsynaptic site
identification. (F) Percentage of NMJs showing single- and
multiple innervation. (G–J’) Representative images illustrating
the results shown in (F); muscle sections were double-
immunolabeled with SV2 and neurofilament (NF; green) and
stained with α-Bgtx (red). Arrows in (H’) and (J’) indicate
NMJs (H’) double and single innervated in IC muscles of
SMNΔ7 mice treated with (H’) sal ine or (J ’) AICAR,
respectively. (K, L) Percentage of NMJs showing different

degrees of maturity (K) assessed by the morphology of
postsynaptic site in form of a homogeneous plaque or
containing folds, perforations or secondary structure, as depicted
in micrograph images shown in (L). (M, N) Number of NMJs
exhibiting (M) NF aggregates and (L) terminal nerve sprouts.
(O, P) Micrographs depicting representative (O, arrow) NF
aggregates and (P, arrow) nerve sprouts in NMJs of IC muscles
of SMNΔ7 mice that were analyzed in the different experimental
conditions. (Q) Percentage of NMJs showing different intensities
of calcitonin gene-related peptide (CGRP) inmunolabeling. (R–U’)
Representative images showing CGRP-inmunofluorescence [red in
(R), (S), (T), and (U)] in NMJs of different experimental
conditions; dashed lines delineated NMJs labeled with α-Bgtx
[green in (R’), (S’), (T’), and (U’)]. In all graphs, values are
shown as mean±SEM; *p<0.05, **p<0.01, ***p<0.001, n=75–
100 NMJs of IC muscles from 4–5 mice per experimental
condition (one-way analysis of variance, Bonferroni’s post-hoc
test); legends corresponding to different experiment groups
shown in graphs are indicated in (A). Scale bars: 10 μm in
(C”) (applies to B–C”), (E”) (applies to D–E”), (J”) (applies to
G–J”), (L), (O), (P), and (U’) (applies to R–U’)
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Fig. 5 Chronic treatment with 5-aminoimidazole-4-carboxamide-1-
β-D-ribofuranoside (AICAR) does not ameliorate motor neuron
(MN) degeneration or the microglial and astroglial reaction
observed in the spinal cord of Smn–/–;SMN2+/+;SMNΔ7+/+

(SMNΔ7) mice but prevents the loss of excitatory glutamatergic
synaptic inputs linked to spinal muscular atrophy (SMA). (A, B)
Number of (A) apparently healthy MNs and (B) area of MN soma
in postnatal day (P) 8 wild-type (WT) and SMNΔ7 animals
treated with either saline or AICAR. MNs were counted in 5–6
animals per condition; soma area was measured in 120–125 MNs
per experimental group. (C–F) Representative micrographs of
ventral horn MNs of (C, D) P8 WT and (E, F) SMNΔ7 mice
treated with (C, E) saline or (D, F) AICAR; spinal cord paraffin
sections were stained with hematoxylin and eosin. (G–P) AICAR
treatment does not ameliorate microgliosis or astrogliosis due to
SMA. Graphs in (G) and (L) show the quantification of (L)
ionized calcium-binding adaptor molecule 1 (IBA1)-positive
microglial profiles and glial fibrillary acidic protein (GFAP)-
positive astroglia around MNs in the ventral horn of lumbar
spinal cord of P8 WT and SMNΔ7 mice treated with saline or

AICAR; image analysis was performed in 30–35 spinal cord
sections per experimental condition (4–6 animals per each
genotype and treatment). Representative images of (H–K, green)
IBA1- and (M–P, red) GFAP-immunolabeled profiles around MNs
in the spinal cord of mice used for quantification are shown;
fluorescent Nissl staining [red in (H–K), and green in (M–P)]
was performed to visualize MNs. (Q) Number of vesicular
glutamate transporter 1 (VGluT1)-positive boutons apposed to
WT and SMNΔ7 MNs per 100 μm of soma perimeter in the
spinal cord of P8 mice after either saline or AICAR injections;
counts were performed in 35–45 MNs per mouse (3–4 mice per
experimental condition). (R–U) Confocal images of P8 MNs
showing glutamatergic inputs labeled with anti-VGluT1 antibody
(green); MNs were visualized with fluorescent Nissl stain (red).
Values in graphs represent the mean±SEM. *p<0.05, **p<0.01,
***p<0.001 (one-way analysis of variance, Bonferroni’s post-hoc
test). Scale bars: 50 μm in (F) (applies to C–F), 60 μm in (K)
(applies to H–K); 40 μm in (P) (applies to M–P), and 20 μm in
(U) (applies to R–U)
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Fig. 6 (A–O) Expression of the N-methyl-D-aspartate (NMDA)
receptor 2A subunit (NR2A) in lumbar spinal cord of postnatal
day (P) 8 wild-type (WT) and Smn–/–;SMN2+/+;SMNΔ7+/+

(SMNΔ7) mice chronically treated with either saline or 5-
aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR).
(A–L) Representative confocal micrographs of spinal cord
cryostat sections from (A–C, G–I) saline- and (D–F, J–L)
AICAR-treated (A–F) WT and (G–L) SMNΔ7 mice showing
NR2A-immunoreactivity (green) in motor neurons (MNs),
visualized with fluorescent Nissl staining (red). (M) Graph
showing the quantification NR2A intensity in MN somata of
mice subjected to the treatments; 75–85 MNs from 3–4 mice
per experimental condition were analyzed. (N) Representative
Western blots to determine NR2A expression in spinal cord
extracts of mice after different treatments; β-actin was used as
loading control. (O) Densitometry analysis of NR2A protein
levels in Western blots; data were obtained from 3–4 mice per

experimental condition and are expressed as the percentage of
change in relation to the ratio of NR2A to β-actin of WT mice
treated with saline. (P–S) Western blot assays, performed on (P)
lumbar spinal cord and (R) skeletal muscle extracts of P8 WT and
SMNΔ7 mice fo l lowing sa l ine or AICAR t rea tmen t ,
demonstrating no changes in survival of motor neuron (SMN)
levels induced by the adenosine monophosphate-activated protein
kinase agonist. β-actin and α-tubulin were used as loading
controls; each sample corresponds to the spinal cord or muscle
extract of one animal. (Q, S) Densitometry analysis of SMN
protein levels in Western blots; data were obtained from 3 mice
per experimental condition and are expressed as the percentage of
change in relation to the ratio of SMN to β-actin or α-tubulin of
saline-treated WT mice. Values in graphs are shown as mean±
SEM and were analyzed by using one-way analysis of variance
(Bonferroni’s post-hoc test). Scale bar in (L)=30 μm (applies to
A–L)
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Treatment with AICAR did not Increase the Expression
Level of SMN in the Spinal Cord and Skeletal Muscles
of SMNΔ7 Mice

It has been shown that physical exercise exerts its beneficial
effects on SMA mice by increasing the amount of exon 7-
containing SMN transcripts and, subsequently, the levels of
SMN protein in the spinal cord [38]. For this reason, we
wanted to determine whether chronic AICAR treatment was
able to elevate the expression levels of SMN in the spinal cord
and skeletal muscle of SMNΔ7 mice. Western blot analysis of
spinal cord and muscle extracts obtained from AICAR-treated
SMNΔ7 animals revealed similar low levels of SMN found in
diseased animals treated with saline (Fig. 6P–S). Therefore,
AICAR does not elicit an increase in SMN protein in SMA.

Discussion

Various studies performed in humans and mouse models sug-
gest that exercise is potentially beneficial in SMA by improv-
ing or stabilizing muscle strength and, consequently, motor
function [38, 84–86]. In the present study, we examined the
effectiveness of the synthetic AMPK agonist AICAR, an ex-
ercise mimetic pharmacological compound [50], as a putative
therapeutic agent for SMA in a severe model of the disease,
the SMNΔ7mouse.We show here that chronic administration
of AICAR, starting on the first day after birth, is capable of
ameliorating skeletal muscle atrophy and some structural
changes found in NMJs of SMA mice. AICAR is also able
to prevent the loss of glutamatergic excitatory synaptic affer-
ents on MNs, but did not prevent MN loss or the microglial
and astroglial reaction occurring in the spinal cord in the
course of disease. Moreover, AICAR did not improve motor
behavior or lifespan of SMNΔ7 mice.

In normal conditions, exercise induces important adaptive
changes in the metabolism and gene expression programs of
skeletal muscle leading to modifications in its fiber type com-
position (i.e., type II to type I fiber switch) [71, 87]. AMPK
activation appears to play an important role in these muscular
changes induced by exercise [45]. AICAR has been reported
to be a potent stimulator of AMPK activity in the skeletal
muscle [46], and its chronic administration elicits important
phenotypic changes in myofibers, such as the shift from a fast
(glycolytic) to slow (oxidative) program, which improve ex-
ercise performance as demonstrated in distinct animal models
(see [44, 88] for reviews). In this respect, AICAR has been
shown to increase endurance in the absence of physical exer-
cise [50]. In the present study we noticed only a modest ca-
pacity of AICAR to stimulate AMPK activation (evaluated by
kinase phosphorylation) in the skeletal muscle of WT mice
in vivo. This is in contrast to the strong effect of AICAR
promotingAMPK activity in C2C12muscle cells found in vitro

in a previous study [51]. Although these authors did not ex-
amine the activation of AMPK in vivo, they reported benefi-
cial effects of AICAR in skeletal muscles of themdxmouse (a
model of Duchenne muscular dystrophy) when chronically
administered at the same dose, regimen, and mode of injection
as used here. Indeed, we found phenotypic changes in the
skeletal muscle and NMJ (as discussed below) of SMNΔ7
mice after AICAR administration, suggesting a pharmacolog-
ical effect of the agent in our model, despite moderate AMPK
activation. In fact, it is known that AICAR is not a selective
activator of AMPK and can also stimulate other AMP-
sensitive enzymes, which play an important role in the regu-
lation of muscle metabolism [89]. Interestingly, we found that
muscles from SMNΔ7 mice have a basal increase in AMPK
activity that is not significantly modified by AICAR treat-
ment, similar to what has been reported in dystrophic muscles
from mdx mice [62]. Muscle dysfunction, linked to SMA,
could account for the elevated AMPK activity found in our
model. According to this possibility, increases in the expres-
sion and activity of different kinases have been observed in a
variety of muscle pathologies [62, 90–92].

We found that AICAR ameliorates muscular atrophy in
SMNΔ7 as a consequence of the increase in myofiber size,
which appears to be responsible for the modest increase in
body weight of diseased animals treated with the compound.
This is in contrast to the absence of changes in the cross-
sectional area of myofibers reported in the dystrophic muscle
of mdx mice following chronic treatment with AICAR [51].
Differences in the physiological and histopathological alter-
ations occurring in muscles affected by SMA and in dystro-
phic muscles (see, e.g., [93]) could account for the discrepan-
cies existing between these mouse models regarding the ef-
fects of AICAR on myofiber size. However, in agreement
with findings reported in mdx mice [51], we also observed
that AICAR increases the proportion of type I slow-twitch
myofibers in SMNΔ7 mice. It is important to note that in
basal (saline-treated) conditions we observed that muscles
from SMNΔ7 mice had a dramatic increase in the proportion
of type I fibers in a predominantly fast muscle, the TA. This
change could be the consequence of a metabolic oxidative
myogenic compensatory program intended to limit muscle
dysfunction resulting from the disease. Similar changes in
the myofiber typology have been reported in hindlimb mus-
cles other than TA [69]. Type I (slow, oxidative) myofibers,
which have slow isoforms of contractile proteins, are more
resistant to fatigue than type II (fast, glycolytic) myofibers,
and skeletal muscles with a higher content of type I fibers
are more resistant to wasting than those with a predominance
of type II fibers [64, 94]. As AICAR promotes an oxidative
response in skeletal muscle [44], the increase in the proportion
of type I fibers in SMA may be beneficial by favoring the
oxidative phenotype of myofibers that mitigate the conse-
quences of muscular denervation.
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It has been documented that regular physical exercise
has a beneficial effect in a mouse model of SMA type II
(Smn–/–;SMN2[2Hung]+/+ mice) by increasing the lifespan,
reducing MN degeneration, and limiting the muscular at-
rophy characteristic of the disease. This therapeutic action
has been attributed to the elevation of SMN levels, which
appears to be the result of an increase in exon 7-
containing SMN transcripts, as has been reported in the
spinal cord of SMA-trained mice [38]. In our study, we
found that AICAR did not elicit any beneficial effects on
MN degeneration or reactive gliosis occurring in spinal
cord of SMNΔ7 mice [57], indicating that AICAR is
not as effective as physical exercise, in promoting MN
survival in SMA affected animals. The absence of changes
in SMN protein levels we observed in the spinal cord and
skeletal muscle of SMNΔ7 mice after AICAR administra-
tion may account for these differences. It is known that
the expression of SMN at prenatal and early postnatal
stages is crucial for MN survival and the normal develop-
ment of motor units, as well as for the refinement and
maturation of NMJs [95–97]. Although AICAR was not
able to promote MN survival in SMA animals, this com-
pound did ameliorate some NMJ alterations linked to the
disease. Thus, we observed that AICAR mitigated dener-
vation and favored the maturation of SMA NMJs, as de-
termined by the reduction in polyneuronal innervation and
the achievement of a more mature architecture (i.e.,
pretzel-like morphology) of postsynaptic sites. Moreover,
AICAR reduced axonal sprouting observed in NMJs of
SMNΔ7 mice. As no elevation in muscle SMN protein
levels was found in AICAR-treated SMNΔ7 animals,
these beneficial effects on NMJs, which occur in a
SMN-independent manner, appear to be a consequence
of a direct action of AICAR on skeletal muscle. In fact,
it has been shown that AICAR alters the content of dif-
ferent muscle phenotypic modifiers (including the tran-
scriptional coactivator PGC-1α, the nuclear receptor per-
oxisome proliferator-activated receptor δ, the nicotinamide
adenine dinucleotide-dependent protein deacetylase sirtuin-
1, and the receptor-interacting protein 140), which appear
to be, at least in part, responsible for AICAR functional
improvements on dystrophic muscle [44, 51]. PGC-1α,
either directly or through the activation of the
neuregulin-1-dependent pathway, induces the transcription
of synaptic genes that play a key role in the formation of
acetylcholine receptor clusters and NMJ maintenance [98].
PGC-1α expression has been shown to be increased in
muscle after physical exercise ([66, 99], see also [100]
for a review), and in normal and dystrophic muscles of
mice chronically treated with AICAR [50, 51]. The latter
results contrast with the absence of a substantial increase
in PGC-1α protein content induced by AICAR in our
study. The age of the animals and the time frame of

AICAR administration could explain the disparity of re-
sults; thus, adult animals and longer periods of treatment
(~30 days) have been used in the previous studies [50,
51]. In fact, we noticed a moderate increase in PGC-1α
band density in muscles from some mice (both WT and
SMNΔ7) treated with the compound, although, owing to
sample variability, no statistically significant changes were
observed when individual data were pooled. However, in
agreement with our findings, no changes in PGC-1α
mRNA expression have been reported in mdx mice sub-
jected to chronic AICAR treatment. Whether the activation
of phenotypic modifiers other than PGC-1α or additional
mechanisms, such as the expression of neurotrophic fac-
tors, are important as mediators of the AICAR actions we
describe here, needs further investigation. In this respect, it
is well known that exercise induces the expression of
several neurotrophic factors including insulin-like growth
factor-1, neurotrophin-4, brain-derived neurotrophic factor,
and glial cell line-derived neurotrophic factor that are im-
portant in maintaining the integrity of NMJs [100].

MN loss has been considered a histopathological hallmark
of human SMA, which has also been found to occur in mouse
models of this disease. However, in contrast to the extensive
spinal MN loss reported in humans [2], most of the studies
performed on SMAmice, including the SMNΔ7 model, have
shown that, even at end stages of disease, MN death is modest
and does not account for the degree of muscular weakness and
paralysis exhibited by these animals [13, 55, 57, 61, 81]. Nev-
ertheless, surviving MNs in SMA mice display alterations
indicative of cellular dysfunction, which include the loss of
glutamatergic (VGluT1 immunoreactive) synaptic afferents
[57, 74, 81–83]. We and others have reported that this gluta-
matergic deafferentation precedes MN death and begins at
prenatal stages in SMNΔ7 animals [57, 83], long before
MN loss is observed. However, whether or not MN deaffer-
entation modifies cell death in SMA is not clear, and may, in
fact, be a consequence of primary MN pathology [61, 101,
102]. In this regard, it has been recently reported that SMN
deficiency results in intrinsic changes in the electrophysiolog-
ical properties of MNs [103], and that replacement of SMN
only in MNs is necessary and sufficient to restore the func-
tional deficits of motor units [104]. These findings suggest
that adequate levels of SMN in MNs are crucial to avoid the
dysfunction and subsequent degeneration of MNs. Here we
show that the loss of VGluT1 synapses on MNs of SMNΔ7
mice can be prevented by chronic AICAR administration.
Nevertheless, this improvement in central synaptic connectiv-
ity is not sufficient to prevent the progressive MN loss that
takes place in the course of the disease. As VGluT1 is
expressed in synaptic boutons on MNs mainly derived from
proprioceptive sensory axons [105], it is possible that, at least
in part, the effect of AICAR in preventing the glutamatergic
deafferentation is due to the action of this compound on
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skeletal muscle and, particularly, onmuscle spindles. In fact, it
has been shown that there is a loss of proprioceptive, muscle
spindle inputs to MNs, which occurs early in SMA and ap-
pears to be secondary to MN dysfunction [83, 102]. Whether
AICAR is able to modify muscle spindles in SMNΔ7 requires
further detailed studies.

It is important to note that SMA is a complex and
multisystemic disorder, although it is phenotypically
expressed mainly as a neuromuscular disease [13, 61, 106,
107]. It appears that muscle and nerve may be independently
affected by SMN deficiency [17, 107], and muscle has only a
minor impact on SMA pathogenesis. Indeed, several studies
have reported that improvements in skeletal muscle and NMJ
morphology and physiology, after SMN replacement in MNs,
do not result in a significant increase in survival [61, 82, 101,
104, 108, 109]. Moreover, it has been recently shown that low
levels of SMN in muscle are sufficient for its normal function,
and muscular replacement of SMN does not modify the
lifespan of SMA [110]. Nevertheless, these results should be
interpreted cautiously as a conspicuous myopathy has been
reported to occur after deletion of murine SMN exon 7 in the
skeletal muscle [11]. In any case, an intricate crosstalk be-
tween the MN and muscle occurs in normal and pathological
conditions. As our results suggest that AICAR mainly targets
the muscular side of the system, it would be interesting to
examine whether the association of this compound with
MN-directed therapies results in a more remarkable benefit
in SMA clinical outcome. Perhaps, an AICAR assay in a less
severe model of this disease, such as the Smn2B/– mouse [76,
111], may further clarify the benefits of this compound as a
muscle-directed therapy in the context of SMA.
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