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Abstract

Spinal muscular atrophy (SMA) is an autosomal recessive motor neuron disease caused by
deficiency of the survival of motor neuron (SMN) protein, which leads to synaptic defects and
spinal motor neuron death. Neuromuscular junction (NMJ) abnormalities have been found to
be involved in SMA pathogenesis in the SMNA7 SMA mouse model. However, whether simi-
lar NMJ pathological findings present in another commonly used mouse model, the Taiwanese
SMA mouse, has not been fully investigated. To examine the NMJs of the Taiwanese severe
SMA mouse model (Smn™"; SMIN2'9%), which is characterized by severe phenotype and
death before postnatal day (P) 9, we investigated 25 axial and appendicular muscles from P1
to P9. We labelled the muscles with anti-neurofilament and anti-synaptophysin antibodies for
nerve terminals and a-bungarotoxin for acetylcholine receptors (AChRs). We found that
severe NMJ denervation (<50% fully innervated endplates) selectively occurred in the flexor
digitorum brevis 2 and 3 (FDB-2/3) muscles from P5, and an increased percentage of fully
denervated endplates correlated with SMA progression. Furthermore, synaptophysin signals
were absent at the endplate compared to control littermate mice, suggesting that vesicle trans-
port might only be affected at the end stage. Subsequently, we treated the Taiwanese severe
SMA mice with morpholino (MO) antisense oligonucleotides (80 ug/g) via subcutaneous injec-
tion at PO. We found that MO significantly reversed the NMJ denervation in FDB-2/3 muscles
and extended the survival of Taiwanese severe SMA mice. We conclude that early NMJ
denervation in the FDB-2/3 muscles of Taiwanese severe SMA mice can be reversed by MO
treatment. The FDB-2/3 muscles of Taiwanese severe SMA mice provide a very sensitive plat-
form for assessing the effectiveness of drug treatments in SMA preclinical studies.
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Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive motor neuron disease characterized
by o- motor neuron loss in the anterior horn of the spinal cord [1] accompanied by muscle
atrophy and weakness [2]. SMA, a leading genetic cause of hereditary infant mortality [3], is
caused by deletion or mutation of the survival of motor neuron 1 (SMN1) gene [4]. The copy
gene of SMN1, called SMN2, differs at a single nucleotide in exon 7 (C to T), resulting in exon 7
skipping during SMN mRNA transcription [5]. Therefore, the skipped exon 7 transcript (A7)
can only be translated into a partially functional and truncated SMN protein. In general, SMN1
and SMN2 genes encode 90% and 10% of the full-length SMN protein, respectively. Clinically,
SMA patients have functional loss of the SMNI gene, but they retain at least one copy of the
SMN?2 gene [6]. There is still no effective treatment for SMA. Therefore, the creation of a suit-
able animal model of SMA is a crucial step for therapeutic discovery. In 2000, Taiwanese
researchers introduced human SMN2 to mice, which rescued the embryonic lethality and
resulted in mice with different phenotypes resembling human SMA [7]. Accordingly, these
SMA mice are classified into three phenotypes: severe form SMA mice, who die before postna-
tal day (P) 9; mice with intermediate severity, who die at approximately 2-4 weeks; and mild
form SMA mice, who survive and breed normally [7].

Abnormal neuromuscular junctions (NM]s) have been observed in the SMA mouse models,
including neurofilament accumulation at nerve terminals [8, 9], immature endplates [10-12],
and reduced transmitter release [9, 13-15]. Previous studies on A7 mice indicated that the
NMJs of the hind limb muscles were still fully innervated, even at the end stage [9, 16]. More-
over, recent studies have demonstrated that axial and appendicular muscles, including the ser-
ratus posterior inferior (SPI), masseter, longissimus capitis, and flexor digitorum brevis (FDB)
muscles show severe NMJ denervation (< 50% fully innervated endplates) at the end stage
(P14) of A7 mice [17]. Another recent study suggested that the NMJs of the lumbrical muscles
of the hind-paw were vulnerable in A7 mice, as well as in amyotrophic lateral sclerosis (ALS)
SOD1%%*A mice [18]. NM]J pathology in A7 mice has been regarded as a sensitive platform to
evaluate the efficiency of potential therapeutics in SMA [19-22]. Correspondingly, recent stud-
ies have also shown neuromuscular transmission failures and smaller endplate size in Taiwan-
ese mild SMA mice [23] and neurofilament accumulation in Taiwanese severe SMA mice [24,
25]. Taiwanese severe SMA mice have a more rapid disease progression and relatively simpler
genetic background than A7 mice [7, 23], and therefore, may more suitably serve as an alterna-
tive platform for SMA drugs screening. Indeed, Taiwanese SMA mice have been widely used in
the discovery of various drugs [25-31]. However, the NMJ phenotypes in the Taiwanese severe
SMA mice are not well characterized, in contrast to the A7 mice. In the present study, we exten-
sively examined the NMJs of the axial and appendicular muscles of Taiwanese severe SMA
mice. We found that distal limb muscles, including the FDB-2 and FDB-3 muscles of Taiwan-
ese severe SMA mice were most severely NMJ denervated and can be reversed by early mor-
pholino (MO) antisense oligonucleotides (ASOs) treatment. These results imply that
Taiwanese severe SMA mice may serve as a suitable platform for clarifying potential mecha-
nisms driving selective NMJ denervation and evaluating preclinical drug efficacy for alleviating
NMJ defects.

Materials and Methods
Animal Model

All animals used for this study and all protocols involving the use of animals were approved by
Institutional Animal Care and Use Committee of Kaohsiung Medical University (approval ID:
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98189, 101145). The Taiwanese SMA (Smn”"; SMN2) mice were generated as previously
described [7]. Mild SMA mice carry homozygous SMN2 transgenes (Smn”"; SMN2'¥'®). These
mice develop necrotic ears and tails and live longer than 1 year. To generate severe SMA mice,
the Smn™"; SMIN2'®'8 mice were crossbred to heterozygous Smn knockout mice (Smn“ N
SMN2%°) to generate 50% severe SMA mice (Smn™"; SMN2'¥'°) and 50% control littermates
(control) (Smn*'"; SMN2'¥%). We confirmed two SMN2 copies in severe SMA mice (Smn";
SMN2'¢%) and four SMN2 copies in mild mice (Smn”'"; SMN2'®'') by capillary electrophoresis
as described previously [32]. The SMN2 and Smn knockout alleles were genotyped by PCR
analyses of tail DNA [31]. Tail snips were collected at PO, and mice were identified by paw
mark. The lifespan of Taiwanese severe SMA mice was about 9 days. Animals were allowed
food and water ad libitum and were kept under constant temperature and controlled illumina-
tion conditions (lights on between 07:30 and 19:30). We checked the health of the mice at least
twice a day, usually in the morning and afternoon. We used humane treatment for SMA mice
when they showed paralysis of the hindlimb, weight loss, and poor appetite in the end stage.
The mice were sacrificed by increased carbon dioxide, and decapitation was used for neonatal
mice prior to P14 as an additional physical method to ensure death. There was no unexpected
death during the study.

Fixation and Dissection of Mouse Muscles

Mice of the desired genotype and age were anaesthetized by intraperitoneal injection of pento-
barbital (5 mg/kg). After anaesthesia, we removed the right atrium and perfused 3 ml (depend-
ing on the weight of mice) phosphate-buffered saline (PBS) into the left ventricle, followed by 3
ml (depending on weight of mice) 4% paraformaldehyde. Mouse samples were stored in 4%
paraformaldehyde at 4°C for 24 hours and transferred to PBS. We dissected 11 axial muscles,
including the semispinalis capitis, latissimus dorsi, sternohyoid, masseter, diagastric posterior,
trapezius, sternocleidomastoid, splenius capitis, intercostalis, longissimus capitus, and SPI, and
14 appendicular muscles, including the psoas, triceps brachii, quadriceps, gracilis, gluteus max-
imus, extensor digitorum longus (EDL), soleus, deltoid, gastrocnemius, anterior tibialis (AT),
biceps brachii, and FDB. The FDB is anatomically divided into three slender muscles (FDB-2,
FDB-3, and FDB-4), which flex the second, third, and fourth digits, respectively, upon contrac-
tion [33]. The dissection protocol was modified from that of a previous report [17].

Immunohistochemistry of Neuromuscular Junctions

Whole muscles were teased into layers of 5-10 fibres in thickness for improved staining. The
muscles were labelled with the following antibodies: chicken anti-neurofilament M (1:2000;
Millipore) for neurofilament, and rabbit anti-synaptophysin (1:200, Invitrogen) for presynaptic
nerve terminals. Acetylcholine receptors (AChRs) were labelled by Alexa Fluor 555-conjugated
o-bungarotoxin (BTX) (1:200; Invitrogen). The secondary antibodies were Alexa Fluor 647
goat anti-chicken IgG (1:200; Invitrogen) and Alexa Fluor 488 goat anti-rabbit IgG (1:200;
Invitrogen). All antibodies were mixed with 5% bovine serum albumin (BSA), 0.5% triton X-
100, and 0.1% sodium azide and washed with washing solution: 0.5% triton X-100 in PBS.
After staining, muscles were mounted with Fluor Preserve reagent (Calbiochem) on slides and
stored at 4°C [17].

Quantification of NMJ Morphology and Imaging

For the imaging of NMJs, all images were taken by confocal microscope (Zeiss LSM 740). Z-
stack images of whole-mount muscles were obtained at sequential focal planes. Illustrated
images were flattened projections of Z-stack images. For quantification of synaptic pathology,
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the NM]J was evaluated by categorizing endplates as fully innervated (neurofilament and synap-
tophysin signal labelling of more than 80% of the endplate), partially innervated (neurofila-
ment and synaptophysin signal labelling of up to 80% of the endplate), and fully denervated
(no neurofilament or synaptophysin overlying the endplate). For all analyses, 3 pairs of Tai-
wanese severe SMA and control mice were counted. For each muscle sample, one hundred
NM]Js were evaluated from a randomly selected field of the whole mount. Muscles with poor
staining were excluded from analysis. To achieve unbiased analyses, observers were blinded to
the genotypes of muscles [17]. For quantification of endplate size, all endplate sizes were esti-
mated by manual tracing in Image J software to calculate the area. All analyses were performed
on en-face endplates only, as well as on Z-stacks throughout the NMJs.

Morpholino (MO) Antisense Oligonucleotide Treatment

The MO ASO sequence, numbered from the SMN2 exon 7 donor site, was ATTCACTTTCA
TAATGCTGG (MWT = 6,754, Gene Tools) [34]. MOs were suspended in sterile 0.9% normal
saline. Stock solutions were stored at -20°C, and working solutions were stored at 4°C. Four
groups were treated by subcutaneous (SC) injection; severe SMA mice (Smn™"; SMN2"") and
control mice were treated at PO with MO (80 pg/g) and 0.9% normal saline, respectively. All
mice were sacrificed at end stage (P9).

Statistical analysis

Statistical analyses were performed with GraphPad Prism v5.0 (GraphPad Software). Statistical
significance was determined using either Mann-Whitney tests or Friedman two-way ANOVA
tests. Kaplan-Meier survival curves were compared and assessed for differences using the log-
rank test equivalent to the Mantel-Haenszel test. All data were expressed as mean + SEM.

Results

NMJ Denervation in Different Muscles of Taiwanese Severe SMA Mice
at End Stage

To establish which muscles were highly vulnerable to denervation in Taiwanese severe SMA
mice, we examined NMJ denervation patterns in 25 different axial and appendicular muscles.
We labelled presynaptic nerve terminals with anti-synaptophysin and anti-neurofilament anti-
bodies and stained postsynaptic endplates with a-bungarotoxin. Control and severe SMA mice
were easily identified by phenotype at P9. Compared with control mice, severe SMA mice had
a lower weight (P < 0.001) (Fig 1A), and smaller endplate areas (Fig 1B).

Mature NMJs in control mice were all fully innervated, as shown by overlapping presynaptic
nerve terminals and AChRs. The neurofilament signals were innervated into the endplates, and
synaptophysin was evenly distributed and completely covered the endplates. In contrast, par-
tially denervated endplates were only partially covered by presynaptic nerve terminal signal-
ling. Fully denervated endplates were not stained with any presynaptic labelling. Compared
with control mice, severe SMA mice showed severe NMJ denervation (< 50% fully innervated
endplates), which occurred selectively in appendicular FDB-2 and FDB-3 (FDB-2/3) muscles
at P9 (Fig 2A). The percentages of fully innervated, partially innervated, and fully denervated
endplates in muscles of severe SMA mice compared to control mice are shown in Fig 2B. The
FDB-2/3 muscles displayed severe denervation, averaging 51.7% + 4.1% and 48.7% + 2.6% of
endplates, respectively. Interestingly, FDB-4 showed slight denervation, averaging 4.3% + 1.2%
of endplates.
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Fig 1. The differences in (A) weight and (B) endplate area between control and severe SMA mice at P9.
(A) Bar graphs showing the difference in weight between control (n = 34) and severe SMA mice (n =23) at end
stage (P9). (B) Endplate size of the AT muscle in control mice and severe SMA mice at P9. One hundred
endplates of the AT muscle were counted in each mouse, and 3 pairs of severe SMA and control mice were
quantified with Image J software. All quantitative data are mean + SEM. ***P < 0.001 versus control mice.

doi:10.1371/journal.pone.0154723.9g001

Compared with control mice, the FDB-2 muscle of severe SMA mice showed a relative defi-
ciency of synaptophysin and neurofilament signals (Fig 3A and 3B). The FDB-3 muscle of
severe SMA mouse also showed similar neuromuscular denervation pattern (data not shown).
Other muscles, including the SPI, splenius capitis, and longissimus capitis, which have been
shown to be severely NMJ denervated in A7 mice [15, 17], were not denervated in Taiwanese
severe SMA mice in this study (Fig 3C-3H).

Increased NMJ Denervation of FDB-2/3 muscles of Severe SMA Mice
along Disease Progression

NM] denervation in the severe SMA mouse model has been shown to occur as a failure of syn-
aptic maintenance [12, 17, 35]. To characterize whether denervation in vulnerable muscles of
Taiwanese severe SMA mice was also caused by the failure of synaptic maintenance, we
planned a time course experiment and collected muscles from P1 to P9 in both control and
Taiwanese severe SMA mice. The FDB-2 muscle of control mice did not show significant
denervation from P1 to P9 (Fig 4A). In contrast, neuromuscular denervation in the FDB-2
muscle of Taiwanese severe SMA mice increased in severity during disease progression (Fig
4B). The percentages of denervation in FDB-2 muscle of Taiwanese severe SMA mice in P1,
P3, P5, P7, and P9 were 2.0 £ 1.0%, 3.0 + 1.0%, 7.7 + 1.5%, 37.3 + 0.7%, and 51.7% + 4.7%,
respectively. The FDB-3 muscle of SMA severe mice showed a similarly increased neuromuscu-
lar denervation pattern from P1 to P9 (data not shown). Significant denervation from P1 to P9
was not observed in the AT and gastrocnemius muscles of Taiwanese severe SMA mice (Fig 4C
and 4D).

Neuromuscular Denervation of FDB-2/3 Muscles of Severe SMA Mice is
Ameliorated by MO Antisense Oligonucleotide Treatment

If the denervation of FDB-2/3 muscles can be recovered by effective treatment, evaluation of
NM]J denervation severity in severe SMA mice may provide a drug-screening platform. The
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Fig 2. NMJ denervation in different pattern muscles of severe SMA mice at P9. (A) Quantification of fully innervated endplates in
muscles of control (blue) and severe SMA (red) mice at end stage (P9). (B) Quantification of fully innervated endplates (blue), partially
denervated endplates (yellow), and fully denervated endplates (red) in muscles of severe SMA mice at P9. One hundred NMJs of
individual muscles were counted in each mouse, 3 pairs of severe SMA and control mice were studied. All quantitative data are

mean + SEM. (FDB, flexor digitorum brevis; AT, anterior tibialis; EDL, extensor digitorum longus; SPI, serratus posterior inferior)

doi:10.1371/journal.pone.0154723.9002

MO antisense oligomer acts against intronic splicing silencer N1 (ISS-N1) and alters SMN2
transcript splicing by regulating incorporation of SMN2 exon 7. Early treatment with MO
increases SMN level and restores motor phenotypes [34]. To investigate whether the denerva-
tion in FDB-2/3 muscles could be improved by MO treatment, we treated Taiwanese severe
SMA mice with MO by SC injection at 80 pg/g body weight. We performed SC injection with
MO in severe SMA and control mice after identification by genotyping at P0. After treatment,
we examined the NMJ innervation pattern of FDB-2/3 muscles in each experimental group at
P9. We found that treatment with MO by SC injection increased the weight (Fig 5A) and
extended the lifespan of severe SMA mice (mean lifespan of Taiwanese severe SMA mice with
MO treatment: 19.7 days, n = 10; Taiwanese severe SMA mice without any treatment: 7.7 days,
n = 23; control: all survivals, n = 34, P < 0.05) (Fig 5B).

We also found that the denervation of FDB-2 muscle could be reversed by MO treatment.
Compared to the controls, MO treatment increased the synaptophysin signal (Fig 6A-6C). The
synaptophysin signal of MO-treated SMA mice was present at nerve terminals, but in clusters,
unlike the control group. MO treatment also increased weight (Fig 5A) and endplate size
(P < 0.001) in severe SMA mice (Fig 6D). The FDB-2 muscle of severe SMA mice treated with

PLOS ONE | DOI:10.1371/journal.pone.0154723 April 28,2016

6/15



el e
@ : PLOS ‘ ONE Morpholino ASOs Can Reverse NMJ Denervation in Severe SMA Mouse

Control-FDB2 SMA-FDB2 Control-SPI SMA-SPI

merge
merge

= =
c c
Q Q
£ £
S S
5 5
3 S B
Q Q
c c
< <
= =
Q Q
o o
£ £
" "
> >
< <
Q Q
2 2
Q Q
®© ®©
f= f=
> >
[ [
ol o
) )
Q Q
€ €
ES
= =
c c
Q Q
£ =)
S S
5 5
3 3
Q Q
c c
< <
= =
Q Q
o o
= £
" "
> >N
< <
Q Q
2 2
Q Q
®© ®©
f= f=
> >
[ [

Fig 3. The full denervation of endplates is observed on the FDB-2 muscle of severe SMA mice at P9.

The confocal images are Z-stack projection images, stained with anti-synaptophysin and anti-neurofilament
antibodies and conjugated a-BTX protein, in control and Taiwanese severe SMA mice at P9. The images in
parallel show individual channel grey-scale images and merge images. (A, B) FDB-2 muscle from control
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(n=3) and severe SMA mice (n = 3). Most NMJs are fully denervated (arrow) or partially innervated in the
FDB-2 muscle of severe SMA mice. (C, D) SPI muscles from control mice and severe SMA mice, (E, F)
splenius capitis muscles from control mice and severe SMA mice, and (G, H) longissimus capitis muscles
from control mice and severe SMA mice show little difference. (FDB, flexor digitorum brevis; SPI, serratus
posterior inferior; a-BTX, a-bungarotoxin).

doi:10.1371/journal.pone.0154723.g003

MO had an average of 7.0% NM]J denervation at P9, and an average 44.7% restoration of NMJ
denervation compared to untreated Taiwanese SMA severe mice (Fig 6E).

Discussion

Our study yielded several findings that extend the understanding of the NM]J pathology of Tai-
wanese severe SMA mice. We observed not only severe denervation, but also increased severity
of denervated NMJs from P1 to P9 in the FDB-2/3 muscles of Taiwanese severe SMA mice.
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Fig 4. NMJ denervation of FDB-2 muscle is increased with disease progression in Taiwanese severe SMA mice. Bar graphs show
fully innervated endplates (blue), partially denervated endplates (yellow), and fully denervated endplates (red) and presented as a
percentage of total endplate numbers. (A) FDB-2 muscle in control mice, (B) FDB-2 muscle in severe SMA mice, (C) AT muscle in severe
SMA mice, and (D) gastrocnemius muscle in severe SMA mice from P1 to P9. One hundred NMJs of individual muscles were counted in
each mouse, and 3 pairs of severe SMA and control mice were studied in P1, P3, P5, P7 and P9, respectively. All quantitative data are

mean + SEM.

doi:10.1371/journal.pone.0154723.9004
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Fig 5. MO treatment increases weight and survival rate in severe SMA mice. (A) Control mice gained
weight as expected and MO treatment increased weight compared with untreated SMA mice. Control (blue;
n = 34), Taiwanese severe SMA mice (red; n = 23), and Taiwanese severe SMA mice with MO treatment
(green; n = 10). All quantitative data are presented as mean + SEM. (B) Kaplan-Meier curves indicate a
dramatic improvement in survival after treatment with MO in Taiwanese SMA severe mice. P < 0.05, log-rank
test.

doi:10.1371/journal.pone.0154723.9g005

These important results suggest that severe NM]J denervation occurs selectively in vulnerable
appendicular FDB-2/3 muscles and is likely to start from distal limb muscles in Taiwanese
severe SMA mice. Our morphological analysis suggests that SMA may cause a defect in synapse
maintenance and denervation that correlates with disease progression. Moreover, we observed
neurofilament accumulation at nerve terminals in the FDB-2/3 muscles of Taiwanese severe
SMA mice. Finally, early treatment of severe SMA mice with MO by PO reversed NM]J denerva-
tion in FDB-2/3 muscles. Taking these findings together, the denervation which occurs selec-
tively in clinically relevant muscles, like the FDB-2/3 muscles, can provide a suitable platform
to uncover the mechanisms of NM]J loss and serve for drug screening in the SMA preclinical
stage.

Severe and Selective NMJ Denervation in Taiwanese Severe SMA Mice

Neurofilament accumulation at the presynaptic terminal is considered to be a critical patholog-
ical marker of NMJs in SMA mice and human patients [8-12, 36, 37]. Recent studies also
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Fig 6. Severe denervation of FDB-2muscle in severe SMA mouse is restored by MO treatment. (A-C)
The confocal images are Z-stack projection images at P9, stained with anti-synaptophysin antibody, anti-
neurofilament antibody, and conjugated a-bungarotoxin protein from FDB-2 muscles of control, severe SMA,
and MO-treated severe SMA mice. The images in parallel show individual channels of grey-scale images and
merged images. (A) FDB-2 muscle from control mice (n = 3). NMJs are partially or fully innervated. (B) FDB-2
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muscle from severe SMA mice (n = 3). Most NMJs are fully denervated (arrow). (C) FDB-2 muscle from
severe SMA mice with MO treatment. Recovery is observed after MO treatment by SC injection at PO. (D)
The endplate size of AT muscle in severe SMA mice, MO-treated SMA mice, and control mice at P9. (E)
Quantification of fully innervated endplates (blue), partially denervated endplates (yellow), and fully
denervated endplates (red) in FDB-2 muscles of control, severe SMA, and MO-treated severe SMA mice at
P9. One hundred of individual muscles were counted in each mouse, and 3 pairs of control, severe SMA and
MO-treated severe SMA mice were studied. All quantitative data are mean + SEM, ***P < 0.001.

doi:10.1371/journal.pone.0154723.g006

indicated synaptic abnormalities in several hindlimb muscles, such as deficiency in transmitter
release and significant loss of synaptic inputs in the motor neurons in A7 mice [15, 38]. The
decrease of neurotransmitter release was significantly observed in motor nerve terminals of
another mild homozygous A2G SMA mouse [14]. Several muscles, including the AT, EDL, and
soleus muscles, remained innervated even as SMA progressed [9, 16]. However, other muscles,
such as the FDB, SPI, splenius capitis, and longissimus capitis, have exhibited significant NM]
loss at the end stage in A7 mice [15, 17]. In the Taiwanese SMA mouse, neuromuscular trans-
mission failures and smaller endplate sizes were shown in mild mice [23], and neurofilament
accumulation was evident in severe and intermediate mice [24, 25]. Our study provides addi-
tional evidence to characterize the motor neuron innervation in the NMJs of these mice. We
systematically examined the NMJs in Taiwanese severe SMA mice and revealed severe NM]
denervation occurring exclusively at distal hindlimb FDB-2/3 muscles. However, we did not
observe any significant severe denervation in other clinically relevant muscles examined,
including the masseter, SPI, and longissimus capitis, which previously showed severe NM]J
denervation in A7 SMA mice. The muscles we examined were mostly innervated, including the
splenius capitis and longissimus capitis, which are responsible for head movement, the masse-
ter and digastric posterior, which are involved in mastication and swallowing, and the SPI and
intercostals, which are involved in respiratory function. These findings indicated that other fac-
tors are involved in the premature death of Taiwanese severe SMA mice. Necropsy findings of
abnormalities in the intestine, heart, lung, and skeletal muscle vasculature may explain death in
Taiwanese SMA severe mice [39, 40]. A recent study showed that full-length SMN depletion
caused selective vulnerability of motor neurons [41]. Severe neuromuscular denervation of the
FDB-2/3 muscles may contribute to motor deficits and defects in motor neuron pools [15, 38].
Several studies have also suggested that SMA and ALS may share some common biochemical
pathways [42-44]; the NM]J is a crucial therapeutic target in both SMA and ALS. Both diseases
have different patterns of selective vulnerability determining the denervation of NM]Js [17, 45-
47]. In ALS, larger motor units innervating fast-twitch muscles denervate first [18, 45]. How-
ever, our results suggested the denervation of Taiwanese severe SMA mice started from the ter-
minals of distal appendicular muscles. Furthermore, these experimental models may be
specifically beneficial in locating the different factors that determine the susceptibility of NM]Js
to denervation in SMA.

It is still unclear why selective denervation occurred in such distal and peripheral muscles as
FDB-2/3 in the Taiwanese severe SMA mice. Indeed, mouse models of SMA demonstrate addi-
tional pathological features that are rarely reported in patients with severe forms of SMA. In
Taiwanese SMA mice, intermediate and mild SMA mice show chronic necrosis starting from
the tip of the tail and moving toward the root [7]. This necrosis can be treated by SC injection
with ASOs [48, 49]. Similarly, after trichostatin A treatment, survival-prolonged A7 mice also
showed progressive vascular necrosis [50]. These findings suggest that vascular dysfunction is
likely a consequence of SMN deficiency. It is noteworthy that distal necrosis with vascular dys-
function has recently been observed in some patients with SMA type I [51-53]. Peripheral
muscle or vascular involvement might thus be a unique and early finding in SMA animal
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models. Further work is required to clarify the function of SMN in vessels and determine how
vascular dysfunction may contribute to NM] dysfunction in SMA.

Collectively, our results show that the majority of axial muscles were still innervated and the
distal FDB-2/3 muscles were significantly denervated. These results suggest that the NMJs
denervation may start in the distal FDB-2/3 muscles. In addition, SMN deficiency is likely to
cause failure of transport or maintenance at nerve terminals.

Early Treatment and Preclinical Drug Screening

Preclinical screening for SMA treatments depends not only on the rescue of motor neuron loss,
but also on the efficiency of restoring NMJ morphology and function. A number of studies
have used Taiwanese SMA model mice for clinical testing, including the use of ASOs. For
example, agents aimed at augmentation of SMN2 expression, such as histone deacetylase
(HDAC) inhibitor treatment, have been demonstrated to ameliorate motor deficits and
increase lifespan in Taiwanese SMA model mice [28, 54, 55]. In the previous study, MO-ASO
(10-29) treatment was shown to increase full-length SMN expression, weight gain, and survival
time in SMA mice [34]. We observed that the severity of NMJ denervation rapidly increased as
the mice aged. After MO administration at PO, NMJ denervation in FDB-2/3 muscles was effec-
tively improved. Based on these findings, severely denervated FDB-2/3 muscles may represent
an ideal target for in vivo drug screening and evaluation of therapeutic efficacy in Taiwanese
severe SMA model mice.

We concluded that NMJ denervation occurred in the early stage in Taiwanese severe SMA
model mice and could be reversed by MO treatment. Restoration of the SMN protein can
repair the denervation of NMJs, particularly in FDB-2/3 muscles, which may provide a suitable
platform for drug screening in SMA.

Acknowledgments

We thank Professor Chien-Ping Ko (University of Southern California) for his invaluable com-
ments. This study was supported by grants 99-2628-B-037-001-MY3 and 102-2628-B-009-
003-MY3 from the Ministry of Science and Technology, Taiwan, ROC.

Author Contributions

Conceived and designed the experiments: TLL YYH THC YHC BT] Y]JJ. Performed the experi-
ments: TLL YHC. Analyzed the data: TLL YYH YJJ. Contributed reagents/materials/analysis
tools: TLL THC YJJ. Wrote the paper: TLL YYH BTJ YJ]J.

References

1. Crawford TO, Pardo CA. The neurobiology of childhood spinal muscular atrophy. Neurobiology of dis-
ease. 1996; 3(2):97—110. Epub 1996/04/01. doi: 10.1006/nbdi.1996.0010 PMID: 9173917.

2.  Sumner CJ. Molecular mechanisms of spinal muscular atrophy. Journal of child neurology. 2007; 22
(8):979-89. Epub 2007/09/01. doi: 10.1177/0883073807305787 PMID: 17761653.

3. Roberts DF, Chavez J, Court SD. The genetic component in child mortality. Archives of disease in child-
hood. 1970; 45(239):33-8. Epub 1970/02/01. PMID: 4245389; PubMed Central PMCID:
PMCPMC2020428.

4. Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viollet L, et al. Identification and characteriza-
tion of a spinal muscular atrophy-determining gene. Cell. 1995; 80(1):155-65. Epub 1995/01/13. PMID:
7813012.

5. Monani UR, Lorson CL, Parsons DW, Prior TW, Androphy EJ, Burghes AH, et al. A single nucleotide
difference that alters splicing patterns distinguishes the SMA gene SMN1 from the copy gene SMN2.
Human molecular genetics. 1999; 8(7):1177-83. Epub 1999/06/17. PMID: 10369862.

PLOS ONE | DOI:10.1371/journal.pone.0154723 April 28,2016 12/15


http://dx.doi.org/10.1006/nbdi.1996.0010
http://www.ncbi.nlm.nih.gov/pubmed/9173917
http://dx.doi.org/10.1177/0883073807305787
http://www.ncbi.nlm.nih.gov/pubmed/17761653
http://www.ncbi.nlm.nih.gov/pubmed/4245389
http://www.ncbi.nlm.nih.gov/pubmed/7813012
http://www.ncbi.nlm.nih.gov/pubmed/10369862

@’PLOS ‘ ONE

Morpholino ASOs Can Reverse NMJ Denervation in Severe SMA Mouse

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Monani UR. Spinal muscular atrophy: a deficiency in a ubiquitous protein; a motor neuron-specific dis-
ease. Neuron. 2005; 48(6):885—-96. Epub 2005/12/21. doi: 10.1016/j.neuron.2005.12.001 PMID:
16364894.

Hsieh-Li HM, Chang JG, Jong YJ, Wu MH, Wang NM, Tsai CH, et al. A mouse model for spinal muscu-
lar atrophy. Nature genetics. 2000; 24(1):66—70. Epub 1999/12/30. doi: 10.1038/71709 PMID:
10615130.

Cifuentes-Diaz C, Nicole S, Velasco ME, Borra-Cebrian C, Panozzo C, Frugier T, et al. Neurofilament
accumulation at the motor endplate and lack of axonal sprouting in a spinal muscular atrophy mouse
model. Human molecular genetics. 2002; 11(12):1439-47. Epub 2002/05/25. PMID: 12023986.

Kong L, Wang X, Choe DW, Polley M, Burnett BG, Bosch-Marce M, et al. Impaired synaptic vesicle
release and immaturity of neuromuscular junctions in spinal muscular atrophy mice. The Journal of neu-
roscience: the official journal of the Society for Neuroscience. 2009; 29(3):842—51. Epub 2009/01/23.
doi: 10.1523/jneurosci.4434-08.2009 PMID: 19158308; PubMed Central PMCID: PMCPMC2746673.

Kariya S, Park GH, Maeno-Hikichi Y, Leykekhman O, Lutz C, Arkovitz MS, et al. Reduced SMN protein
impairs maturation of the neuromuscular junctions in mouse models of spinal muscular atrophy.
Human molecular genetics. 2008; 17(16):2552—-69. Epub 2008/05/22. doi: 10.1093/hmg/ddn156 PMID:
18492800; PubMed Central PMCID: PMCPMC2722888.

Murray LM, Comley LH, Thomson D, Parkinson N, Talbot K, Gillingwater TH. Selective vulnerability of
motor neurons and dissociation of pre- and post-synaptic pathology at the neuromuscular junction in
mouse models of spinal muscular atrophy. Human molecular genetics. 2008; 17(7):949-62. Epub
2007/12/11. doi: 10.1093/hmg/ddm367 PMID: 18065780.

McGovern VL, Gavrilina TO, Beattie CE, Burghes AH. Embryonic motor axon development in the
severe SMA mouse. Human molecular genetics. 2008; 17(18):2900-9. Epub 2008/07/08. doi: 10.1093/
hmg/ddn189 PMID: 18603534; PubMed Central PMCID: PMCPMC2722893.

Ruiz R, Casanas JJ, Torres-Benito L, Cano R, Tabares L. Altered intracellular Ca2+ homeostasis in
nerve terminals of severe spinal muscular atrophy mice. The Journal of neuroscience: the official jour-
nal of the Society for Neuroscience. 2010; 30(3):849-57. Epub 2010/01/22. doi: 10.1523/jneurosci.
4496-09.2010 PMID: 20089893.

Ruiz R, Tabares L. Neurotransmitter release in motor nerve terminals of a mouse model of mild spinal
muscular atrophy. Journal of anatomy. 2014; 224(1):74-84. doi: 10.1111/joa.12038 PMID: 23489475.

Ling KK, Lin MY, Zingg B, Feng Z, Ko CP. Synaptic defects in the spinal and neuromuscular circuitry in
a mouse model of spinal muscular atrophy. PLOS ONE. 2010; 5(11):e15457. Epub 2010/11/19. doi:
10.1371/journal.pone.0015457 PMID: 21085654; PubMed Central PMCID: PMCPMC2978709.

Lee YI, Mikesh M, Smith |, Rimer M, Thompson W. Muscles in a mouse model of spinal muscular atro-
phy show profound defects in neuromuscular development even in the absence of failure in neuromus-
cular transmission or loss of motor neurons. Developmental biology. 2011; 356(2):432—44. Epub 2011/
06/11. doi: 10.1016/j.ydbio.2011.05.667 PMID: 21658376; PubMed Central PMCID:
PMCPMC3143211.

Ling KK, Gibbs RM, Feng Z, Ko CP. Severe neuromuscular denervation of clinically relevant muscles
in a mouse model of spinal muscular atrophy. Human molecular genetics. 2012; 21(1):185-95. Epub
2011/10/05. doi: 10.1093/hmg/ddr453 PMID: 21968514; PubMed Central PMCID: PMCPMC3235013.

Comley LH, Nijssen J, Frost-Nylen J, Hedlund E. Cross-disease comparison of amyotrophic lateral
sclerosis and spinal muscular atrophy reveals conservation of selective vulnerability but differential
neuromuscular junction pathology. The Journal of comparative neurology. 2016; 524(7):1424—42.
Epub 2015/10/27. doi: 10.1002/cne.23917 PMID: 26502195.

Naryshkin NA, Weetall M, Dakka A, Narasimhan J, Zhao X, Feng Z, et al. Motor neuron disease. SMN2
splicing modifiers improve motor function and longevity in mice with spinal muscular atrophy. Science.
2014; 345(6197):688-93. doi: 10.1126/science.1250127 PMID: 25104390.

Passini MA, Bu J, Richards AM, Kinnecom C, Sardi SP, Stanek LM, et al. Antisense oligonucleotides
delivered to the mouse CNS ameliorate symptoms of severe spinal muscular atrophy. Sci Trans| Med.
2011; 3(72):72ra18. doi: 10.1126/scitranslmed.3001777 PMID: 21368223; PubMed Central PMCID:
PMC3140425.

Robbins KL, Glascock JJ, Osman EY, Miller MR, Lorson CL. Defining the therapeutic window in a
severe animal model of spinal muscular atrophy. Human molecular genetics. 2014; 23(17):4559-68.
doi: 10.1093/hmg/ddu169 PMID: 24722206; PubMed Central PMCID: PMC4119406.

Rindt H, Feng Z, Mazzasette C, Glascock JJ, Valdivia D, Pyles N, et al. Astrocytes influence the sever-
ity of spinal muscular atrophy. Human molecular genetics. 2015; 24(14):4094-102. doi: 10.1093/hmg/
ddv148 PMID: 25911676.

PLOS ONE | DOI:10.1371/journal.pone.0154723 April 28,2016 13/15


http://dx.doi.org/10.1016/j.neuron.2005.12.001
http://www.ncbi.nlm.nih.gov/pubmed/16364894
http://dx.doi.org/10.1038/71709
http://www.ncbi.nlm.nih.gov/pubmed/10615130
http://www.ncbi.nlm.nih.gov/pubmed/12023986
http://dx.doi.org/10.1523/jneurosci.4434-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19158308
http://dx.doi.org/10.1093/hmg/ddn156
http://www.ncbi.nlm.nih.gov/pubmed/18492800
http://dx.doi.org/10.1093/hmg/ddm367
http://www.ncbi.nlm.nih.gov/pubmed/18065780
http://dx.doi.org/10.1093/hmg/ddn189
http://dx.doi.org/10.1093/hmg/ddn189
http://www.ncbi.nlm.nih.gov/pubmed/18603534
http://dx.doi.org/10.1523/jneurosci.4496-09.2010
http://dx.doi.org/10.1523/jneurosci.4496-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20089893
http://dx.doi.org/10.1111/joa.12038
http://www.ncbi.nlm.nih.gov/pubmed/23489475
http://dx.doi.org/10.1371/journal.pone.0015457
http://www.ncbi.nlm.nih.gov/pubmed/21085654
http://dx.doi.org/10.1016/j.ydbio.2011.05.667
http://www.ncbi.nlm.nih.gov/pubmed/21658376
http://dx.doi.org/10.1093/hmg/ddr453
http://www.ncbi.nlm.nih.gov/pubmed/21968514
http://dx.doi.org/10.1002/cne.23917
http://www.ncbi.nlm.nih.gov/pubmed/26502195
http://dx.doi.org/10.1126/science.1250127
http://www.ncbi.nlm.nih.gov/pubmed/25104390
http://dx.doi.org/10.1126/scitranslmed.3001777
http://www.ncbi.nlm.nih.gov/pubmed/21368223
http://dx.doi.org/10.1093/hmg/ddu169
http://www.ncbi.nlm.nih.gov/pubmed/24722206
http://dx.doi.org/10.1093/hmg/ddv148
http://dx.doi.org/10.1093/hmg/ddv148
http://www.ncbi.nlm.nih.gov/pubmed/25911676

@’PLOS ‘ ONE

Morpholino ASOs Can Reverse NMJ Denervation in Severe SMA Mouse

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Tsai LK, Tsai MS, Lin TB, Hwu WL, Li H. Establishing a standardized therapeutic testing protocol for
spinal muscular atrophy. Neurobiology of disease. 2006; 24(2):286—95. Epub 2006/09/06. doi: 10.
1016/j.nbd.2006.07.004 PMID: 16952456.

Biondi O, Grondard C, Lecolle S, Deforges S, Pariset C, Lopes P, et al. Exercise-induced activation of
NMDA receptor promotes motor unit development and survival in a type 2 spinal muscular atrophy
model mouse. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2008;
28(4):953-62. Epub 2008/01/25. doi: 10.1523/jneurosci.3237-07.2008 PMID: 18216203.

HuaY, Sahashi K, Rigo F, Hung G, Horev G, Bennett CF, et al. Peripheral SMN restoration is essential
for long-term rescue of a severe spinal muscular atrophy mouse model. Nature. 2011; 478(7367):123—
6. Epub 2011/10/08. doi: 10.1038/nature 10485 PMID: 21979052; PubMed Central PMCID:
PMCPMC3191865.

Keil JM, Seo J, Howell MD, Hsu WH, Singh RN, DiDonato CJ. A short antisense oligonucleotide amelio-
rates symptoms of severe mouse models of spinal muscular atrophy. Molecular therapy Nucleic acids.
2014; 3:e174. Epub 2014/07/09. doi: 10.1038/mtna.2014.23 PMID: 25004100; PubMed Central
PMCID: PMCPMC4121513.

Zhou H, Janghra N, Mitrpant C, Dickinson RL, Anthony K, Price L, et al. A novel morpholino oligomer
targeting ISS-N1 improves rescue of severe spinal muscular atrophy transgenic mice. Human gene
therapy. 2013; 24(3):331—-42. doi: 10.1089/hum.2012.211 PMID: 23339722; PubMed Central PMCID:
PMC3609631.

Chang JG, Hsieh-Li HM, Jong YJ, Wang NM, Tsai CH, Li H. Treatment of spinal muscular atrophy by
sodium butyrate. Proceedings of the National Academy of Sciences of the United States of America.
2001;98(17):9808-13. doi: 10.1073/pnas.171105098 PMID: 11504946; PubMed Central PMCID:
PMC55534.

Hastings ML, Berniac J, Liu YH, Abato P, Jodelka FM, Barthel L, et al. Tetracyclines that promote
SMNZ2 exon 7 splicing as therapeutics for spinal muscular atrophy. Sci Transl Med. 2009; 1(5):5ra12.
doi: 10.1126/scitranslmed.3000208 PMID: 20161659; PubMed Central PMCID: PMC2818805.

Riessland M, Ackermann B, Forster A, Jakubik M, Hauke J, Garbes L, et al. SAHA ameliorates the
SMA phenotype in two mouse models for spinal muscular atrophy. Human molecular genetics. 2010;
19(8):1492-506. doi: 10.1093/hmg/ddq023 PMID: 20097677.

Hsu YY, Jong YJ, Tsai HH, Tseng YT, An LM, Lo YC. Triptolide increases transcript and protein levels
of survival motor neurons in human SMA fibroblasts and improves survival in SMA-like mice. British
journal of pharmacology. 2012; 166(3):1114—26. Epub 2012/01/10. doi: 10.1111/j.1476-5381.2012.
01829.x PMID: 22220673; PubMed Central PMCID: PMCPMC3417433.

Wang CC, Chang JG, Ferrance J, Chen HY, You CY, Chang YF, et al. Quantification of SMN1 and
SMNZ2 genes by capillary electrophoresis for diagnosis of spinal muscular atrophy. Electrophoresis.
2008; 29(13):2904—11. Epub 2008/06/12. doi: 10.1002/elps.200700799 PMID: 18546169.

Betz WJ, Caldwell JH, Ribchester RR. Sprouting of active nerve terminals in partially inactive muscles
of the rat. The Journal of physiology. 1980; 303:281-97. Epub 1980/06/01. PMID: 7431235; PubMed
Central PMCID: PMCPMC1282891.

Porensky PN, Mitrpant C, McGovern VL, Bevan AK, Foust KD, Kaspar BK, et al. A single administration
of morpholino antisense oligomer rescues spinal muscular atrophy in mouse. Human molecular genet-
ics. 2012; 21(7):1625-38. doi: 10.1093/hmg/ddr600 PMID: 22186025; PubMed Central PMCID:
PMC3298284.

Murray LM, Lee S, Baumer D, Parson SH, Talbot K, Gillingwater TH. Pre-symptomatic development of
lower motor neuron connectivity in a mouse model of severe spinal muscular atrophy. Human molecu-
lar genetics. 2010; 19(3):420-33. Epub 2009/11/04. doi: 10.1093/hmg/ddp506 PMID: 19884170.

Paez-Colasante X, Seaberg B, Martinez TL, Kong L, Sumner CJ, Rimer M. Improvement of neuromus-
cular synaptic phenotypes without enhanced survival and motor function in severe spinal muscular
atrophy mice selectively rescued in motor neurons. PLOS ONE. 2013; 8(9):e75866. doi: 10.1371/
journal.pone.0075866 PMID: 24086650; PubMed Central PMCID: PMC3781079.

Martinez-Hernandez R, Bernal S, Also-Rallo E, Alias L, Barcelo MJ, Hereu M, et al. Synaptic defects in
type | spinal muscular atrophy in human development. The Journal of pathology. 2013; 229(1):49-61.
doi: 10.1002/path.4080 PMID: 22847626.

Mentis GZ, Blivis D, Liu W, Drobac E, Crowder ME, Kong L, et al. Early functional impairment of sen-
sory-motor connectivity in a mouse model of spinal muscular atrophy. Neuron. 2011; 69(3):453-67.
doi: 10.1016/j.neuron.2010.12.032 PMID: 21315257; PubMed Central PMCID: PMC3044334.

Schreml J, Riessland M, Paterno M, Garbes L, Rossbach K, Ackermann B, et al. Severe SMA mice
show organ impairment that cannot be rescued by therapy with the HDACi JNJ-26481585. European
journal of human genetics: EJHG. 2013; 21(6):643-52. Epub 2012/10/18. doi: 10.1038/ejhg.2012.222
PMID: 23073311; PubMed Central PMCID: PMCPMC3658191.

PLOS ONE | DOI:10.1371/journal.pone.0154723 April 28,2016 14/15


http://dx.doi.org/10.1016/j.nbd.2006.07.004
http://dx.doi.org/10.1016/j.nbd.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16952456
http://dx.doi.org/10.1523/jneurosci.3237-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18216203
http://dx.doi.org/10.1038/nature10485
http://www.ncbi.nlm.nih.gov/pubmed/21979052
http://dx.doi.org/10.1038/mtna.2014.23
http://www.ncbi.nlm.nih.gov/pubmed/25004100
http://dx.doi.org/10.1089/hum.2012.211
http://www.ncbi.nlm.nih.gov/pubmed/23339722
http://dx.doi.org/10.1073/pnas.171105098
http://www.ncbi.nlm.nih.gov/pubmed/11504946
http://dx.doi.org/10.1126/scitranslmed.3000208
http://www.ncbi.nlm.nih.gov/pubmed/20161659
http://dx.doi.org/10.1093/hmg/ddq023
http://www.ncbi.nlm.nih.gov/pubmed/20097677
http://dx.doi.org/10.1111/j.1476-5381.2012.01829.x
http://dx.doi.org/10.1111/j.1476-5381.2012.01829.x
http://www.ncbi.nlm.nih.gov/pubmed/22220673
http://dx.doi.org/10.1002/elps.200700799
http://www.ncbi.nlm.nih.gov/pubmed/18546169
http://www.ncbi.nlm.nih.gov/pubmed/7431235
http://dx.doi.org/10.1093/hmg/ddr600
http://www.ncbi.nlm.nih.gov/pubmed/22186025
http://dx.doi.org/10.1093/hmg/ddp506
http://www.ncbi.nlm.nih.gov/pubmed/19884170
http://dx.doi.org/10.1371/journal.pone.0075866
http://dx.doi.org/10.1371/journal.pone.0075866
http://www.ncbi.nlm.nih.gov/pubmed/24086650
http://dx.doi.org/10.1002/path.4080
http://www.ncbi.nlm.nih.gov/pubmed/22847626
http://dx.doi.org/10.1016/j.neuron.2010.12.032
http://www.ncbi.nlm.nih.gov/pubmed/21315257
http://dx.doi.org/10.1038/ejhg.2012.222
http://www.ncbi.nlm.nih.gov/pubmed/23073311

@’PLOS ‘ ONE

Morpholino ASOs Can Reverse NMJ Denervation in Severe SMA Mouse

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Shababi M, Lorson CL, Rudnik-Schoneborn SS. Spinal muscular atrophy: a motor neuron disorder or a
multi-organ disease? Journal of anatomy. 2014; 224(1):15-28. Epub 2013/07/24. doi: 10.1111/joa.
12083 PMID: 23876144.

Ruggiu M, McGovern VL, Lotti F, Saieva L, Li DK, Kariya S, et al. A role for SMN exon 7 splicing in the
selective vulnerability of motor neurons in spinal muscular atrophy. Molecular and cellular biology.
2012; 32(1):126-38. Epub 2011/11/01. doi: 10.1128/mcb.06077-11 PMID: 22037760; PubMed Central
PMCID: PMCPMC3255708.

Yamazaki T, Chen S, Yu Y, Yan B, Haertlein TC, Carrasco MA, et al. FUS-SMN protein interactions link
the motor neuron diseases ALS and SMA. Cell reports. 2012; 2(4):799-806. Epub 2012/10/02. doi: 10.
1016/j.celrep.2012.08.025 PMID: 23022481; PubMed Central PMCID: PMCPMC3483417.

Kariya S, Re DB, Jacquier A, Nelson K, Przedborski S, Monani UR. Mutant superoxide dismutase 1
(SOD1), a cause of amyotrophic lateral sclerosis, disrupts the recruitment of SMN, the spinal muscular
atrophy protein to nuclear Cajal bodies. Human molecular genetics. 2012; 21(15):3421-34. Epub 2012/
05/15. doi: 10.1093/hmg/dds174 PMID: 22581780; PubMed Central PMCID: PMCPMC3392116.

Turner BJ, Parkinson NJ, Davies KE, Talbot K. Survival motor neuron deficiency enhances progression
in an amyotrophic lateral sclerosis mouse model. Neurobiology of disease. 2009; 34(3):511-7. Epub
2009/04/01. doi: 10.1016/j.nbd.2009.03.005 PMID: 19332122.

Thomson SR, Nahon JE, Mutsaers CA, Thomson D, Hamilton G, Parson SH, et al. Morphological char-
acteristics of motor neurons do not determine their relative susceptibility to degeneration in a mouse
model of severe spinal muscular atrophy. PLOS ONE. 2012; 7(12):e52605. doi: 10.1371/journal.pone.
0052605 PMID: 23285108; PubMed Central PMCID: PMC3527597.

Valdez G, Tapia JC, Lichtman JW, Fox MA, Sanes JR. Shared resistance to aging and ALS in neuro-
muscular junctions of specific muscles. PLOS ONE. 2012; 7(4):e34640. Epub 2012/04/10. doi: 10.
1371/journal.pone.0034640 PMID: 22485182; PubMed Central PMCID: PMCPMC3317643.

Fischer LR, Culver DG, Tennant P, Davis AA, Wang M, Castellano-Sanchez A, et al. Amyotrophic lat-
eral sclerosis is a distal axonopathy: evidence in mice and man. Experimental neurology. 2004; 185
(2):232—40. Epub 2004/01/23. PMID: 14736504.

HuaY, Liu YH, Sahashi K, Rigo F, Bennett CF, Krainer AR. Motor neuron cell-nonautonomous rescue
of spinal muscular atrophy phenotypes in mild and severe transgenic mouse models. Genes & develop-
ment. 2015; 29(3):288-97. doi: 10.1101/gad.256644.114 PMID: 25583329; PubMed Central PMCID:
PMC4318145.

Hua Y, Sahashi K, Hung G, Rigo F, Passini MA, Bennett CF, et al. Antisense correction of SMN2 splic-
ing in the CNS rescues necrosis in a type Il SMA mouse model. Genes & development. 2010; 24
(15):1634—44. Epub 2010/07/14. doi: 10.1101/gad.1941310 PMID: 20624852; PubMed Central
PMCID: PMCPMC2912561.

Narver HL, Kong L, Burnett BG, Choe DW, Bosch-Marce M, Taye AA, et al. Sustained improvement of
spinal muscular atrophy mice treated with trichostatin A plus nutrition. Annals of neurology. 2008; 64
(4):465-70. doi: 10.1002/ana.21449 PMID: 18661558.

Araujo A, Araujo M, Swoboda KJ. Vascular perfusion abnormalities in infants with spinal muscular atro-
phy. The Journal of pediatrics. 2009; 155(2):292—4. Epub 2009/07/22. doi: 10.1016/}.jpeds.2009.01.
071 PMID: 19619755; PubMed Central PMCID: PMCPMC3250227.

Rudnik-Schoneborn S, Vogelgesang S, Armbrust S, Graul-Neumann L, Fusch C, Zerres K. Digital
necroses and vascular thrombosis in severe spinal muscular atrophy. Muscle & nerve. 2010; 42
(1):144—7. doi: 10.1002/mus.21654 PMID: 20583119.

Musch BC, Papapetropoulos TA, McQueen DA, Hudgson P, Weightman D. A comparison of the struc-
ture of small blood vessels in normal, denervated and dystrophic human muscle. Journal of the neuro-
logical sciences. 1975; 26(2):221-34. Epub 1975/10/01. PMID: 1176989.

Wertz MH, Sahin M. Developing therapies for spinal muscular atrophy. Annals of the New York Acad-
emy of Sciences. 2015;. doi: 10.1111/nyas.12813 Epub 2015/07/16. PMID: 26173388; PubMed Cen-
tral PMCID: PMC4713374.

d'Ydewalle C, Sumner CJ. Spinal muscular atrophy therapeutics: where do we stand? Neurotherapeu-
tics: the journal of the American Society for Experimental NeuroTherapeutics. 2015; 12(2):303-16.
Epub 2015/01/30. doi: 10.1007/s13311-015-0337-y PMID: 25631888; PubMed Central PMCID:
PMC4404440.

PLOS ONE | DOI:10.1371/journal.pone.0154723 April 28,2016 15/15


http://dx.doi.org/10.1111/joa.12083
http://dx.doi.org/10.1111/joa.12083
http://www.ncbi.nlm.nih.gov/pubmed/23876144
http://dx.doi.org/10.1128/mcb.06077-11
http://www.ncbi.nlm.nih.gov/pubmed/22037760
http://dx.doi.org/10.1016/j.celrep.2012.08.025
http://dx.doi.org/10.1016/j.celrep.2012.08.025
http://www.ncbi.nlm.nih.gov/pubmed/23022481
http://dx.doi.org/10.1093/hmg/dds174
http://www.ncbi.nlm.nih.gov/pubmed/22581780
http://dx.doi.org/10.1016/j.nbd.2009.03.005
http://www.ncbi.nlm.nih.gov/pubmed/19332122
http://dx.doi.org/10.1371/journal.pone.0052605
http://dx.doi.org/10.1371/journal.pone.0052605
http://www.ncbi.nlm.nih.gov/pubmed/23285108
http://dx.doi.org/10.1371/journal.pone.0034640
http://dx.doi.org/10.1371/journal.pone.0034640
http://www.ncbi.nlm.nih.gov/pubmed/22485182
http://www.ncbi.nlm.nih.gov/pubmed/14736504
http://dx.doi.org/10.1101/gad.256644.114
http://www.ncbi.nlm.nih.gov/pubmed/25583329
http://dx.doi.org/10.1101/gad.1941310
http://www.ncbi.nlm.nih.gov/pubmed/20624852
http://dx.doi.org/10.1002/ana.21449
http://www.ncbi.nlm.nih.gov/pubmed/18661558
http://dx.doi.org/10.1016/j.jpeds.2009.01.071
http://dx.doi.org/10.1016/j.jpeds.2009.01.071
http://www.ncbi.nlm.nih.gov/pubmed/19619755
http://dx.doi.org/10.1002/mus.21654
http://www.ncbi.nlm.nih.gov/pubmed/20583119
http://www.ncbi.nlm.nih.gov/pubmed/1176989
http://dx.doi.org/10.1111/nyas.12813
http://www.ncbi.nlm.nih.gov/pubmed/26173388
http://dx.doi.org/10.1007/s13311-015-0337-y
http://www.ncbi.nlm.nih.gov/pubmed/25631888

