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O R I G I N A L A R T I C L E
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Abstract
Spinal muscular atrophy (SMA) is a neuromuscular disease caused by low levels of SMN protein, primarily affecting lower
motor neurons. Recent evidence from SMA and related conditions suggests that glial cells can influence disease severity.
Here, we investigated the role of glial cells in the peripheral nervous system by creating SMA mice selectively overexpressing
SMN in myelinating Schwann cells (Smn�/�;SMN2tg/0;SMN1SC). Restoration of SMN protein levels restricted solely to Schwann
cells reversed myelination defects, significantly improved neuromuscular function and ameliorated neuromuscular junction
pathology in SMA mice. However, restoration of SMN in Schwann cells had no impact on motor neuron soma loss from the
spinal cord or ongoing systemic and peripheral pathology. This study provides evidence for a defined, intrinsic contribution
of glial cells to SMA disease pathogenesis and suggests that therapies designed to include Schwann cells in their target
tissues are likely to be required in order to rescue myelination defects and associated disease symptoms.

Introduction
Proximal spinal muscular atrophy (SMA) is an autosomal re-
cessive neuromuscular condition, with an incidence of �1 in
6000–11 000 live births (1,2). The major pathological character-
istic of SMA is a loss of lower alpha motor neurons from the
ventral horn of the spinal cord, resulting in progressive mus-
cle atrophy and eventual paralysis. SMA is primarily caused

by homozygous deletion of, or mutations in, the survival of mo-
tor neuron 1 (SMN1) gene (3). Its full-length protein product, SMN,
is a ubiquitous and essential cellular protein. In humans,
there are two SMN genes, SMN1 and SMN2 (4). However, a base
pair substitution in SMN2 results in increased exclusion of Exon
7 from transcripts and production of an unstable transcript
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(5,6). SMN2 therefore produces considerably less full-length
SMN protein than SMN1 and cannot fully compensate for its
loss (4).

Motor neurons are particularly vulnerable to low levels of
SMN (4). However, with the emergence of SMA animal models
and a clearer appreciation of disease pathology in human pa-
tients, it has become apparent that reduced levels of SMN have
additional effects on multiple other cell-types and tissues (7).
For example, skeletal muscle cells in cultures from severe SMA
patients show defective development and are disorganized
(8,9); cardiac arrhythmias and abnormalities are one of the most
common peripheral phenotypes reported in patients with se-
vere SMA (10); while vascular (11–15), liver (16,17), metabolic (18)
and consistent intestinal and lung (13) abnormalities have also
been reported.

In addition, there is a growing evidence from studies of re-
lated motor neuron diseases, such as amyotrophic lateral scle-
rosis (ALS), that non-neuronal cells can play a defining role in
regulating motor neuron degeneration (19). This may have par-
ticular relevance for SMA in light of recent studies showing that
restoration of SMN in motor neurons had only modest effects
on the SMA phenotype (20–23).

An evidence of gliosis in SMA patients has been known for
some time (24–26) and recent work has suggested that astro-
cytes in particular may contribute to SMA pathogenesis in the
central nervous system (CNS). For example, morphological and
cellular alterations in astrocytes occur prior to the loss of motor
neurons (27). Similar evidence for astrogliosis has been pre-
sented from post-mortem patient spinal cords (28). Glial cells
from the peripheral nervous system (PNS) have also been impli-
cated in SMA, with changes observed in non-myelinating termi-
nal Schwann cells in several different SMA mouse models

(29–31). Similarly, in vivo and in vitro analyses of myelinating
Schwann cells demonstrated intrinsic defects in SMA (evi-
denced by SMN-dependent failure of isolated SMA-derived
Schwann cells to respond to myelination cues), leading to de-
fects in myelination and generation of extracellular matrix in
peripheral nerve (32,33).

Despite accumulating evidence for intrinsic pathology of
Schwann cells in SMA, it remains unknown whether Schwann
cells directly influence motor neuron pathology. Answering this
question will be important, not only to better understand the
contribution of cell autonomous and non-cell autonomous
pathways to motor neuron degeneration in SMA, but also to
identify critical targets for delivering effective therapies for the
treatment of SMA.

Results
Generation of SMN1SC transgenic mice

To determine the effect of restoring SMN selectively in myeli-
nating Schwann cells, we generated a novel transgenic mouse
line where human SMN1 cDNA was placed under the control of
a hybrid Mpz/P0-Cx32 construct known to drive efficient expres-
sion of transgenes in myelinating Schwann cells (34) (Fig. 1A).
Mpz-driven constructs do not express in motor neurons, CNS
glia or non-myelinating PNS glia (e.g. terminal Schwann cells)
(34). Mpz/P0-Cx32-driven SMN1 constructs were microinjected
into fertilized mouse oocyte to generate wild-type transgenic
mice expressing human SMN1 in myelinating Schwann cells
(SMN1SC). To identify mice carrying the human SMN1 gene we
developed a specific and sensitive qualitiative PCR assay that
exclusively amplified SMN1 (Fig. 1B and C). The primers did not

Figure 1. Restoration of SMN in myelinating Schwann cells. (A) A pMpz-SMN, construct was generated by inserting the SMN1 gene downstream of the myelin protein

zero (Mpz) promoter, incorporating a 50 FLAG tag. (B) Oligonucleotides were designed to uniquely amplify the SMN1 gene demonstrated by amplification of SMN1SC but

not of endogenous mouse Smn1 [control 1 (Smnþ/�, FVB), control 2 (wild-type, FVB), control 3 (wild-type, CD1)] or human SMN2 [Control 4 (Smn�/�:SMN2tg/tg)]. Negative

sample (�). (C) The amplification reaction had high sensitivity to the SMN1 transgene and was able to detect at least 1 copy of the pMpz-SMN1 transgene [0.1, 0.1 copy

p0Cx-SMN1 (0.298 qg p0Cx-SMN1); 1, 1 copy p0Cx-SMN1 (2.98 qg p0Cx-SMN1); 10, 10 copies p0Cx-SMN1 (29.8 qg p0Cx-SMN1); 50, 50 copies p0Cx-SMN1 (149 qg p0Cx-

SMN1); 100, 100 copies p0Cx-SMN1 (298 qg p0Cx-SMN1)], control (wild-type, CD1), negative sample (�); 5 ml total PCR product loaded per well. (D) Representative immu-

noblot of tissue from Smnþ/þ;SMN1SC mice demonstrating selective FLAG-SMN1 expression in peripheral nerve (sciatic nerve), but not in the CNS or systemic tissue.

Asterisk (*) indicates FLAG-tagged SMN expressed from the pMpz-SMN construct; 25 mg protein loaded per well. (E) Sectioned (left and middle panels) and teased sciatic

nerve fibres (right panels) confirming the expression of FLAG-SMN in PNS of Smnþ/þ;SMN1SC mice (SMN1SC), but not in Smnþ/þmice (control, FVB). Scale bars¼ 20 lm

(left and middle panels, E), 10 lm (right panels, E).
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amplify murine Smn (Controls 1–3; Fig. 1B) or the human SMN2
transgene (Control 4; Fig. 1B) and were capable of detecting at
least one copy of human SMN1 (Fig. 1C). Two SMN1SC transgene-
positive founders were generated (GO30 and GO40) from a total
of 68 live pups. A backcross of the GO40 founder mouse with an
FVB/N mouse yielded 83% transgene positive pups. A similar
cross between the GO30 founder mouse and an FVB/N mouse
generated no transgene positive pups.

FLAG-SMN (1 kDa larger than SMN) was expressed in periph-
eral nerve, but not in a range of other tissues (muscle, brain,
heart, liver and spinal cord) in the GO40 line, indicating that
FLAG-SMN expression was indeed limited to the PNS, as ex-
pected (Fig. 1D). PNS expression was confirmed by immunohis-
tochemical analyses of sectioned and teased nerve fibres from
sciatic nerve; an antibody to the 50 FLAG tag on the transgene
demonstrated clear expression of FLAG-SMN in sciatic nerve co-
stained with S100, a Schwann cell marker (Fig. 1E).

Over-expression of SMN in myelinating Schwann cells does
not affect normal neuromuscular development

Next, we wanted to confirm that overexpression of SMN in mye-
linating Schwann cells was not detrimental to normal neuro-
muscular development. At the gross anatomical level, mice
expressing SMN1SC were indistinguishable from control ani-
mals, with similar survival (Fig. 4H) and breeding rates (data not
shown). We confirmed that SMN was significantly overex-
pressed in SMN1SC positive control mice (controlþ SMN1SC)
compared with wild-type mice (control) (�2000-fold) (Fig. 2E and
F). To investigate potential effects at the cellular level, we car-
ried out an assessment of intercostal nerves from P7 mice ex-
pressing the SMN1 transgene. Measurement of axon thickness
and axon plus myelin thickness allows a G-ratio to be calcu-
lated. G-Ratio measurements enable assessment of myelin
thickness with increased G-ratios indicating a reduction in

Figure 2. Overexpression of SMN1 in Schwann cells is not detrimental. (A) Representative electron micrograph of a large diameter myelinated axon from the intercostal

nerve of a mouse expressing SMN1SC. (B) Intercostal nerves from control mice expressing SMNSC had no difference in G-ratio measurements compared with control

mice (two-tailed, unpaired t-test; N¼3 mice per genotype, n> 50 independent nerve fibre measurements per genotype). (C) No significant increase in numbers of unmy-

elinated large diameter (>1 lm) axons at P7 in control mice expressing SMN1SC (N¼3) (D) Restoration of SMN to Schwann cells had no detrimental effect on the weight

of mice (N>35 mice per genotype). All tests two-tailed, unpaired t-tests; N¼3 mice per genotype, n>50 independent nerve fibre measurements per genotype. Scale

bar¼1 lm (A). (E) Representative immunoblot of intercostal nerve tissue from control, transgenic control mice (controlþSMN1SC), ‘Taiwanese” SMA mice (SMA) and

SMA rescue mice (SMAþSMN1SC) demonstrating selective SMN1 overexpression in mice carrying the pMpz-SMN construct. (F) SMN1 levels were normalized using tu-

bulin levels as a loading control and demonstrated statistically significant SMN1 overexpression in mice carrying the pMpz-SMN construct.
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average myelin sheath thickness relative to the axon diameter.
There was no qualitative or quantitative difference in myelin
sheath thickness in mice expressing SMN1SC (Fig. 2A and B).
There was also no change in the number of non-myelinated
large diameter (>1 mm) axons (Fig. 2C) or animal weight
(Fig. 2D). Thus, supra-physiological levels of SMN protein are
well tolerated by Schwann cells, with no overt impact on nor-
mal peripheral nerve myelination.

Following confirmation that the GO40 line expressed SMN as
expected and that there were no detrimental effects because of
overexpression of SMN in myelinating Schwann cells, we back-
crossed these mice onto a FVB/N background until 98.4% homo-
zygosity was reached. Experimental ‘rescue’ animals (mice
lacking endogeneous Smn1, heterozygous for SMN2 and ex-
pressing SMN1 in Schwann cells; Smn�/�;SMN2tg/0;SMN1SC or
SMAþ SMN1SC) were then generated by crossing SMN1SC mice
with the severe ‘Taiwanese’ SMA line (Smn�/�;SMN2tg/tg or SMA)
(34�36). We confirmed that SMN was significantly overex-
pressed in SMN1SC positive mice (�2000-fold in controlþ
SMN1SC; �3000-fold in SMAþ SMN1SC mice compared with non-
SMN1SC carrying control and SMA mice (Fig. 2E and F).

Restoration of SMN to myelinating Schwann cells rescues
myelin sheath defects in SMA mice

Previously, we reported that intercostal nerves from Taiwanese
SMA mice had defective myelination, manifesting as a thinner
myelin sheath and a larger number of large diameter unmyelin-
ated axons at both mid- (P7) and late- (P11) symptomatic time
points (33). To evaluate whether restoration of SMN expression
in myelinating Schwann cells was sufficient to ameliorate these
myelin defects we assessed intercostal nerve myelination in ex-
perimental rescue mice (SMAþ SMN1SC) at a mid-/late-symp-
tomatic time point (P7). Intercostal nerves were selected for
these experiments because of the findings from previous results
showing that the most robust myelination defects observed in
Taiwanese SMA are to be found in intercostal nerves (e.g. com-
pared with sciatic nerve) (33).

Qualitatively, myelin thickness in SMA rescue mice ap-
peared closer to that observed in control littermates than SMA
mice (Fig. 3A). Quantitative analyses revealed a significant res-
cue of the myelin sheath pathology in SMA rescue mice with a
significantly reduced average G-ratio (0.656 6 0.007) compared
with SMA mice (0.796 6 0.012), restored to levels observed in

Figure 3. Restoring SMN expression in Schwann cells rescues myelination defects in SMA mice. (A) Representative electron micrographs of large diameter (>1 mm) mye-

linated axons in intercostal nerves from littermate control mice (controlþSMN1SC), ‘Taiwanese” SMA mice (SMA), and SMA rescue mice (SMAþSMN1SC) at P7. (B) A sig-

nificant rescue in numbers of unmyelinated large diameter (>1 lm) axons in SMA rescue mice at P7. (C) A significantly lower average G-ratio in intercostal nerves from

rescue SMA mice at P7 compared with ‘Taiwanese’ SMA mice (SMA), with higher G-ratios across the range of axon calibers (D). *P<0.05, ****P<0.0001; all tests two-

tailed, unpaired t-tests; N¼3 mice per genotype, n> 50 independent nerve fibre measurements per genotype. Scale bar¼1.5 lm (A).
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controls (0.670 6 0.009) (Fig. 3C). Restoration of myelin thickness
was observed across a full range of axonal calibres, with no evi-
dence for reduced axon diameters in the SMA rescue mice
(Fig. 3D). In addition, there was a significant reduction in the
number of non-myelinated large diameter (>1 mm) axons in
SMA rescue mice (Fig. 3B).

Taken together, these findings support the hypothesis that
myelination defects in SMA result from direct, intrinsic deficien-
cies in Schwann cells, rather than occurring as a secondary con-
sequence to pathology in neighbouring motor neurons (32,33).

Restoration of SMN to myelinating Schwann cells improves
neuromuscular function and ameliorates neuromuscular
junction pathology without affecting motor neuron soma
loss or systemic pathology

We next wanted to establish whether restoring SMN levels in
Schwann cells could have any impact on neuromuscular

function and/or motor neuron pathology. Initial tests of neuro-
muscular function [using an established ‘righting test’ (37)] re-
vealed that SMA rescue mice (SMAþ SMN1SC) had a clear
functional improvement at a mid-/late-symptomatic time-point
(P7) compared with SMA mice (Fig. 4A). Although not main-
tained through to the end-stage of disease, SMA rescue mice
also had modest, but significant, improvements in weight at P6,
P7 and P8 (Fig. 4B).

Neuromuscular junction (NMJ) pathology is a major hall-
mark of motor neuron degeneration in SMA, with denervation
and delayed motor endplate maturation being observed in
many different mouse models of severe SMA (38,39). However,
in our hands, the only robust NMJ pathology observed in the
‘Taiwanese’ mouse model of SMA is a reduced number of axo-
nal inputs to NMJs, particularly notable in the levator auris longus
(LAL) muscle (37). We therefore wanted to establish whether the
improvements in neuromuscular function we observed in SMA
rescue mice (SMAþ SMN1SC) correlated with an amelioration of

Figure 4. Restoring SMN expression in Schwann cells improves neuromuscular function and reverses NMJ pathology in SMA mice. (A) Significant improvement in time

to right in mid/late-symptomatic (P7) SMA rescue mice (SMAþSMN1SC) compared with SMA littermates (P3, N¼18 mice controlþSMN1SC; N¼35 SMA; N¼19

SMAþSMN1SC; P7, N¼32 mice controlþSMN1SC; N¼60 SMA; N¼33 SMAþSMN1SC) (two-tailed, unpaired t-test). (B) Modest, but significant improvement in body

weight in SMA rescue mice (N¼3�64 mice per genotype/time point; two-tailed, unpaired t-test). (C and D) Reduced NMJ pathology (measured as the average number

of axonal inputs per NMJ; multiply innervated NMJs are indicated by asterisks) in the LAL muscle of SMA rescue mice (SMAþSMN1SC) compared with SMA littermates

at P8/9 (N¼3 mice, controlþSMN1SC; N¼ 7 mice, SMA; N¼4 mice, SMAþSMN1SC; n>50 NMJs per muscle) (two-tailed, unpaired t-test). (E) No amelioration of skeletal

muscle fibre atrophy in the LAL muscle of SMA rescue mice at P8/9 compared with SMA littermates (N¼ 3 mice controlþSMN1SC and SMA; N¼4 SMAþSMN1SC; n¼50

measurements; two-tailed, unpaired t-test). (F and G) No amelioration of motor neuron loss from the ventral horn of spinal cord in SMA rescue mice at P8/9 compared

with SMA littermates (N¼3 mice controlþSMN1SC and SMA; N¼ 4 SMAþSMN1SC; n¼4; two-tailed, unpaired t-test). (H) No significant difference in survival of SMA res-

cue mice (N¼25 mice controlþSMN1SC; N¼28 SMA; N¼15 SMAþSMN1SC) (Mantel�Cox test). *P<0.05, **P< 0.01, ***P< 0.001, ****P<0.0001. Scale bars¼20 lm (C) and

100 mm (F).
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this aspect of NMJ pathology. We found a significant increase in
the number of axonal inputs to NMJs in the LAL of SMA rescue
mice, with the average number of inputs restored to levels ob-
served in controls (P8/9; Fig. 4C and D). Interestingly, these im-
provements in NMJ pathology occurred in the absence of any
parallel improvement in skeletal muscle, with no rescue in the
smaller muscle fibre diameters (from the LAL muscle) in the
SMA rescue mice compared with SMA mice (P8/9; Fig. 4E).

Improvements in neuromuscular function and NMJ pathol-
ogy observed in SMA rescue mice (SMAþ SMN1SC) occurred in
the absence of any significant improvement in levels of motor
neuron soma loss from the ventral horn of spinal cord (Fig. 4F
and G). The number of motor neurons in the ventral horn of spi-
nal cord was reduced by �25% in SMA mice compared with con-
trols, as previously reported (40). However, similar reduced
numbers of motor neurons were also observed in the SMA res-
cue mice (SMAþ SMN1SC).

Previous reports have suggested that restoration of SMN
solely in motor neurons improves motor neuron pathology, but
only modestly influences systemic SMA pathology (20–23). We
therefore wanted to establish whether restoring SMN in myeli-
nating Schwann cells, with concurrent improvements in myeli-
nation, neuromuscular function and NMJ pathology, resulted in
any improvements in systemic pathology. Restoration of SMN
in myelinating Schwann cells did not lead to any increase in
survival or improvements in the gross appearance of SMA mice
(Fig. 4H, data not shown), indicating selective effects of target-
ing Schwann cells on glial/motor neuron pathology and result-
ing neuromuscular function.

Discussion
In this study we have demonstrated that selective restoration of
SMN in Schwann cells can lead to marked improvements in se-
lective aspects of disease pathogenesis in a mouse model of se-
vere SMA. Elevated levels of SMN in Schwann cells were well
tolerated and did not influence normal Schwann cell or neuro-
muscular development. Restoring SMN in Schwann cells was
sufficient to reverse the myelination defects that occur in SMA,
suggesting that these occur because of an intrinsic defect in the
glia cells, rather than as a secondary consequence of degenera-
tive events occurring in neighbouring motor neurons. Alongside
improvements in myelination, elevated levels of SMN in
Schwann cells improved neuromuscular function and aspects
of NMJ pathology. This indicates that at least some of the patho-
logical changes and functional defects occurring in the neuro-
muscular system during severe forms of SMA are a
consequence of defective glial cells. Whether such defects are
also occurring in less severe forms of the disease needs to be es-
tablished, and should be aided by the recent development of
milder mouse models of SMA (e.g. SMN2B/�mice).

One interesting observation made during the current study
was that neuromuscular function and NMJ pathology were ame-
liorated in the absence of overt improvements in motor neuron
loss or skeletal muscle fibre atrophy. This suggests that im-
provements in some aspects of neuromuscular pathology in
SMA can be generated by interventions that do not directly tar-
get motor neurons and/or skeletal muscle. Thus, improving the
health of myelinating Schwann cells alone would be predicted
to have a significant impact on NMJ stability of neighbouring
motor neurons, and also improve neuromuscular function in
SMA patients (41). The precise mechanisms through which
Schwann cells can influence morphological and functional as-
pects of neuromuscular connectivity in health and disease are

only beginning to be uncovered. However, our findings in SMA
are consistent with the recent demonstration that robust
Schwann cell–motor neuron interactions are required in order
to sculpt appropriate synaptic connectivity at the NMJ during
development in neonatal mice (42).

Our findings provide significant additional experimental
support for a model whereby SMA represents a complex, multi-
factorial disease, where disease symptoms cannot simply be
ascribed to changes occurring solely in motor neurons and skel-
etal muscle fibres (7,43). Thus, therapeutic targeting of motor
neurons alone is unlikely to be sufficient to ameliorate all as-
pects of SMA disease pathogenesis. For example, we previously
reported significant amelioration of the neuromuscular pheno-
type, with no apparent influence on systemic pathology, in SMA
mice following delivery of a b-catenin inhibitor (37). Moreover,
viral gene therapy approaches used to restore SMN to astrocytes
in the D7 model of SMA reported significant improvement in
motor neuron-associated pathology, but again only produced a
modest amelioration of systemic pathology and lifespan (28).
These findings are also in agreement with several studies that
together suggest that restoration of SMN solely within motor
neurons (returning SMN levels to those seen in wild-type
healthy controls) leads to unexpectedly minor phenotypic im-
provements (20–23). Thus, therapies designed to restore SMN
levels in human SMA patients would likely benefit from the
ability to target Schwann cells (and other similar cell types)
alongside motor neurons, if glial cell-associated defects are also
to be successfully ameliorated.

In conclusion, whilst there is currently no cure for SMA,
there is increasing evidence from pre-clinical trials that viral
gene therapy approaches, and antisense oligonucleotide
approaches can be both efficacious and translationally viable
with respect to restoring SMN levels in vivo (44). Our findings in-
dicate that therapies capable of targeting SMN-dependent pa-
thology in glial cells, alongside other critical disease targets,
such as motor neurons and skeletal muscle, are likely to be re-
quired in order to ameliorate the full range of neuromuscular
pathology observed in SMA.

Materials and Methods
pMPZ-SMN construct generation

The pMpz-SMN1 transgene was created using a two-step cloning
procedure from two starting plasmids: plasmid containing the
full-length human SMN1 construct and the hybrid Mpz/P0-Cx32
construct that contains a 1.1 kb fragment containing the rat Mpz
promoter fused to exons 1b and 2 and the intervening intron
from the human Cx32 gene (34) (Fig. 1A). Briefly, SMN1 was am-
plified using two overlapping forward primers that introduced
NheI and AscI sites, an ATG start site and a 50 FLAG tag (F1, 50–
GCTAGCTAGCAGGCGCGCCATGGATTACAAGGATGACGACGATA
AG-30; F2, 50–AAGGATGACGACGATAAGGGAGGTGCGATGAGCAG
CGGCGGC-30) and a reverse primer that introduced BglII and
AatII sites and a TGA stop site (R, 50-GGCTAAGATCTTGACG
TCAATTTAAGGAATGTGAGCACCTTCC-30). Amplifed products
were digested using NheI and BglII (New England Biolabs), li-
gated to an intermediate plasmid (pGL4.13, Promega) using T4
DNA ligase (Promega), then confirmed by sequencing. The inter-
mediate SMN1-containing plasmid and the Mpz-promoter plas-
mid were digested using AscI and AatII (New England Biolabs)
and ligated using T4 DNA ligase. pMpz-SMN1 constructs were
confirmed by restriction digestion and sequencing.
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Pronuclear injection

Fifty micrograms of pMpz-SMN1 were digested with MluI and
NotI (New England Biolabs), to release the 5.8 kb transgene cas-
sette. Transgenic injections were performed as previously de-
scribed (45).

Genotyping of SMN1SC transgene

A PCR capable of detecting human SMN1 was optimized using a
forward primer located in SMN1 Exon 3 (50-ACCACACCTAAAA
GAAAACCTGCT-30) and a reverse primer that spanned SMN1
Exon 4 to Exon 5 (50-TTTCATTTTCATTCTCTTGAGCA-30).

Spiked PCR assay/transgene PCR standard

To determine the sensitivity of the transgene genotyping reac-
tion 200 ng genomic DNA (CD1 mice tail tip) was spiked with
DNA from a plasmid expressing SMN1, p0Cx-SMN1, to generate a
series of copy number standards; 0.1 copy (0.298 qg p0Cx-SMN1);
1 copy (2.98 qg p0Cx-SMN1); 10 copies (29.8 qg p0Cx-SMN1); 50
copies (149 qg p0Cx-SMN1); 100 copies (298 qg p0Cx-SMN1).
Amounts of DNA used were determined using a standard calcu-
lation [(mass of transgene DNA¼ (N bp transgene DNA � 1 mg ge-
nomic DNA)/3 � 109 bp genomic DNA], assuming a haploid
content of 3 � 109 bp and hemizygosity of transgenic founder
mice.

SMA mice

‘Taiwanese’ SMA mice (Smn�/�;SMN2tg/tg) (35) purchased from
Jackson Labs on a congenic FVB/N background were maintained
following an established breeding strategy (36) and had a mean
survival of 10/11 days (d). Litters were retrospectively genotyped
using standard PCR protocols (35). Mice expressing the trans-
gene (SMN1SC) were backcrossed to wild-type FVB/N mice
(Harlan Laboratories) for 4 generations (93.75% homozygosity).
A fifth generation backcross with FVB/N Smnþ/� mice generated
pups with 96.87% homozygosity (Smnþ/�;SMN1SC). A final back-
cross with ‘Taiwanese’ SMA mice (Smn�/�;SMN2tg/tg) generated
four lines of experimental animals; control (Smnþ/�; SMN2tg/0),
control mice expressing SMN1SC (Smnþ/�; SMN2tg/0;SMN1SC),
SMA mice (Smn�/�;SMN2tg/0), SMA mice expressing SMN1SC

(Smn�/�;SMN2tg/0;SMN1SC) (SMA rescue mice) (all>98.4% homo-
zygosity). Litters from each backcross were genotyped at 14 d to
determine SMN1SC transmission. All mice were housed within
the animal care facilities in Edinburgh under standard SPF con-
ditions. All animal procedures and breeding were performed in
accordance with Home Office and institutional guidelines.

Immunohistochemical analysis of sectioned and teased
nerve fibres

Sciatic nerve was fixed in 4% paraformaldehyde (PFA) for 30 min
then washed in phosphate buffered saline (PBS). Prior to sec-
tioning, nerves were embedded longitudinally in a 1:1 solution
of 30% sucrose and OCT embedding matrix (CellPath). Ten
micrometres of sections were prepared on slides. For nerve
tease, the perineurium was carefully removed and fixed sciatic
nerve fibres were teased in 0.1 M PBS on 3-amino propyltrie-
thoxysilane (TESPA) coated slides. Slides were blocked for 0.5 h
with 5% bovine serum albumin (BSA) and 0.2% Triton X-100. All
nerves were incubated with primary antibodies raised against
S100 (mouse, 1:100, Abcam) and FLAG (rabbit, 1:1000,

ThermoFisher), then incubated in a solution of secondary anti-
bodies (goat anti-mouse Alexa Fluor 555 and donkey anti-rabbit
Alexa Fluor 488; both 1:500, Invitrogen). Slides were cover-
slipped using Mowiol (Calbiochem) or FluorShield (Abcam).

Non-quantitative and quantitative fluorescent western
blotting

Fresh tissue was dissected and frozen on dry ice and protein ex-
tracted in RIPA buffer (ThermoScientific) with protease inhibitor
cocktail (Sigma). Non-quantitative western blots were per-
formed using a primary antibody against SMN (mouse, 1:500; BD
Transduction Laboratories). Odyssey secondary antibodies were
added according to the manufacturers’ instructions (goat anti-
mouse IRDye 680). Quantitative blots were carried out using a
primary antibody against tubulin (mouse, 1:10 000; Abcam).
Blots were imaged using an Odyssey Infrared Imaging System
(Li-COR, Biosciences) at a resolution of 169 lM. Each blot was
scanned and measured in triplicate to minimize user variability.

Electron microscopy

Intercostal nerves were incubated for 48 h in 4% PFA: 2.5% glu-
taraldehyde at 4�C before post-fixation in 1% osmium tetroxide
in 0.1 M phosphate buffer for 45 min. Following dehydration
through an ascending series of ethanol solutions and propylene
oxide, sections were embedded on glass slides in Durcupan
resin. Regions to be used for the assessment of myelination
were then cut out from a randomly selected section using a
scalpel and glued onto a resin block for sectioning. Ultrathin
sections (60 nm) were cut and collected on formvar-coated grids
(Agar Scientific, UK), stained with uranyl acetate and lead citrate
in an LKB Ultrostainer and then quantitatively assessed in a
Philips CM12 transmission electron microscope equipped with a
Gatan digital camera. Intercostal nerve fibres were measured
using ImageJ. For each individual fibre, axon diameters and G-
ratios were calculated as previously described (46).

Assessment of SMA rescue mice

Righting reflex tests were performed to assess neuromuscular
function, as previously described (37). Mice were weighed daily
and Kaplan–Meier survival analyses performed as previously
described (21). Muscle fibre diameter measurements were taken
from phase-contrast micrographs of teased muscle fibre prepa-
rations using ImageJ software (47). NMJ pathology was assessed
on whole-mount preparations of LAL muscles (39). Motor neu-
ron cell body counts in the spinal cord were performed as previ-
ously described (40,48).

Microscopy

Fluorescent images were captured using a Zeiss 710 laser-
scanning confocal microscope (40�objective; 1.4NA) or a stan-
dard epi-fluorescence microscope equipped with a chilled CCD
camera (20�or 40�objective; 0.8NA; Nikon IX71 microscope;
Hammamatsu C4742-95), as previously described (49).

Statistical analysis

All data were collected into Microsoft Excel and analysed using
GraphPad Prism software (statistical tests used for each com-
parison are detailed in the text). For all statistical analyses,
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P< 0.05 was considered statistically significant. All data are ex-
pressed as mean 6 SEM.

Acknowledgements

The authors thank Peter Rutherford for animal husbandry, Ann
Wright and Stephen Mitchell for assistance with electron mi-
croscopy, and Professor Brunhilde Wirth for the gift of full-
length SMN1 plasmid. Heather Anderson is thanked for excel-
lent assistance with transgenic production. The Mpz/P0-Cx32
construct was a generous gift from Steven Scherer, Perelman
School of Medicine at the University of Pennsylvania.

Conflict of Interest statement. None declared.

Funding
This work was supported by funding from the SMA Trust, the
Anatomical Society, the AxonomiX Consortium, the Euan
MacDonald Centre for Motor Neurone Disease Research (all to
T.H.G.), Muscular Dystrophy UK (T.H.G. and P.J.B.) and the
Wellcome Trust (to E.J.G., T.H.G. and P.J.B.). Funding to pay the
Open Access publication charges for this article was provided by
the Wellcome Trust.

References
1. Lunn, M.R. and Wang, C.H. (2008) Spinal muscular atrophy.

Lancet, 371, 2120–2133.
2. Sugarman, E.A., Nagan, N., Zhu, H., Akmaev, V.R., Zhou, Z.,

Rohlfs, E.M., Flynn, K., Hendrickson, B.C., Scholl, T, Sirko-
Osadsa, D.A. and Allitto, B.A. (2012) Pan-ethnic carrier
screening and prenatal diagnosis for spinal muscular atro-
phy: clinical laboratory analysis of> 72,400 specimens. Eur.
J. Hum. Genet., 20, 27–32.

3. Lefebvre, S., Burglen, L., Reboullet, S., Clermont, O., Burlet, P.,
Viollet, L., Benichou, B., Cruaud, C., Millasseau, P., Zeviani,
M. et al. (1995) Identification and characterization of a spinal
muscular atrophy-determining gene. Cell, 80, 155–165.

4. Burghes, A.H. and Beattie, C.E. (2009) Spinal muscular atro-
phy: why do low levels of survival motor neuron protein
make motor neurons sick? Nat. Rev. Neurosci., 10, 597–609.

5. Lorson, C.L., Hahnen, E., Androphy, E.J. and Wirth, B. (1999) A
single nucleotide in the SMN gene regulates splicing and is
responsible for spinal muscular atrophy. Proc. Natl. Acad. Sci.
U. S. A., 96, 6307–6311.

6. Monani, U.R., Lorson, C.L., Parsons, D.W., Prior, T.W.,
Androphy, E.J., Burghes, A.H. and McPherson, J.D. (1999) A
single nucleotide difference that alters splicing patterns dis-
tinguishes the SMA gene SMN1 from the copy gene SMN2.
Hum. Mol. Genet., 8, 1177–1183.

7. Hamilton, G. and Gillingwater, T.H. (2013) Spinal muscular
atrophy: going beyond the motor neuron. Trends Mol. Med.,
19, 40–50.

8. Arnold, A.S., Gueye, M., Guettier-Sigrist, S., Courdier-Fruh, I.,
Coupin, G., Poindron, P. and Gies, J.P. (2004) Reduced expres-
sion of nicotinic AChRs in myotubes from spinal muscular
atrophy I patients. Lab Invest., 84, 1271–1278.

9. Braun, S., Croizat, B., Lagrange, M.C., Warter, J.M. and
Poindron, P. (1995) Constitutive muscular abnormalities in
culture in spinal muscular atrophy. Lancet, 345, 694–695.

10. Rudnik-Schoneborn, S., Heller, R., Berg, C., Betzler, C.,
Grimm, T., Eggermann, T., Eggermann, K., Wirth, R., Wirth,

B. et al. (2008) Congenital heart disease is a feature of severe
infantile spinal muscular atrophy. J. Med. Genet., 45, 635–638.

11. Araujo Ade, Q., Araujo, M. and Swoboda, K.J. (2009) Vascular
perfusion abnormalities in infants with spinal muscular at-
rophy. J. Pediatr., 155, 292–294.

12. Rudnik-Schoneborn, S., Vogelgesang, S., Armbrust, S., Graul-
Neumann, L., Fusch, C. and Zerres, K. (2010) Digital necroses
and vascular thrombosis in severe spinal muscular atrophy.
Muscle Nerve, 42, 144–147.

13. Schreml, J., Riessland, M., Paterno, M., Garbes, L., Rossbach,
K., Ackermann, B., Kramer, J., Somers, E., Parson, S.H, Heller,
R. et al. (2013) Severe SMA mice show organ impairment that
cannot be rescued by therapy with the HDACi JNJ-26481585.
Eur. J. Hum. Genet., 21, 643–652.

14. Somers, E., Lees, R.D., Hoban, K., Sleigh, J.N., Zhou, H.,
Muntoni, F., Talbot, K., Gillingwater, T.H. and Parson, S.H.
(2016) Vascular defects and spinal cord hypoxia in spinal
muscular atrophy. Ann. Neurol., 79, 217–230.

15. Somers, E., Stencel, Z., Wishart, T.M., Gillingwater, T.H. and
Parson, S.H. (2012) Density, calibre and ramification of mus-
cle capillaries are altered in a mouse model of severe spinal
muscular atrophy. Neuromuscul. Disord., 22, 435–442.

16. Hua, Y., Sahashi, K., Rigo, F., Hung, G., Horev, G., Bennett,
C.F. and Krainer, A.R. (2011) Peripheral SMN restoration is es-
sential for long-term rescue of a severe spinal muscular at-
rophy mouse model. Nature, 478, 123–126.

17. Vitte, J.M., Davoult, B., Roblot, N., Mayer, M., Joshi, V.,
Courageot, S., Tronche, F., Vadrot, J., Moreau, M.H, Kemeny,
F. and Melki, J. (2004) Deletion of murine SMN exon 7 di-
rected to liver leads to severe defect of liver development as-
sociated with iron overload. Am. J. Pathol., 165, 1731–1741.

18. Bowerman, M., Swoboda, K.J., Michalski, J.P., Wang, G.S.,
Reeks, C., Beauvais, A., Murphy, K., Woulfe, J., Screaton, R.A.,
Scott, F.W. and Kothary, R. et al. (2012) Glucose metabolism
and pancreatic defects in spinal muscular atrophy. Ann.
Neurol., 72, 256–268.

19. Peters, O.M., Ghasemi, M. and Brown, R.H. Jr. (2015) Emerging
mechanisms of molecular pathology in ALS. J. Clin. Invest.,
125, 1767–1779.

20. Gogliotti, R.G., Quinlan, K.A., Barlow, C.B., Heier, C.R.,
Heckman, C.J. and Didonato, C.J. (2012) Motor neuron rescue
in spinal muscular atrophy mice demonstrates that
sensory-motor defects are a consequence, not a cause, of
motor neuron dysfunction. J. Neurosci., 32, 3818–3829.

21. Lee, A.J., Awano, T., Park, G.H. and Monani, U.R. (2012)
Limited phenotypic effects of selectively augmenting the
SMN protein in the neurons of a mouse model of severe spi-
nal muscular atrophy. PLoS One, 7, e46353.

22. Martinez, T.L., Kong, L., Wang, X., Osborne, M.A., Crowder,
M.E., Van Meerbeke, J.P., Xu, X., Davis, C., Wooley, J,
Goldhamer, D.J. et al. (2012) Survival motor neuron protein in
motor neurons determines synaptic integrity in spinal mus-
cular atrophy. J. Neurosci., 32, 8703–8715.

23. Paez-Colasante, X., Seaberg, B., Martinez, T.L., Kong, L.,
Sumner, C.J. and Rimer, M. (2013) Improvement of neuro-
muscular synaptic phenotypes without enhanced survival
and motor function in severe spinal muscular atrophy mice
selectively rescued in motor neurons. PLoS One, 8, e75866.

24. Araki, S., Hayashi, M., Tamagawa, K., Saito, M., Kato, S.,
Komori, T., Sakakihara, Y., Mizutani, T. and Oda, M. (2003)
Neuropathological analysis in spinal muscular atrophy type
II. Acta Neuropathol., 106, 441–448.

25. Garcia-Cabezas, M.A., Garcia-Alix, A., Martin, Y., Gutierrez,
M., Hernandez, C., Rodriguez, J.I. and Morales, C. (2004)

8 | Human Molecular Genetics, 2016, Vol. 0, No. 0

 by guest on A
ugust 26, 2016

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

Deleted Text: <italic>p</italic>
Deleted Text: Conflict of interest statement
Deleted Text: The authors declare no conflict of interest
http://hmg.oxfordjournals.org/


Neonatal spinal muscular atrophy with multiple contrac-
tures, bone fractures, respiratory insufficiency and 5q13 de-
letion. Acta Neuropathol., 107, 475–478.

26. Kuru, S., Sakai, M., Konagaya, M., Yoshida, M., Hashizume, Y. and
Saito, K. (2009) An autopsy case of spinal muscular atrophy type
III (Kugelberg–Welander disease). Neuropathology, 29, 63–67.

27. McGivern, J.V., Patitucci, T.N., Nord, J.A., Barabas, M.E.,
Stucky, C.L. and Ebert, A.D. (2013) Spinal muscular atrophy
astrocytes exhibit abnormal calcium regulation and reduced
growth factor production. Glia, 61, 1418–1428.

28. Rindt, H., Feng, Z., Mazzasette, C., Glascock, J.J., Valdivia, D.,
Pyles, N., Crawford, T.O., Swoboda, K.J., Patitucci, T.N, Ebert,
A.D. et al. (2015) Astrocytes influence the severity of spinal
muscular atrophy. Hum. Mol. Genet., 24, 4094–4102.

29. Bowerman, M., Murray, L.M., Beauvais, A., Pinheiro, B. and
Kothary, R. (2012) A critical smn threshold in mice dictates
onset of an intermediate spinal muscular atrophy pheno-
type associated with a distinct neuromuscular junction pa-
thology. Neuromuscul. Disord., 22, 263–276.

30. Murray, L.M., Beauvais, A., Bhanot, K. and Kothary, R. (2013)
Defects in neuromuscular junction remodelling in the
SMN(2B/�) mouse model of spinal muscular atrophy.
Neurobiol. Dis., 49, 57–67.

31. Voigt, T., Meyer, K., Baum, O. and Schumperli, D. (2010)
Ultrastructural changes in diaphragm neuromuscular junc-
tions in a severe mouse model for spinal muscular atrophy
and their prevention by bifunctional U7 snRNA correcting
SMN2 splicing. Neuromuscul. Disord., 20, 744–752.

32. Aghamaleky Sarvestany, A., Hunter, G., Tavendale, A.,
Lamont, D.J., Llavero Hurtado, M., Graham, L.C., Wishart,
T.M. and Gillingwater, T.H. (2014) Label-free quantitative
proteomic profiling identifies disruption of ubiquitin ho-
meostasis as a key driver of Schwann cell defects in spinal
muscular atrophy. J. Proteome Res., 13, 4546–4557.

33. Hunter, G., Aghamaleky Sarvestany, A., Roche, S.L., Symes,
R.C. and Gillingwater, T.H. (2014) SMN-dependent intrinsic
defects in Schwann cells in mouse models of spinal muscu-
lar atrophy. Hum. Mol. Genet., 23, 2235–2250.

34. Scherer, S.S., Xu, Y.T., Messing, A., Willecke, K., Fischbeck,
K.H. and Jeng, L.J. (2005) Transgenic expression of human
connexin32 in myelinating Schwann cells prevents demye-
lination in connexin32-null mice. J. Neurosci., 25, 1550–1559.

35. Hsieh-Li, H.M., Chang, J.G., Jong, Y.J., Wu, M.H., Wang, N.M.,
Tsai, C.H. and Li, H. (2000) A mouse model for spinal muscu-
lar atrophy. Nat. Genet., 24, 66–70.

36. Riessland, M., Ackermann, B., Forster, A., Jakubik, M., Hauke,
J., Garbes, L., Fritzsche, I., Mende, Y., Blumcke, I., Hahnen, E.,
Wirth, B. et al. (2010) SAHA ameliorates the SMA phenotype
in two mouse models for spinal muscular atrophy. Hum. Mol.
Genet., 19, 1492–1506.

37. Wishart, T.M., Mutsaers, C.A., Riessland, M., Reimer, M.M.,
Hunter, G., Hannam, M.L., Eaton, S.L., Fuller, H.R., Roche, S.L,
Somers, E. et al. (2014) Dysregulation of ubiquitin homeosta-
sis and beta-catenin signaling promote spinal muscular at-
rophy. J. Clin. Invest., 124, 1821–1834.

38. Kariya, S., Park, G.H., Maeno-Hikichi, Y., Leykekhman, O.,
Lutz, C., Arkovitz, M.S., Landmesser, L.T. and Monani, U.R.
(2008) Reduced SMN protein impairs maturation of the neu-
romuscular junctions in mouse models of spinal muscular
atrophy. Hum. Mol. Genet., 17, 2552–2569.

39. Murray, L.M., Comley, L.H., Thomson, D., Parkinson, N.,
Talbot, K. and Gillingwater, T.H. (2008) Selective vulnerabil-
ity of motor neurons and dissociation of pre- and post-
synaptic pathology at the neuromuscular junction in mouse
models of spinal muscular atrophy. Hum. Mol. Genet., 17,
949–962.

40. Powis, R.A. and Gillingwater, T.H. (2016) Selective loss of al-
pha motor neurons with sparing of gamma motor neurons
and spinal cord cholinergic neurons in a mouse model of
spinal muscular atrophy. J. Anat., 228, 443–451.

41. Bloch-Gallego, E. (2015) Mechanisms controlling neuromus-
cular junction stability. Cell Mol. Life Sci., 72, 1029–1043.

42. Roche, S.L., Sherman, D.L., Dissanayake, K., Soucy, G.,
Desmazieres, A., Lamont, D.J., Peles, E., Julien, J.P., Wishart,
T.M, Ribchester, R.R., Brophy, P.J. and Gillingwater, T.H.,
(2014) Loss of glial neurofascin155 delays developmental
synapse elimination at the neuromuscular junction. J.
Neurosci., 34, 12904–12918.

43. Shababi, M., Lorson, C.L. and Rudnik-Schoneborn, S.S. (2014)
Spinal muscular atrophy: a motor neuron disorder or a
multi-organ disease? J. Anat., 224, 15–28.

44. Wirth, B., Barkats, M., Martinat, C., Sendtner, M. and
Gillingwater, T.H. (2015) Moving towards treatments for spi-
nal muscular atrophy: hopes and limits. Expert Opin. Emerg.
Drugs, 20, 353–356.

45. Sherman, D.L. and Brophy, P.J. (2000) A tripartite nuclear lo-
calization signal in the PDZ-domain protein L-periaxin.
J. Biol. Chem., 275, 4537–4540.

46. Sherman, D.L., Krols, M., Wu, L.M., Grove, M., Nave, K.A.,
Gangloff, Y.G. and Brophy, P.J. (2012) Arrest of myelination
and reduced axon growth when Schwann cells lack mTOR.
J. Neurosci., 32, 1817–1825.

47. Mutsaers, C.A., Wishart, T.M., Lamont, D.J., Riessland, M.,
Schreml, J., Comley, L.H., Murray, L.M., Parson, S.H.,
Lochmuller, H, Wirth, B., Talbot, K., Gillingwater, T.H. (2011)
Reversible molecular pathology of skeletal muscle in spinal
muscular atrophy. Hum. Mol. Genet., 20, 4334–4344.

48. Powis, R.A., Mutsaers, C.A., Wishart, T.M., Hunter, G., Wirth,
B. and Gillingwater, T.H. (2014) Increased levels of UCHL1 are
a compensatory response to disrupted ubiquitin homeosta-
sis in spinal muscular atrophy and do not represent a via-
ble therapeutic target. Neuropathol. Appl. Neurobiol., 40,
873–887.

49. Murray, L.M., Lee, S., Baumer, D., Parson, S.H., Talbot, K. and
Gillingwater, T.H. (2010) Pre-symptomatic development
of lower motor neuron connectivity in a mouse model of
severe spinal muscular atrophy. Hum. Mol. Genet., 19,
420–433.

9Human Molecular Genetics, 2016, Vol. 0, No. 0 |

 by guest on A
ugust 26, 2016

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/

