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Abstract
Spinal Muscular Atrophy (SMA) is an autosomal recessive disorder characterized by loss of lowermotor neurons. SMA is caused by
deletion ormutation of the Survival Motor Neuron 1 (SMN1) gene and retention of the SMN2 gene. The loss of SMN1 results in reduced
levels of the SMN protein. SMN levels appear to be particularly important in motor neurons; however SMN levels above that
producedby twocopiesofSMN2havebeensuggested tobe important inmuscle. Studying thespatial requirementofSMNis important
in both understanding how SMN deficiency causes SMA and in the development of effective therapies. Using Myf5-Cre, a muscle-
specific Cre driver, and the Cre-loxP recombination system, we deleted mouse Smn in the muscle of mice with SMN2 and SMNΔ7
transgenes in the background, thus providing low level of SMN in themuscle. As a reciprocal experiment,we restorednormal levels of
SMN in themusclewith lowSMN levels in all other tissues.Weobserved that decreasing SMN in themuscle has nophenotypic effect.
Thiswas corroborated bymuscle physiology studieswith twitch force, tetanic and eccentric contraction all being normal. In addition,
electrocardiogramandmuscle fiber size distributionwere also normal. Replacement of Smn inmuscle did not rescue SMAmice. Thus
the muscle does not appear to require high levels of SMN above what is produced by two copies of SMN2 (and SMNΔ7).

Introduction
Spinal muscular atrophy (SMA) is the leading genetic cause of in-
fant death affecting 1 in approximately 10 000 live births (1,2).
SMA is caused by decreased levels of the Survival Motor Neuron
(SMN) protein (3,4). Humans have two genes coding for Survival
MotorNeuron (SMN), SMN1 and SMN2. SMN1 and SMN2 essentially
differ by a single nucleotide C→ T change in exon 7 that alters a
modulator of splicing such that the majority of SMN transcripts

from SMN2 lack exon 7 (5–8). SMNΔ7 protein does not oligomerize
efficiently and is rapidly degraded. SMN2 thus produces only a
small amount of full-length SMN that is not sufficient for motor
neuron survival. SMA is an autosomal recessive disease caused
by deletion or mutation of the SMN1 gene and retention of the
SMN2 gene (9,10). Based on the clinical severity, SMA is classified
into five categories: Type 0–IV, wherein SMA Type 0 is the most
severe form of the disease. The severity of SMA shows an inverse
correlation to SMN2 copy number (10,11).
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SMN protein functions in the assembly of snRNPs, by loading
the Sm proteins onto the snRNA (10,12,13). It has also been sug-
gested to act as a master ribonucleoprotein assembler (10,14–
16), assembling the Sm-Lsm10/11 ring on the U7snRNA as well
as other protein complexes on other RNAs (17–19). It is worth not-
ing, of the many RNA-related roles proposed for SMN, there has
been conclusive demonstration only of its activity in canonical
snRNPs and U7snRNP assembly (16). Since SMN is also found in
the axons of neurons, it has been proposed that SMN could play
a role in assembling the transport granules of axons (20–22).
Although SMN is expressed in all tissues, SMA particularly affects
motor neurons and results in atrophy of muscle. We have previ-
ously shown that high expression of SMN in neurons with low le-
vels in other tissues gives substantial rescue of severe SMA mice
(23). In addition we showed that expression of very high levels of
SMN in skeletal muscle with no leakage into other organs had no
impact on the SMA phenotype. However with high expression of
SMN in skeletal and cardiacmuscle and a low level of SMN (above
that produced by SMN2) in all tissues, the mice survived to 160
days (23). If SMN is removed frommuscle but retained in other tis-
sues then a severemuscular dystrophy results (24). However com-
plete loss of SMN is not what occurs in SMA. Aminimumamount
of SMN is required in all cell types; complete removal of SMN leads
to cell death (24–26). Since atrophyofmuscle is a symptomof SMA
andmuscle supports motor neurons by the production of growth
factors, treatment of the muscle tissue has been explored. Trans-
genic expression of follistatin showed aminimal improvement in
muscle mass with no improvement of motor function or survival
(27). Administrationof follistatin,which blocksmyostatin, a nega-
tive regulatorofmusclemass, didnot improve the survival of SMA
mice (28); neither did transgenic inactivation ofmurinemyostatin
in SMAmice (29). Moreover, homozygous knock out ofmuscle ubi-
quitin ligases, MAFbx and MuRF1, did not improve the survival or
musclemassofSMAmice (30).However inall casesthe improvement
inmusclemasswasminimal and thus it is still possible, for instance
in mild SMA, that increased muscle bulk would be beneficial.

A question that has not been addressed is howmuscle would
perform when completely reliant on two copies of SMN2 for its
SMN protein requirement. Does SMN reduction, not removal, af-
fect the ability of muscle to produce force? In the current work,
we address this question directly. To get a complete picture of
the role of the muscle in SMA, we not only deleted Smn specific-
ally in themuscle, but also replaced Smn in themuscle.We chose
to use the Myf5-Cre driver so as to remove mouse Smn from both
myoblasts and myotubes in mice containing two copies of SMN2
and SMNΔ7 transgenes (31,32). We found that decreasing SMN in
muscle does not hamper the muscle’s force production or fiber
size ormorphology. Moreover, the total body weight and survival
of mice with decreased SMN in muscle remain unchanged. Con-
versely, replacement of SMN in muscle tissue of SMA mice with
SMN depleted to SMA-levels elsewhere resulted in no improve-
ment in survival or body weight of the SMA mice. Thus we con-
clude that the muscle tissue per se can function in a completely
normalmanner when SMN is at reduced levels and that themus-
cle does not play a crucial role in SMA pathogenesis.

Results
Testing the deletion and replacement Smn alleles

To selectively reduce SMN in a tissue, themurine line SmnF7 with
floxed exon 7 was used (25) as one allele, with the other allele
being the exon 2A disruption, SmnKO allele (33), which results in
the production of no functionalmouse SMN. The floxed Smn lines

and the Cre lines were each first crossed on to the SMNΔ7 SMA
background and were made homozygous for the SMN2 and
SMNΔ7 transgenes and the Cre lines were made heterozygous
for SmnKO. Thus, SMN2 and SMNΔ7 in the background provide
low SMN essential for viability in all cells. Breeders positive for
Cre and the SmnKO allele (32–34) were bred to the floxed Smn
mouse lines. As shown in Figure 1A, upon action of Cre, exon 7
gets deleted, resulting in SmnD7 allele (for deletion of Smn), creat-
ing an SMA-situation in the places Cre is expressed. For replace-
ment experiments, we used the rescue allele SmnINV (also
referred to as SmnRes in other works) (35). SmnINV allele is a hybrid
allele with human SMN exon 7 joined to inverted mouse exon 7,
flanked by lox66 and lox71 sites, which enable reversion of the
cassette upon Cre recombination (36). Thus the floxed inverted
mouse exon 7 is reverted to the correct orientation upon Cre
recombination, called SmnRe (for reversion of exon 7), and expres-
sion ofmouse Smn is restored (Fig. 1A).We sequenced the SmnINV

and SmnRe alleles (Supplementary Material, Fig. S4).
In previous experiments with Cre drivers, the floxed lines,

SmnF7 and SmnINV, have been used with both Smn alleles bearing
thefloxed allele (24–26,35,37–39).We chose to have one allele that
could either be deleted or reverted; the design of crosses is shown
in Figure 1B. This was for two reasons: first the Cre driver can be
separated from the floxed exon 7 allele, thus eliminating any
chance of germline conversion, and second, the Cre only has to
act on one allele, maximizing its chance of action on the floxed
allele. To first demonstrate that the floxed Smn alleles, SmnF7

and SmnINV, for deletion and replacement respectively are fully
functional, we crossed the floxed Smn alleles to a ubiquitous
Cre line, Sox2-Cre. The Sox2-Cre transgenic line has expression
of Cre under the Sox2 promoter element and efficient Cre recom-
bination is seen in all epiblast-derived cells by e6.5 (40). Sox2-Cre
micewere crossed onto the SMA background andmade homozy-
gous for SMN2 and SMNΔ7. Mice with Sox2-Cre; SmnD7/KO have
Smn-deletion in all tissues and thus all tissues are dependent
on SMN produced by SMN2 and SMNΔ7. Sox2-Cre; SmnD7/KO mice
had a phenotype and weight (Fig. 1D, n = 9, blue inverted triangle)
similar to SMNΔ7 SMA mice and a mean survival of 13.8 ± 1.3
days (Fig. 1C, n = 9, blue line). Upon crossing the Sox2-Cre; SmnWT/

KO mice to the replacement allele, SmnINV, we obtained complete
rescue of survival (Fig. 1C, n = 10, red line) and weight (Fig. 1D,
n = 10, red diamond). The rescuemice, Sox2-Cre; SmnRe/KO appeared
normal in phenotype, with no necrosis or decrease in weight.

Expression of Myf5-Cre driver

We choseMyf5-Cre line to drive Cre in themuscle becauseMyf5 is
the first skeletal muscle marker expressed by e8.5 in immature
somites before terminal myogenesis (41,42). Thus Smnwill be de-
leted or replaced in the early stages of skeletal muscle develop-
ment. Myf5-Cre line was made homozygous for SMN2 and
SMNΔ7. To test the expression of Myf5-Cre, we crossed the Cre
line to an RFP reporter line, ROSA26-loxP-STOP-loxP-tdTomato
(43). The reporter line has a floxed STOP codon upstream of
tdTomato, a modified RFP gene. Upon excision of the STOP
codon by Cre, RFP is expressed in that tissue (43). To visualize
motor neurons, mice with HB9:GFP which expresses GFP in the
motor neurons under the murine HB9 promoter at e9.5 (44),
were crossed to the tdTomato-RFPmice. Figure 2 shows immunos-
tained spinal cord and skeletal muscle sections of post-natal day
12 (PND12) mouse pups bearing Myf5-Cre, tdTomato and HB9:GFP.
Robust RFP expression was observed in the skeletal muscle
(Fig. 2D and E). However, 1–3 motor neurons in the spinal cord
also showed RFP expression in 4/7 animals we studied; 3/7

Human Molecular Genetics, 2015, Vol. 24, No. 21 | 6161

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/24/21/6160/609128 by guest on 19 M
ay 2023

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv332/-/DC1


Figure 1. Smn-deletion and replacement alleles used in the study. (A) Diagram of mouse Smn alleles used for the Cre recombination experiments: SmnF7 allele contains

floxed exon 7wherein exon 7 is deleted upon Cre recombination, giving the allele, SmnD7 (25). SmnINV allele hasmouse Smn exons 1–6 fused to human SMN exon 7with an

invertedmouse Smn exon 7. The lox66 and lox71 sitesflanking the fusedhumanandmouse exon 7 construct get reverted uponCre recombination.Withmouse Smn exon 7

in the right orientation, SmnRe produces full-length SMN protein (35). Red arrows indicate the lox sites. (B) Diagrammatic representation of strategy of mouse breeding: To

avoid germline recombination and ensuring that Cre acts on only one floxed allele, we chose to maintain the floxed lines and Cre line separately. The Cre lines bore the

SmnKO allele. These were crossed to either SmnF7 allele maintained in a homozygous state or SmnINV that was maintained over an SmnWT allele. The affected mice with

Smn-deletion thus had SmnD7/KO and the Smn-replacement mice had SmnRe/KO. (C) Testing the floxed alleles with the ubiquitous Sox2-Cre driver: Deletion (blue line): Sox2-

Cre; SmnD7/KO mice (n = 9) had a mean survival of 13.8 ± 1.3 days which is similar to SMA mice (14.3 ± 0.7 days, n = 16, green line). Replacement (red line): Sox2-Cre; SmnRe/KO

mice (n = 10) were phenotypically normal and survived beyond 36 weeks. (D) The total body weights of Sox2-Cre; SmnD7/KO mice (n = 9, blue inverted triangle) are similar to

SMA mice (n = 16, green circle) while the weights of Sox2-Cre; SmnRe/KO mice (n = 10, red diamond) are similar to controls (Sox2-Cre; SmnRe/WT). Thus, the SmnF7 and SmnINV

alleles are functional. (Error bars = sem).
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animals showednoRFPexpression in themotor neurons (Fig. 2A–
C). Out of four Myf5-Cre; tdTomato; HB9:GFP animals examined,
leaky expression was found in some cells in the heart, lung,
liver and pancreas in half of the animals examined. Only one ani-
mal showed RFP expression in kidney and adrenal gland (Supple-
mentary Material, Fig. S1). Scattered blood vessels and
connective tissue cells were also positive forMyf5-Cre expression
in all organs examined above. In all cases the leaky expression
was in a few cells in the entire section of the tissue. Also, it should
be noted that not all animals showed leaky expression in every
tissue and to the same degree. Myf5-Cre is thus a chimeric driver
with ectopic expression in a small percentage of cells in other tis-
sues. Unlike the tissues mentioned above, the skeletal muscle
consistently showed uniform strong expression of RFP. We thus
used theMyf5-Cre line to determine the importance of SMN levels
above that produced by two copies of SMN2 (and SMNΔ7) to the
normal function of muscle.

Deletion and replacement of Smn in muscle tissue in the
SMNΔ7 SMA mouse model

We selectively reduced SMN levels in the muscle using theMyf5-
Cre driver (41). The Myf5-Cre; SmnD7/KO; SMN2+/+; SMNΔ7+/+ mice
had deletion of the exon 7 of the floxed Smn allele in the skeletal
muscle. Thus the muscle becomes reliant on the SMN produced
by two copies of SMN2 (and SMNΔ7).Myf5-Cre; SmnD7/KO mice ap-
peared phenotypically normal, showing no signs of weakness or
necrosis. They had normal survival as shown in (Fig. 3A, blue line)
and weight (Fig. 3B, blue inverted triangle, P > 0.05 versus control,
ns) (n = 15). Furthermore, we stained gastrocnemius muscle sec-
tions of Myf5-deletion mice for SMN (Supplementary Material,
Fig. S2). We observed no gems of SMN in the muscle nuclei of
Myf5-Cre; Smn-deletion mice, which was similar to SMA, indicat-
ing that there was a decrease of SMN in the muscle. Mice with a
WT copy of Smn on the contrary showed the presence of gems in
the nucleus.

Lastly we examined the effect of SMN restoration in the mus-
cle in mice where all other tissues are in an SMA-like state, with

SMN only from SMN2 and SMNΔ7. When Smn is replaced in the
muscle of SMA mice (Myf5-Cre; SmnRe/KO), the affected mice had
a mean survival of 14.1 ± 2.4 days (n = 11) which is identical to
the survival of the SMNΔ7 SMA mice (14.3 ± 0.7 days, n = 16)
(Fig. 3A, red line). There was no marked difference between the
mice with SMN restoration inmuscle and SMAmicewith respect
to weight (Fig. 3B, red diamond) and phenotype. Analysis of the
weight curve of Myf5-Cre; Smn-replacement mice versus SMA at
days 10 and 14 revealed no significant difference (P = 0.69 and
0.24 respectively). The results obtained with the replacement ex-
periments are consistent with two copies of SMN2 (and SMNΔ7)
providing the required amount of SMN for normal function of
muscle.

Efficiency of Cre recombination in the muscle

To determine the efficiency of Cre excision with a more direct
read-out, we quantified the percentage of Cre recombination
by performing droplet digital PCR (ddPCR, BioRad) on the SmnF7

allele in the muscle tissue. Importantly, we eliminated the influ-
ence of connective tissue by laser-capturemicrodissection (LCM)
of gastrocnemius muscle cells, leaving out the nuclei of extra-
sarcomeric tissue (n = 3 per genotypic group). ddPCR of SmnF7 was
normalized to Smn intron 1 (two copies per genome) in a multi-
plex reaction. ddPCR of LCM-collected Sox2-Cre; SmnD7/KO gastro-
cnemius muscle (PND9–15) showed 100 ± 5.5% recombination
while No Cre; SmnF7/KO had no recombination (0.6 ± 14.7%). Myf5-
Cre; SmnD7/KO gastrocnemius (PND10) tissue collected via LCM
showed 80.8 ± 4.2% recombination (Fig. 4A), thus proving that
Myf5-Cre efficiently acts on the floxed alleles in the skeletal mus-
cle. The efficiency of Cre recombination by Myf5-Cre is less than
the expected cent percent for two reasons as follows. Myf5-Cre
is not expressed in the subsynaptic muscle nuclei (Dr Jill
Rafael-Fortney; personal communication). In our immunohisto-
chemistry studies, we have observed specks of HB9:GFP staining
indicative of the presence of motor neuron in muscle sections
(data not shown); implying that the muscle cell adjoining the
motor neuron would be a subsynaptic muscle cell not expressing
Myf5-Cre. Secondly, because the technique of LCM aids in the

Figure 2. Immunohistochemistry ofMyf5-Cre; tdTomato; HB9:GFPmice (PND12): (A and D) expression of RFP, (B and E) GFP channel indicatingmotor neurons and (C and F)
the overlaid images. (A–C) Lumbar spinal cord sections reveal Myf5-Cre expression (red) in a few motor neurons (green) indicated by white arrows. (D–F) Gastrocnemius

muscle sections show robust RFP expression indicating high expression of Myf5-Cre in the muscle. Representative images from n = 5 mice. (Scale bar = 100 µm,

inset = 25 µm).
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collection of a muscle nuclei-enriched sample, we cannot rule
out the possibility that our samples would have a small percent-
age of connective tissue that do not express Myf5-Cre. Thus the
presence of nuclei of subsynaptic muscle cells and connective

tissue would cause the efficiency of Myf5-Cre recombination to be
reported as less than 100 percent in our experiment. Hence an ef-
ficiency of 80%Myf5-Cre recombination is sufficient to imply com-
plete recombination of floxed Smn alleles in the muscle cells.

Figure 3. Survival andweight analyses ofmuscle driverMyf5-Cre: (A) Deletion (blue line): Affectedmice,Myf5-Cre; SmnD7/KO (n = 15), had a normal survival. Replacement (red

line): Mean survival of affected mice, Myf5-Cre; SmnRe/KO mice (n = 11) was 14.1 ± 2.4 days, similar to SMA mice (14.3 ± 0.7 days, n = 16, green line). (B) In Myf5-Cre; SmnD7/KO

mice, the weight curve was similar to controls (blue inverted triangle, P > 0.05 versus controls). Mice with Smn-replacement in the muscle, Myf5-Cre; SmnRe/KO (n = 11, red

diamond) were similar to SMA mice (n = 16, green circle) in body weight (P > 0.05 versus SMA) (Error bars = sem).

Figure 4. Analysis of Cre activity upon deletion of Smn in muscle. (A) Quantification of percentage of Cre recombination on the SmnF7 allele: Digital droplet PCR (ddPCR) of

muscle nuclei collected via LCM of H&E stained gastrocnemius muscle of PND9-15 mice show complete recombination by the Sox2-Cre driver (100 ± 5.5%). The Myf5-Cre

driver specific for skeletal muscle showed 80.8 ± 4.2% recombination of SmnF7 allele. (B) ELISA-estimation of SMN protein levels in whole muscle sections (PND10): Smn-

deletionwithMyf5-Cre leads to a drop inmuscle SMN levels to 1510.9 ± 529.8 pg SMN/mg soluble protein from 4013.8 ± 1721.9 pg in No Cre; SmnF7/WTmice. SMAmice had a

fall in SMN levels to 160.8 ± 33.8 pg/mg of soluble protein. (C) Representativewestern blot bands of SMNand tubulin fromNoCre; SmnF7/KO andMyf5-Cre; SmnD7/KOmice. (D)

SMN protein levels determined by western blot relative to tubulin (PND10): A 68.7% decrease in SMN was observed in whole muscle of Myf5-Cre; SmnD7/KO mice. SMN to

tubulin ratios at 2.08 ± 0.13 in No Cre; SmnF7/KO control were significantly different from 0.65 ± 0.26 in affected mice (P = 0.009) (n = 3 in each group, error bars = sem).
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Determination of SMN protein levels in muscle

We quantified SMN protein via ELISA immunoassay (propri-
etary, PharmaOptima, MI, USA) in cryostat-sectioned whole
muscle of PND10 pups.Myf5-Cre; SmnD7/KOmice, as shown in Fig-
ure 4B, showed a decrease in SMN levels. The SMN level in the
Myf5-Cre mice was higher than the SMA sample, which is not
unexpected due to SMN contribution from non-muscle cells
such as connective tissue and blood vessels. There was no stat-
istical difference between SMN levels in SMA and Myf5-Cre;
SmnD7/KO mice as the ELISA assay showed relatively high vari-
ation.We thus also analyzed SMN protein levels in skeletalmus-
cle via western blotting. Figure 4C and D respectively show
representative bands of SMN and tubulin with quantitation of
No Cre; SmnF7/KO and Myf5-Cre; SmnD7/KO mice (PND10, n = 3 in
each group). Upon deletion of SmnwithMyf5-Cre, therewas a sig-
nificant decrease of SMN protein in skeletal muscle to 31.3% of
control No-Cre levels (2.08 ± 0.13 versus 0.65 ± 0.26, P = 0.009).
We believe an approximate drop of 70% in SMN levels is suffi-
cient to imply good recombination byMyf5-Cre inmuscle. In add-
ition to small amounts of SMN protein produced by SMN2 and
SMNΔ7, there would be contribution of non-muscle cells of con-
nective tissue and post-synaptic muscle as described above in
the whole muscle lysate. Martinez et al. reported a robust in-
crease of SMN transcript and protein upon replacement of Smn
using Myf5-Cre (37). Other groups have shown efficient recom-
bination byMyf5-Cre in muscle and an 80% drop in RNA and pro-
tein levels of the floxed allele (45). Beedle et al. have shown that
deletion of Fukutin, a gene required for dystroglycan processing,
by Myf5-Cre induced a severe dystrophic phenotype, and a near-
absence of functionally glycosylated dystroglycan (46). Lack of
endogenousMyf5 expression in post-synaptic nuclei, fibroblasts,
adipocytes, neurons, blood vessels and 10% of Pax7-positive sat-
ellite cells included in whole muscle may account for the appar-
ent lack of recombination (46–48). Thus the total SMNdetected in
whole muscle is consistent with an 80% deletion rate indicated
by the DNA recombination test.

Functional analyses of muscle force upon Smn-deletion

To investigate the integrity and function of muscle that was de-
pendent on SMN from SMN2 (and SMNΔ7), we performed physio-
logical tests of twitch force (Fig. 5D), tetanic force (Fig. 5E) and
eccentric-contraction-induced loss of force (Fig. 5F) on the exten-
sor digitorum longus (EDL) muscle at 8 weeks postnatally. The in-
vestigators were blinded to the genotype of the mice. The
muscle depleted for mouse Smn and dependent on SMN2 for
full-length SMN showed no impairment of force production in
any of the measures performed and was essentially identical to
control muscle (n = 8 control males, n = 6 control females, n = 5 test
males and n = 5 test females). Furthermore, Myf5-Cre; SmnD7/KO

mice did not show any difference in muscle length (Fig. 5A),
diameter (Fig. 5B) or weight (Fig. 5C), as compared with the con-
trols, Myf5-Cre; SmnD7/WT. We also plotted the fiber size distribu-
tion of the vastus lateralis muscle at 8 weeks of age. The fiber size
distributions of control (Myf5-Cre; SmnD7/WT, Fig. 5I) and testMyf5-
Cre (Myf5-Cre; SmnD7/KO, Fig. 5J)mice do not differ (Mann–Whitney
Rank Sum Test P = 0.926, n = 1350 fibers/group from three animals in
each group).We also investigated theheart rate, althoughMyf5-Cre
is not efficiently expressed in cardiac muscle. At 8 weeks of age,
there was no significant difference in the unanaesthetized heart
rate, heart rate variability andQT interval (SupplementaryMater-
ial, Fig. S3) of the control and Myf5-Cre test mice (n = 5 in each
group). Thus we conclude that two copies of SMN2 (and SMNΔ7)

provide sufficient full-length SMN for normal morphology and
function of skeletal muscle.

Discussion
Proximal SMA exhibits a range of severity and has been classified
into five main categories based on age of onset and motor mile-
stones achieved (49). The most common form of SMA is Type I
(Werdnig–Hoffmann disease), with the onset of symptoms before
6 months of age and patients not being able to sit (49). SMAType
II patients with onset by 18 months can sit, but do not walk (49).
This is followed by the less severe formof Type III, Kugelberg-We-
lander disease, wherein patients can walk, but have a waddling
gait (49). The least severe form Type IV is adult onset with pa-
tients having the ability to stand and walk (49). A prenatal
onset of SMA called Type 0 with severe asphyxia and early post-
natal death has also been described (50). The copy number of
SMN2 plays a major role in deciding the severity of SMA (10).

SMA is caused by insufficient levels of the SMN protein. The
reduced levels of SMN do not occur only in motor neurons but
also in other tissues such asmuscle. A number of studies have in-
dicated that muscle could play a role in SMA. Muscle extracts
from SMA Type III patients have been shown to inhibit neonatal
chicken neurite outgrowth, albeit with no cytotoxicity (51). We
have previously reported that in severe SMA mice there is no
abnormality of neurite outgrowth in vivo (52). Furthermore, mus-
cle biopsy from all SMAType I patients and most Type II, but not
Type III, when co-cultured with normal rat motor neurons
showed normal connection of the nerve to the muscle followed
by sarcomeric disorganization and muscle degeneration (53).
Guittier-Sigrist et al. showed apoptotic myonuclei and increased
release of microparticles in SMA muscle co-cultured with rat
motor neurons (54). The resultswould indicate an intrinsic defect
in the muscle that only becomes apparent with connection to a
nerve even though the nerve is normal. Further experiments re-
vealed thatwhenType I SMAmyoblast cellsweremixedwith 50%
normal myoblasts cells, the hetero-myotubes corrected the de-
generation phenotype seen in the co-cultures (55). The afore-
mentioned results suggest that treatment of muscle could have
amajor influence on the SMA phenotype. However in the current
paper we show that reduction of SMN to SMA-levels in muscle
but not nerve does not result in anymarked abnormality of mus-
cle; in particular the contraction and force generating properties
are normal. Studies in severe Smn−/−; SMN2+/+ SMA mice have
shown that the number of satellite cells is comparable to wild-
type controls (56). But when satellite cells of the severe SMA
mice are cultured, they differentiate rapidly and fail to formmul-
tinucleated myotubes efficiently (56). In the mice in the current
study, the development, function and structure of muscle is
normal upon decreasing SMN in the muscle. Myf5-Crewill be ex-
pressed inmyoblasts at embryonic day 8 and thus the aforemen-
tioned defects maybe present in myoblasts and satellite cells in
the Myf5-Cre; SmnD7/KO mice reported here. However they do not
lead to morphological or functional defects. This is also consist-
ent with the recent report of Kariya et al. (57) which showed a
marked reduction of SMN to levels produced by two copies of
SMN2 at PND50 in all tissues including muscle. This SMN-reduc-
tion did not result in a dramatic phenotype and grip strengthwas
not reduced at 120 days. Some pathology of muscle did occur at
230 days with increase in central nuclei, which indicates muscle
regeneration from satellite cells. It can be noted that central nu-
clei is not a prominent feature of SMAmuscle biopsies particular-
ly in the milder forms of the disease (58). One factor that we have
not examined is the ability of the SMN-deficient muscle to
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perform repair. Indeed MyoD−/− mice with a homozygous dele-
tion of an earlymyogenic regulatory factor, MyoD, appear pheno-
typically normal.MyoD−/−mice do not showamarked phenotype
of deficiency in repair unless theyare put under stress; in the case
here by crossing with mdx mice which lack dystrophin (59).

SMAmice and SMAmuscle have been examined previously in
the situation where SMN is deficient everywhere. Cell culture
studies of SMAmuscle have shown abnormalities inmyoblast fu-
sion and malformed myotubes along with delayed expression of
myogenic proteins (60–62). The results have been supported by in
vivo studies showing defects in myogenic program (61) and

apoptosis in muscle (63) in SMA mouse models. Furthermore,
skeletal muscle from SMAType I fetuses exhibit decreased myo-
fiber diameter and fiber size distribution (64), and abnormalities
in early markers of muscle development (65), leading to the hy-
pothesis of delayed growth and maturation of skeletal muscle
in SMA. A total of 54% of SMA Type I, II and III cases sampled in
a study showed DNA fragmentation and immaturity ofmuscle fi-
bers (66). In the studies mentioned above, muscle appears to
showa lack ofmaturity suggesting a delay inmyogenesis. In add-
ition, muscle in this state shows a reduced ability to produce
force (67). However there are two difficulties in interpreting

Figure 5. Muscle physiology tests on mice with SMN-reduction in the muscle, Myf5-Cre; SmnD7/KO, at 8 weeks: There was no significant difference in the (A) Length, (B)
Diameter, (C) Weight, (D) Twitch force, (E) Maximal Tetanic force and (F) Eccentric-contraction-induced loss of force of the EDL muscle of control (Myf5-Cre; SmnD7/WT)

and affected (Myf5-Cre; SmnD7/KO) mice (Control: n = 8 males and n = 6 females, Test: n = 5 males and n = 5 females). Representative H&E stained Vastus lateralis muscle of (G)
control and (H) affected mice at 8 weeks of age and the muscle fiber size distribution of (I) control and (J) affected mice show no significant difference in morphology

(a total of n = 1350 fibers/group from three animals in each group, Mann–Whitney Rank Sum Test, P = 0.926, Error bars = sem).
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these results: first, under conditions of denervation, the muscle
atrophies. The fibers are smaller and likely not as developed
therefore can produce less force. Indeed atrophied muscle due
to disuse shows a number of changes and reduced capacity to
produce force (68). This effect of decreased force production is
likely independent of SMN’s requirement in muscle. Second, no
experiments were done to restore SMN in the muscle in vivo; for
instance by using AAV-SMN to determine whether these altera-
tions were reversible. Lastly Cifuentes-Diaz et al. (24) reported
that complete removal of Smn from muscle resulted in a dys-
trophic phenotype. However in SMA, the SMN2 gene produces
some full-length SMN and the critical question is whether this
low amount of SMN is sufficient for normal function of muscle.
Also, we have not observed loss of dystrophin staining in
SMNΔ7 SMA mice (32).

In the current paper we found no apparent change in the
phenotype of mice upon SMN-reduction in muscle, with the
total bodyweight, fiber size distribution and survival comparable
to healthy controls. Furthermore, at 8 weeks therewas no change
in twitch and tetanic force or eccentric-contraction-induced loss
of force of EDL upon Smn-deletion in the muscle. The mice with
Smn-replacement in the muscle were phenotypically similar to
SMA mice, having a median survival of 16 days as compared
with 14 days for SMAmice. Martinez et al. (37) reported a median
survival of 21 days in Myf5-Cre; Smn-replacement mice. An in-
crease in muscle area and myofiber diameter was also reported
in the Smn-replacement mice in this study (37). The slightly in-
creased survival obtained in this study most likely relates to the
SMA mice having two of the replacement alleles, i.e. Myf5-Cre;
SmnRe/Re. The SMA mice without Cre, SmnINV/INV, had a median
survival of 15 days (37). We have also previously reported that ex-
tremely high levels of SMN inmuscle specifically, with no expres-
sion in other tissues, did not improve survival, weight orfiber size
(23). Both in the current study and previous study we looked at
the complete distribution of muscle fibers and found no differ-
ence with SMN overexpression in muscle. An HSA-SMN line
with leaky expression in the nervous system significantly in-
creased themean survival of SMAmice to 160 days (23). Complete
deletion of SMN in the muscle using the HSA-Cre driver resulted
in severe muscle dystrophy and a drop in survival to a mean of
33 days but loss of SMN in all tissues tested to date results in
severe problems (24). One important consideration with the use
of HSA-Cre is whether there is any significant ectopic expression
of the driver, as this has not been fully tested for HSA-Cre driver
andwehavepreviously shown that HSA can, in some transgenes,
have ectopic expression (23). In the latter case weak but clear ex-
pression could be observed throughout the nervous system (23).
The specificity and strength of the Cre driver is an important con-
sideration. Herewe showed strong tdTomato-RFP expression in all
muscle tissue using a loxP-STOP-loxP-tdTomato line as well as
efficient deletion of SMN exon7 in muscle using laser microdis-
section and ddPCR. There is occasional and rare expression of
Myf5-Cre in MNs but this is in only certain animals and only a
few motor neurons in a section; so unlikely to have a major im-
pact as the remainingmotor neuronswill sprout and compensate
for the loss of only a fewmotor neurons. Expression in a patch of
cells was observed for this Myf5-Cre line in the heart, lung, liver,
pancreas and kidney in some, but not all animals examined. It is
unlikely for a patch of Cre expressing cells in a tissue to signifi-
cantly contribute to the overall phenotype. Another important
aspect of muscle is that it is a syncytia with essentially a tube
containing multiple nuclei. Given the volume of a muscle fiber
[5 nl for a mouse limb fiber and five orders of magnitude larger
that of a small uninucleated cell (69)], the presence of one

nucleus at the post-synaptic plate is unlikely to makemajor con-
tribution over the whole muscle. It is also well known that pro-
teins in muscle can have a relatively restricted nuclear domain
with the product produced by that nucleus restricted to a relative-
ly tight region (68–74). In the current experimentswe have shown
that at least 80% of themuscle nuclei have loss of themouse Smn
exon7 and thus become reliant on SMN2. This also resulted in a
drop of SMN protein in muscle. Given the large volume of a mus-
cle cell and the nuclear domain, this should result in amyopathic
phenotype being revealed and an abnormal force of contraction
being present. However this is not the case and thus we conclude
that two copies of SMN2 provide sufficient SMN for normal func-
tion of muscle.

We are of the opinion that it is important to perform both re-
placement and removal of SMN from a tissue to fully understand
its role. Thus in the current paper it is clear that reduction of SMN
to SMA-levels does not have a major impact on muscle and indi-
cates a minimal role for muscle in SMA.

Many studies have targeted muscle for therapy and amelior-
ation of atrophy. Follistatin injections which block myostatin
thus enhancing muscle mass, resulted in weight increase and a
mild increase in survival (28). Transgenic overexpression of follis-
tatin or inactivation of myostatin did not ameliorate the disease
in SMA mice (27,29). We have previously shown that deletion of
muscle ubiquitin ligases, MAFbx and MuRF1, which target the
muscle proteins for degradation, did not alter the disease course
in SMA mice (30). Treatment of Smn2B/− SMA mice with Fasudil,
an inhibitor of RhoA/Rho kinase pathway, improved the muscle
fiber size but did not improve the performance (75). Thus even
therapies that target various aspects of muscle have so far had
minimal impact.

Various therapeutic strategies targeted towards the central
nervous system have been explored in SMA. Gene therapy with
delivery of SMN in an scAAV9 viral vector increased the survival
of SMA mice beyond 250 days (76–78). Second, anti-sense oligo-
nucleotides that trick the SMN2 gene into splicing like SMN1
and thus increase the production of full-length SMN have been
successful in increasing the life span and improving the pheno-
type in SMA mice (79–81). Third, from a wide-array of com-
pounds, specific compounds that modulate the splicing of
SMN2 gene and promote the incorporation of exon 7 were
screened for (82). Daily oral dosing of three promising com-
pounds in SMA mice showed a marked increase of full-length
SMN in brain, spinal cord and muscle along with an increase in
survival and body weight (82). Increased SMN expression in the
neurons is an important factor for improvement of the SMA
phenotype in the above-mentioned therapies. Recently, the im-
portance of high SMN in the peripheral tissues has been indi-
cated (83). We have also examined neuronal SMN and we
discuss the role of the neurons and the periphery in the accom-
panying manuscript (84). Given our results in the present work
where deletion of Smn in themuscle did not decrease themuscle
fiber size or contractile function, and replacing Smn solely in the
muscle did not improve the survival or weight of SMA mice, we
conclude that low SMN levels are sufficient for normal muscle
function.

Materials and Methods
Mouse breeding

The Cre lines and the floxed Smn lines were crossed to the SMNΔ7
SMA mouse model (SmnWT/KO; SMN2+/+; SMNΔ7+/+—Jackson No.
#005025, FVB.Cg-Tg(SMN2)89Ahmb Smn1tm1MsdTg(SMN2*delta7)
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4299Ahmb/J) (32). Throughout the experiments, the Cre lines and
floxed linesweremaintained separately to eliminate germline re-
combination and crossed to obtain the affected mice: Cre+;
SmnWT/KO; SMN2+/+; SMNΔ7+/+ × SmnF7/F7; SMN2+/+; SMNΔ7+/+

→ Cre+; SmnD7/KO; SMN2+/+; SMNΔ7+/+, where SmnD7 allele is dele-
tion of Smn exon 7 post recombination, and Cre+; SmnWT/KO;
SMN2+/+; SMNΔ7+/+ × SmnINV/WT; SMN2+/+; SMNΔ7+/+→ Cre+;
SmnRe/KO; SMN2+/+; SMNΔ7+/+, where SmnRe allele is replacement
of Smn exon 7 post recombination (Fig. 1B). Littermates with
Cre+; SmnD7/WT and Cre+; SmnRe/WT were used as controls. The
mouse handling and procedures were in strict compliance with
the IACUC protocols and The Ohio State protocol #2008A0089.
The Cre and floxed lines used in the study are described in
Tables 1 and 2 respectively. SmnINV and SmnRe alleles were
sequenced (Supplementary Material, Fig. S3). To visualize the
motor neurons by immunohistochemistry, mice with GFP ex-
pression under themotor neuron-specific HB9 promoter (Jackson
No. 005029) were used (44). To identify Cre recombinant tissues,
the reporter line tdTomato-RFP (JacksonNo. 007914) was used (43).

Genotyping, weighing and phenotypic assessment
of mice

GenomicDNAwas isolated from tail clips for genotyping. The pri-
mers used for PCR are described in Table 3. The PCR conditions
and genotyping of SmnKO, SMN2 and SMNΔ7 was as described in
Le et al., 2005 (32). Themice were weighed daily from day of birth,
PND01, to weaning at PND21, and weekly thereafter. Phenotype
was observed every day till weaning, and then weekly. Mice

were sacrificed according to our IACUC approved protocol. Ap-
proximately equal number of males and females were studied
in each genotypic grouping. The number of animals required
for analysis was determined as described previously (85).

Histology and immunohistochemistry

Hematoxylin and Eosin (H&E) staining was performed on 14 µM
muscle sections as described (32) and imaged on Nikon Eclipse
800 microscope (Nikon Corporation, Japan) with Nikon FDX-35
digital camera. Morphometric measurements were done using
SPOT Advanced (v3.5.9) software (Diagnostic Instruments, Inc.,
MI, USA), after binning the frequency of fiber size area on Micro-
soft Excel 2007.

For Immunohistochemical staining, PND12 mouse pups were
perfused with PBS followed by 4% paraformaldehyde (pH 7). The
tissues post-harvesting were infused with 30% sucrose and flash
frozen in isopentane cooled to −150°C in liquid nitrogen. The fro-
zen tissue was embedded in Tissue-Tek OCT (Fisher Scientific)
and cryostat (IEC Minotome Plus) sectioned. A total of 14 µM
thin sections were blockedwith goat serum (30 min), and stained
with Chicken anti-red RFP (1:2500, Millipore AB3528) and Rabbit
anti-GFP (1:1000, Molecular Probes A11122) for 2 h. Secondary
antibody incubation (Alexa-488, Alexa-594 at 1:1000 each) was
done for 30 min. Washes with PBS (1.0% Tween) (6×, 30 min)
were done before and after application of secondary antibody.
Flouromount-G (Southern Biotech) was used for mounting the
tissues. SMN was similarly stained with mouse anti-SMN
(1:500, BD Biosciences 610647; Alexa-488 secondary) and DAPI

Table 1. Cre drivers

Jax No. Strain name Abbreviation
used

Site of Cre
expression

Description References

008454 Tg(Sox2-Cre)1Amc/J Sox2-Cre Ubiquitous Expression of Cre under mouse Sox2 promoter at e6.5 (40)
007893 Myf5tm3(cre)Sor/J Myf5-Cre Muscle precursors Expressionof Cre under endogenousmouseMyf5promoter at e8 (31)

Table 2. Floxed alleles

Jax No. Strain name Recombination Result upon Cre recombination References
Before After

006138 Smn1tm1Jme/J SmnF7 SmnD7 Deletion of Smn exon 7 (25)
007249 Smn1tm3(SMN2/Smn1)Mrph/J SmnINV SmnRe Replacement of Smn exon 7 (35)
007914 Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J <STOP> tdTom tdTom RFP expression (43)

Table 3. Primer sequences

Transgene/Allele Forward primer Reverse primer

SmnF7 AGA AGG AAA GTG CTC ACA TAC AAA TT TGT CTA TAA TCC TCA TGC TAT GGA G

SmnINV ACT TCT TAA TTT GTA TGT GAG CAC T CGC TTC ACA TTC CAG ATC TGT CTG

SmnRe ATT TAA GGA ATG TGA GCA CCT TCC CGC TTC ACA TTC CAG ATC TGT CTG

Cre CCT GTT TTG CAC GTT CAC CG ATG CTT CTG TCC GTT TGC CG

Myf5-Cre TAG ACG CCT GAA GAA GGT CAA C GAC TAT GGT AAA AGC GAG GCT TAC

HB9:GFP GTC GAG CTG GAC GGC GAC GT CTG CAC GCT GCC GTC CTC GA

tdTomato ACG CTG ATC TAC AAG GTG AAG ATG C CAT TAA AGC AGC GTA TCC ACA TAG CG

Rosa26 AAG GGA GCT GCA GTG GAG TA CCG AAA ATC TGT GGG AAG TC
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was used to visualize the nucleus. All confocal imaging was per-
formed using Leica DM IRE2 with Leica TCS SL point scanning
laser confocal system with photomultiplier tube detection. Sub-
sequent image processing was done using Adobe Photoshop CS2.

Muscle physiology tests

In bothmale and femalemice, at age of 8 weeks, muscle function
test were performed, with the investigator being blinded to
the genotype. First, electrocardiograms were obtained in un-
restrained, unanaesthetized mice using the ECGenie system.
Briefly, the mice were allowed to sit on a platform that registered
ECG-signals through a set of three electrodes located on the plat-
form. From the obtained recordings, heart rate, heart rate vari-
ability and QT interval, an important indicator for cardiac
muscle dysfunction, were assessed. Next, after cervical disloca-
tion, the EDL muscle was dissected, and mounted into a muscle
physiology set-up, and functional assessment of contractions
were assessed as previously described (86). Briefly, after stretch-
ing the muscle to optimal length, using twitch-contraction force
as a read-out, a maximal tetanic force was achieved by applying
a 250 ms duration 180 Hz stimulation train (1 ms per pulse) to the
EDLmuscle. Thereafter, a series of 10 eccentric contractionswere
performed, in which the muscle was stimulated for 700 ms total
duration (180 Hz pulses of 1 ms duration), while in the last 200 ms
the muscle length was linearly increased by a servo-controlled
motor, for a total stretch of 3% of themuscle length. At t = 700 ms,
the stimulation was halted and the muscle was returned within
200 ms to its original optimal length. The muscle was allowed to
rest for 2 min in between contractions. After assessment of con-
tractions, themusclewas removed from the set-up, blotted dry in
between 2 kimwipes using a 10 g weight for 10 s and muscle
weight was assessed. All obtained forces were normalized to
the cross-sectional area of the muscle to calculate specific force
of the muscle.

H&E staining for LCM

Slides for LCM (Zeiss Membrane Slide 1.0 PEN, 415190-9041-000)
were treated with UV radiation for 30 min just before blotting
14 µm gastrocnemius sections on to them. For H&E staining, the
slides were fixed in 70% ethanol (1 min), followed by 50% ethanol
(1 min) and H2O (3× over 1 min). Muscle sections were stained
with Weigert’s iron Hematoxylin (Sigma) for 1 h, rinsed in
dH2O, destained in 0.3% acid alcohol (5–7 dips) and rinsed in
tap water. Next, the sections were stained with Eosin for 5 s
(Sigma) and dehydrated with 70, 90 and 100% ethanol, air-dried
shortly (10 min) and stored at 4°C.

Laser-capture microdissection (LCM)

Laser-capture microdissection was performed with the Palm Mi-
crobeam (Carl Zeiss MicroImaging) under 10× magnification. Ap-
proximately 150 000–200 000 µm2 of muscle tissue was collected
from H&E stained slides, avoiding the extra-sarcomeric tissue.
The tissue was collected in 18 µl of cell-lysis solution containing
20 m Tris–HCl pH 8, 0.02% Tween and 1 m EDTA and frozen on
dry ice. Before performing ddPCR, 2 µl of 2 mg/ml proteinase K
(freshly prepared 1:10 dilution of 20 mg/ml of proteinase K (Invi-
trogen) in a solution of 20 m Tris–HCl pH 8, 0.1 m EDTA) was
added to the sample. The sample was heated at 55°C for 2 h, fol-
lowed by inactivation of proteinase K at 90°C for 10 min. Silico-
nized tubes (87) and low-bind tips (Eppendorf ) were used

throughout the experiment to prevent the loss of low amounts
of DNA via adsorption onto plastic.

Droplet digital PCR (ddPCR)

LCM-collected tissue was divided into two parts and multiplex
ddPCR was thus performed in duplicates with each sample.
After addition of primers, probes and ddPCR SuperMix (BioRad),
the sample was partitioned into approximately ten to sixteen
thousand droplets and PCRwas performed (79). The fluorescence
signal was measured and calculated according to Poisson statis-
tics (79) and analyzed using QuantaSoft (BioRad) software.
The sequence of the primers and probes are as follows: Smn
exon 7—FP 5′ AAGATGACTTTGAACTCCGGGTCCT, RP 5′ TGTGA
GTGAACAATTCAAGCCC, Probe—5′ FAM-CTGCCCATGCATCACC
AAGCTTGG CAT-MGB; Smn intron 1—FP 5′ CTGTGTGACTGTGA
GGGGATGTG, RP 5′ CCTGTGAACATCTTCATCCTGACCTAA, Probe
—5′ VIC-AGGCTGGCTGAAGCAAGG CAACCAGATA-MGB. Eppen-
dorf LoBind tips were used throughout to prevent loss of DNA.

ELISA on whole muscle sections

Gastrocnemius muscle of PND10 mice was flash frozen in isopen-
tane cooled to −150°C in liquid nitrogen and cryostat (IEC Mino-
tome Plus) sectioned. 2–4 sections of 14 µm thickness were
collected in 100 µl of ELISA-lysis solution (PharmaOptima, Port-
age, MI, USA). A total of 40 µl of whole muscle section lysates
were diluted 1:2 with sample buffer to a final volume of 80 µl.
25 µl of the lysate was used in the SMN ECL immunoassay. The
assay is a quantitative sandwich immunoassay, where a mouse
monoclonal antibody (2B1, Liu and Dreyfuss 1996) functions as
the capture antibody and a rabbit polyclonal anti-SMN antibody
(Protein Tech, Cat. No. 11708-1-AP) labeledwith a SULFO-TAG™ is
used for detection. SMN levels are determined from a standard
curve using recombinant SMN protein (Enzo Life Sciences, Cat.
No. ADI-NBP-201-050) as calibrator. The dynamic range of the
assay is 10 pg/ml (lower limit of quantitation) to 20 000 pg/ml
(upper limit of quantitation). Assay plates were read using a
Meso Scale 6000 sector imager. 5 µl of non-diluted lysate was
used for Pierce BCA protein assay. SMN levels were then normal-
ized to total soluble protein.

Western blot analysis

Western blots were performed as previously described (23,79,88).
Briefly, 50 µg of protein (skeletalmuscle, PND10 pups) was loaded
per lane and SMNwas detectedwithmouse anti-SMN (1:1500, BD
Biosciences, 610647) while tubulin was detected with mouse
anti-tubulin (1:25 000, Sigma, T8203). Mouse-anti HRP (1:10 000,
Jackson Immuno Research) was used as the secondary antibody
and the blot was visualized using the ECL system, as described
by the manufacturer (GE Healthcare Life Sciences). Blots were
scanned and quantified as described (http://lukemiller.org/
index. php/2010/11/analyzing-gels-and-western-blots-with-
image-j/) and the area under each peak determined with ImageJ
software.

Statistical analyses

Survival (Kaplan–Meier curve) and statistical analyses (Mann–
Whitney Rank Sum Test,Shapiro–Wilk Normality Test) were
done using SigmaPlot v12.0 (Systat Software Inc., CA, USA).
Weight curves were analysed using Statmod (89,90). t-tests
were performed using Microsoft Excel 2007.
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Supplementary Material is available at HMG online.
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