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Requirement of enhanced Survival
Motoneuron protein imposed during
neuromuscular junction maturation
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Spinal muscular atrophy is a common motor neuron disease caused by low survival motoneuron (SMN), a key
protein in the proper splicing of genes. Restoring the protein is therefore a promising therapeutic strategy.
Implementation of this strategy, however, depends on defining the temporal requirements for SMN. Here, we
used controlled knockdown of SMN in transgenic mice to determine the precise postnatal stage requirements
for this protein. Reducing SMN in neonatal mice resulted in a classic SMA-like phenotype. Unexpectedly,
depletion of SMN in adults had relatively little effect. Insensitivity to low SMN emerged abruptly at postna-
tal day 17, which coincided with establishment of the fully mature neuromuscular junction (NM]). Mature
animals depleted of SMN eventually exhibited evidence of selective neuromuscular pathology that was made
worse by traumatic injury. The ability to regenerate the mature NMJ in aged or injured SMN-depleted mice was
grossly impaired, a likely consequence of the inability to meet the surge in demand for motoneuronal SMN
that was seen in controls. Our results demonstrate that relative maturity of the NM]J determines the temporal
requirement for the SMN protein. These observations suggest that the use of potent but potentially deleteri-
ous SMN-enhancing agents could be tapered in human patients once the neuromuscular system matures and

reintroduced as needed to enhance SMN for remodeling aged or injured NMJs.

Introduction

Lesions in the survival of motor neuron 1 (SMN1) gene underlie
the common and often fatal pediatric neuromuscular disorder spi-
nal muscular atrophy (SMA) (1). The disease, defined primarily by
spinal motor neuron loss, is one of the most frequently (~1:6400
newborns) inherited causes of infant mortality (2, 3). Yet no effec-
tive SMA treatment currently exists, and available therapies remain
little more than palliative. SMA is caused by the homozygous loss
of the SMN1 gene, but patients invariably retain 1 or more copies
of an almost identical homologue, SMN2. This gene fails to fully
protect against SMNI loss owing to a translationally silent exon 7
C—T nucleotide substitution that creates an exonic splicing sup-
pressor disrupting proper splicing (4-6). Consequently, most SMN2
transcripts lack exon 7 and are translated into a protein (SMNA7)
that is unstable and degraded. Accordingly, SMA is characterized
by low SMN levels (7, 8) that appear to have a particularly detrimen-
tal effect on the motor system.

Although the SMN2 gene expresses only a fraction of the
functional SMN protein produced by its homolog, sufficient
copies can mitigate disease severity in SMA model mice as well
as human patients (9-12). Modulating SMN2 expression to
enhance the SMN protein and treat SMA is therefore a central
therapeutic strategy (13, 14). In SMA model mice, antisense
oligonucleotides (ASOs) that correct the splicing defect of the
SMNZ2 gene and restore SMN protein show remarkable benefit
(15, 16). Equally effective is recombinant adeno-associated virus
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(AAVY), engineered to replace mutant SMN genes with function-
al copies (17-20). Yet owing to current limitations in biodistri-
bution of AAV9 or ASOs to the CNS of large animals, emerging
treatment strategies involve invasive intrathecal administrations
designed to target motor neurons. Considering the fragility of
most SMA patients, such invasive treatment regimens may not
be the preferred choice for clinicians or their patients. Intra-
thecal administration of these agents also precludes targeting
potentially critical cellular sites of action of the SMN protein
that lie outside the nervous system. One attractive alternative
involves the use of orally administered, blood-brain penetrating
small molecule enhancers of SMN. However, since small mole-
cules are often associated with long-term, off-target side effects,
their use will have to be carefully calibrated. Doing so safely and
effectively using these, or indeed any modulator of SMN2 expres-
sion, requires a clear understanding of the spatial and temporal
requirements for the SMN protein.

Previous investigations of the temporal requirements for the
SMN protein have demonstrated that while restoring protein to
animal models is undoubtedly therapeutic in nature, it is most
effective early in the disease and during a relatively brief window
in time (21, 22). A decline in the ability to halt or reverse the dis-
ease correlated with an accumulation of neuromuscular synaptic
defects, suggesting that the therapeutic window is defined by a
period encompassing neuromuscular system maturation. One
prediction that follows from this observation is a stringent but
temporally limited requirement for the protein during neuromus-
cular synapse maturation. The discovery of profoundly immature
neuromuscular junctions (NMJs) in model mice depleted either
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Figure 1

Severe neuromuscular disease in mice depleted of SMN during neonatal life. (A) Characteristic paralytic phenotype of P11 0-copy (SMN2--),
1-copy (SMN2+-), or 2-copy (SMN2++) CreER; SmnF7- mutants treated with TM at 4 days of age. Decline in (B) body weight, (C) righting ability, and
(D) survival during the first 2 weeks following SMN depletion characterizes the onset and progression of neuromuscular disease in the mutants. Two
SMN2 copies partially mitigate disease, slowing the loss of body weight, improving motor performance, and enhancing survival. n = 10 (B and C)
and n = 13 (D) mice of each genotype for analyses. ***P < 0.0001, log-rank test. (E-G) Evidence of abnormal NMJs in 0, 1-, or 2-copy SMN2 mice

depleted of SMN protein. NMJs in E are from 2-copy SMN2 mutants but

are illustrative of the defects seen in all 3 cohorts of SMA mice. Arrow

depicts NF-containing varicosity at nerve terminal. NMJ analysis was conducted on n = 900 synapses from n = 3 mice of each genotype. *P < 0.05,
1-way ANOVA. Note that in every case, controls are 2-copy SMN2;Smn*7- mice lacking the CreER transgene. Scale bars: 38 um; 10 um (inset).

ubiquitously or selectively in motor neurons for SMN supports
this notion (23-26). Still, these models were depleted of SMN from
the earliest time points, making it difficult to ascertain the cellu-
lar, pathologic, and phenotypic consequences of protein loss spe-
cifically during postnatal and adult stages of life. Such informa-
tion is of dual significance. First, it directly addresses the question,
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are there alterations in the postnatal requirements of mammalian
organisms for a housekeeping protein involved in the biogenesis of
spliceosomal snRNP particles? An answer to this question informs
our understanding of the relative requirements for the vitally
important processes of snRNP biogenesis and pre-mRNA splic-
ing in diverse cell types during postnatal development and adult
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life. The rapid but somewhat delayed postnatal onset of the SMA
phenotype in mice (27) and especially patients reported to have
normal motor unit numbers (28, 29) may indeed reflect a stage-
dependent requirement of 1 or more cells of the neuromuscular
system for biological functions of SMN such as snRNP biogenesis
and pre-mRNA splicing in ensuring their proper development.
Second, and of more immediate clinical relevance, such informa-
tion facilitates the design of truly safe and effective treatments
for human SMA. For instance, it enables the calibration of drug
doses for patients treated chronically with potent concentrations
of SMN2-enhancing molecules that possess real or potentially
adverse long-term effects.

Here we have used what we believe to be a novel line of SMN2-
expressing transgenic mice to precisely define the postnatal
requirements for the SMN protein. Depleting SMN in neonatal
mice produced a classic SMA-like phenotype, whereas depleting
the protein to equivalent levels in adult mice produced no overt
disease for many months. However, recovery of muscle or motor
nerves, but not skin, was impaired following injury. Further-
more, the reestablishment of mature neuromuscular synapses
following motor nerve injury induced a sharp increase in motor
neuronal SMN expression that could not be effected in Smn-inac-
tivated animals. Experiments to determine when SMN-depleted
mice became resistant to low protein revealed that the transi-
tion occurred concomitant with the establishment of the fully
mature neuromuscular synapse. We conclude that the relative
requirements for the SMN protein are radically altered during
postnatal life, declining once the NMJ matures but rising again if
the synapse sustains injury. This implies that treatment of SMA
with enhancers of SMN2 expression will have to be at its most
aggressive during the maturation of the neuromuscular system,
but that drug doses may be diminished thereafter without pre-
cipitating a severe disease phenotype.

Results

Neonatal depletion of the SMN protein precipitates a severe neuromus-
cular disease phenotype. SMA model mice with 2 SMN2 copies on a
null murine Smn background develop a severe and invariably fatal
neuromuscular disease (9). To determine the effects of delaying
SMN depletion to postnatal life, we generated SMN2-expressing
mice harboring a floxed murine Smn allele (Smn'”) that can be
inactivated following Cre-mediated recombination (30). We fur-
ther introduced onto this genetic background an Sm#n-null allele
(31) and a ubiquitously expressed tamoxifen-inducible (TM-
inducible) CreEr transgene (32). Since the floxed allele expresses
wild-type SMN levels, untreated transgenic (SMN2;CreER;Smnt7/~)
mice are disease free and phenotypically no different from Smn*/~
heterozygotes. By modifying our breeding scheme, we were able
to generate CreER;Smnt”/~ animals carrying 0 (-/-), 1 (+/-), or 2
(+/+) SMNZ copies.

Depleting SMN by administering TM to P4 CreER;Smn'”/~ ani-
mals homozygous for SMN2 rapidly induced an SMA-like dis-
ease phenotype characterized by loss of body weight, impaired
motor performance, and eventual paralysis (Figure 1, A-C). Death
quickly followed, and none of the mutants survived beyond P17
(Figure 1D). Abolishing SMN is incompatible with cell survival
and embryonic lethal to mice (30). Accordingly, TM-treated
CreER;Smn*”/~ mice lacking the SMNZ gene developed an even more
severe disease phenotype (Figure 1, A-C) and survived significant-
ly fewer days than their SMN2 homozygous cohorts (Figure 1D).
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Interestingly, a single SMN2 copy failed to mitigate the disease
phenotype observed in TM treated CreER;Smn”/~ mice (Figure 1,
B-D), suggesting that during neonatal life, at least 2 SMN2 cop-
ies are required to bring about a discernible modification of the
disease phenotype.

To quantify the effects of administering TM at P4 on SMN
protein levels, we subjected lumbar spinal cords of 2-copy
SMN2;CreER;Smnt”/~ mice to immunohistochemical analysis
8 days after treatment. SMN in the motor neuron soma of these
mice was virtually undetectable (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI72017DS1) and gems, SMN-containing nuclear foci often used
to quantify protein levels (7), in these cells were reduced to approx-
imately 10% of those observed in motor neurons of similarly geno-
typed mice without the CreER transgene (Supplemental Figure
1B). Consistent with this result, SMN in whole spinal cord, skel-
etal muscle, and heart was dramatically reduced (Supplemental
Figure 1C). Considering the depletion of SMN in the motor neu-
rons of the treated mutants, we were interested to find that there
was no significant loss of these cells (Supplemental Figure 1E).
We therefore examined the NM]Js of the mutants, which showed
early pathology in response to low SMN (33). We found that the
NM]Js displayed defects of both pre- and postsynaptic regions. Pre-
synaptic regions at the NMJs terminated as end bulbs, globular
structures infiltrated with neurofilament protein. Postsynaptic
regions of the NM]Js were characterized by poorly staining (AChR)
clusters, evidence of receptor disassembly (Figure 1, E-G, and Sup-
plemental Figure 1E). NMJs of CreER;Smnf”/~ mutants bearing 0
or 1 SMN2 copy were similarly or even more significantly affected,
whereas those of mice without the CreER transgene appeared nor-
mal (Figure 1, F and G).

SMA model mice expressing constitutively low SMN not only
develop a neuromuscular phenotype, but also severe cardiac
defects (34-36). We therefore used highly sensitive echocardiog-
raphy to investigate the possibility of cardiac dysfunction in P13
2-copy SMN2;CreER;Smnt”/~ mice and relevant controls adminis-
tered TM on day 4. To our surprise, cardiac function as determined
by heart rate, fractional area change, and cardiac index was not
adversely affected in SMN-depleted mutants (Supplemental Fig-
ure 2, A-D). In contrast and as previously reported, P11 “SMNA7”
SMA mice, a commonly used model of the disease, did exhibit
evidence of cardiac dysfunction. Collectively, these results lead
us to the following important conclusions: first, there is a con-
tinued requirement for normal levels of the SMN protein during
early postnatal life. Inducing low levels in heterozygous mice that
develop normally nevertheless brings about an SMA-like pheno-
type. Second, it is the neuromuscular system in these mutants that
appears to be selectively vulnerable to low SMN, as the heart, a
second organ reported to be affected relatively early in SMA mice
and some patients (37), did not exhibit evidence of dysfunction.
Finally, we confirm previous studies demonstrating that the neu-
romuscular system is initially affected at the distal motor unit, the
NM]J, in response to low SMN protein.

A transition to adult life confers a remarkable protective effect
against SMNN protein loss. To determine whether the require-
ments for SMN are altered once the organism matures, we
investigated the effects of depleting protein at P50 in 0-, 1-, and
2-copy SMN2;CreER;Smnt”/~ mice. We began by treating P50
CreER;Smn”/~ mice with TM to assess the efficiency with which
we were able to deplete SMN. Our experiments showed that pro-
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Figure 2

An SMN-resistant state is acquired during adult life. (A) Western blot analysis of SMN in tissues of inducible mice demonstrates dramatic deple-
tion of protein 5 days following TM administration. Quantification of protein levels in (B) spinal cord and (C) skeletal muscle of treated mutants
at the various time points examined. n = 3 mice analyzed for each time point. (D) Loss of body weight and (E) early mortality of SMN-depleted
mutants harboring 0 or 1 but not 2 SMN2 copies. (F) A delay in the onset of disease in mice bearing 1 versus 0 copies of the SMN2 gene.
***P < 0.001, t test, n = 10 mice. (G) Representative image of 1- and 2-copy SMN2 inducible mutants 30 days following TM administration depict
an alert, relatively healthy SMN2++ mouse compared with its hunched and somewhat disheveled looking hemizygous (SMN2+-) littermate. (H)
Two- but not one SMN2 copy in SMN-inducible mice protects against loss of forelimb strength. ***P < 0.001, t test, n > 12 mice of each genotype.
(I) Western blot depicting robust and equivalent depletion of SMN protein in the various cohorts of inducible mutants.

tein levels in the spinal cords and gastrocnemius muscle of the
mice dropped to approximately 40%, 25%, and 5% of wild-type
levels 1, 3, and 5 days after treatment, respectively (Figure 2,
A-C), suggesting relatively efficient inactivation of the Smn gene.
Indeed, depletion eventually exceeded that observed in SMNA7
SMA mice. Similar efficiencies were observed in heart, kidney, and
liver tissues (Supplemental Figure 3, A and B), consistent with the
ubiquitous expression of the CreER transgene.
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We next focused on the phenotypic effects of the SMN depletion.
As expected, CreER;Smn”/- mutants quickly became symptomatic
of disease, lost weight, and were moribund within approximately
13 days of TM treatment (Figure 2, D and E). A single SMN2 copy
was found to confer significant (P < 0.001) benefit to TM-treated
CreER;Smn'7/~ mice, a contrast to our observations in neonates. In
such animals, disease onset as measured by motor performance
in the vertical pole and rotarod tests was delayed, and survival
Number 2
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Age-dependent emergence of NMJ and muscle pathology in SMN-depleted mutants. (A) Immunostains of NMJs in the gastrocnemius muscle of end-
stage 0- or 1-copy SMN2 inducible mutants revealed profound abnormalities including AChR cluster fragmentation (asterisks) and imperfect overlap
between pre- and postsynaptic regions (arrow). Depicted are NMJs from a TM-administered CreER; Smn7- mouse and a control without the CreER
transgene. Scale bars: 100 um; 30 um (detail). (B) Quantification of NMJ defects in 0-, 1-, and 2-copy SMN2-inducible mutants. *P < 0.05; **P < 0.01.
n =300 NMJs from each of 3 mice of each genotype, 1-way ANOVA. (C) Normal muscle fiber size in the gastrocnemius of homozygous SMN2 but
not hemizygous or 0-copy SMN2 inducible mice is indicative of relatively normal innervations in the presence of 2 SMN2 copies. **P < 0.01, 1-way
ANOVA. n > 50 fibers from each of 3 or more mice of each genotype. (D) Representative EMG traces recorded from the gastrocnemius muscle of
2-copy SMN2-inducible mutants and relevant controls. No evidence of denervation was detected. Shown are fibrillation potentials (arrows), a sign of
denervation in CreER;Smnf7- mutants, end-stage SOD-1G9A ALS model mice and animals in which the sciatic nerve was transected. (E) Extent of
centrally nucleated myofibers in the various cohorts of SMN-inducible mutants. Statistics calculated as in C. (F) H&E stains of gastrocnemius muscle
in transverse section are illustrative of a primary myopathy in the SMN-inducible mice; arrows indicate central nuclei. Scale bars: 100 um; 30 um (inset).
Quantification of (G) motor neurons and (H) motor neuronal gems failed to provide evidence of cell loss despite profound SMN depletion. Motor neu-
rons and gems in each of 3 mice of the various genotypes were quantified. ***P < 0.001, t test.
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significantly enhanced to approximately 30 days after treatment
(Figure 2, D-F). However, we were struck by the effect of placing
2 SMN2 copies on the CreER;Smn*”/~ background. To our surprise,
TM treatment of these mice produced little evidence of overt dis-
ease compared with the effects seen in 1-copy SMN2;CreER;Smn!7/~
mutants (Figure 2G and Supplemental Video 1). Moreover, like
controls that lacked the CreER transgene and therefore expressed
normal SMN, these mutants continued to gain weight and invari-
ably survived to at least 8 months of age (Figure 2, D and E, and
Supplemental Figure 4). Results of a grip-strength test conducted
on these animals approximately 120 days after TM administra-
tion were consistent with the absence of a disease phenotype.
Two-copy SMN2;CreER;Smnt”/~ mice depleted of SMN performed
just as robustly as controls expressing normal protein (Figure
2I). In contrast, 1-copy SMN2;CreER;Smn”/~ mice subjected to
this test 25 days following treatment were profoundly weak rela-
tive to their normal SMN-expressing controls (Figure 2H). To
ensure that the different phenotypes observed in 0-, 1-, and 2-copy
SMN2;CreER;Smnt”/~ mice were not simply a consequence of vari-
able SMN depletion, we assessed protein levels in the spinal cords
of the animals 2 weeks following TM administration. In every
instance, SMN was dramatically reduced and comparable to levels
observed in the spinal cord of a P14 SMNA7 SMA mouse (Figure
21I). In aggregate, these results imply the acquisition, at adult stag-
es, of a remarkable resistance to low SMN and suggest a dramatic
decline in the minimum levels of protein required for normal func-
tion. Importantly, this resistance is acquired with a minimum of 2
SMNZ copies, the same number found in most SMA patients (12)
and therefore of direct relevance to treating the human disease.
Neuromuscular system selectively affected in aging, SMN2-expressing
mice depleted of the SMN protein. To determine whether the appar-
ent resistance of adult mice to SMN depletion extended beyond
an overtly normal phenotype, we subjected TM treated 0-, 1-,
and 2-copy SMN2;CreER;Smn'”/~ mice to a comprehensive patho-
logic analysis. We began by examining the NMJs. Synapses of
CreER;Smn'”/~ mice bearing 0 or 1 SMN2 copy were clearly abnor-
mal, consisting of poorly stained, disassembled, or fragmented
AChR clusters (Figure 3A). This became worse with time until
practically all of the NMJs bore defects (Figure 3B). In contrast,
we found no morphological defects in the NMJs of CreER;Smn*7/~
mutants bearing 2 SMN2 copies 2 months after TM treatment
(Figure 3B and Supplemental Figure 5A). Interestingly, an exami-
nation of the NMJs 6 months after treatment at, approximately
P230, did reveal pathology, but this was limited to approximately
15% of the total synapses analyzed (Supplemental Figure SA).
One implication of this observation is that, notwithstanding
the absence of overt disease, effective maintenance of the NMJs
in aging mice depleted of SMN is compromised. Nevertheless, we
were unable to detect significant evidence of denervation at this
time point either in the form of muscle atrophy (Figure 3C) or by
electromyographic (EMG) means (Figure 3D), consistent with the
observation of normal motor activity in the animals. CreER;Smn7/~
mutants with 0 or 1 SMN2 copy, on the other hand, had markedly
smaller muscle fibers and exhibited evidence of fibrillation poten-
tials toward the end of the disease, clear indications of functional
denervation. Muscle fibers of these mice were furthermore char-
acterized by widespread centrally rather than peripherally located
nuclei, whereas this distinct pathology, a sign of a primary muscle
disease, only became significant in the 2-copy SMN2 mutants at
approximately P230 (Figure 3, E and F). To determine the effects of
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SMN depletion in the motor neuron cell bodies of the 3 mutants,
we counted motor neurons and quantified gems in them. In no
instance did we detect a significant loss of the spinal motor neu-
rons in the treated animals (Figure 3G), despite a profound deple-
tion of SMN gems (Figure 3H) and protein in the soma of the cells
(Supplemental Figure 5B). Together, these results suggest that 2
SMNZ2 copies not only prevent overt disease in adult mice depleted
of the SMN protein, but also protect the neuromuscular system
from SMA pathology. The eventual appearance, albeit modest, of
NM]J defects and muscle fiber pathology suggests that the long-
term maintenance of motor neurons and muscle is compromised
in the absence of sufficient SMN. Still, the absence of any motor
neuron loss in any of the mutants implies that, whereas the cells
may acquire defects, they do not altogether degenerate.

To determine whether other organ systems are spared to
a similar or even greater extent in aging TM-treated 2-copy
SMN2;CreER;Smnf”/~ mice, we first used echocardiography to
examine heart function. Measurements of heart rate, oxygen satu-
ration (SpO,), and cardiac output in P200-P220 mutants were no
different than those of controls (Supplemental Figure 6, A-C).
Fractional area changes, a measure of cardiac contractility and left
ventricular anterior wall thickness indicative of myocardial func-
tion, were also found to be equivalent in mutants and controls
(Supplemental Figure 6, D-F). Interestingly, similar measure-
ments in CreER;Smnt”/~ mice 7 days after treatment, when NM]J
defects were unmistakable, showed that the heart was normal in
these mutants too (Supplemental Figure 7, A-G). Defects only
became obvious 10 days or more after treatment. Collectively,
these results suggest that 2 SMN2 copies are sufficient to protect
against cardiac dysfunction even in aging mice depleted of SMN
during adult life. They furthermore confirm the early, selective vul-
nerability of the neuromuscular system to low SMN.

An analysis of circulating blood cells and serum proteins is a
sensitive way to detect disease and dysfunction in various organ
systems. Accordingly, we also quantified blood cell numbers,
serum AST, ALT, and bilirubin (enzymes indicative of liver func-
tion), blood urea nitrogen/creatine (a measure of kidney func-
tion), lipase (a measure of pancreatic function), creatine kinase
(CK) (a measure of muscle function), and LDH (a measure of car-
diac function and tissue breakdown), among other parameters in
5.5-month TM-treated 2-copy SMN2;CreER;Smn7/~ mice. Mutant
parameters were found to be no different from those of controls
with normal SMN (Supplemental Figure 8, A and B), further indi-
cation of the general protective effect of a transition to adulthood
against low protein. In contrast and as expected, multiple signs
of disease characterized by inflammatory white blood cells and
abnormal CKlevels emerged as early as 7 days following treatment
of CreER;Smn'”/~ mice (Supplemental Figure 8, A and B).

Stringent requirement for elevated SMN protein during neuromuscular
synapse maturation. The emergence of subtle NMJ defects approxi-
mately 180 but not 60 days following SMN depletion in adult,
2-copy SMN2;CreER;Smnt”/~ mice suggested that low protein pre-
vents the repair and regeneration of mature neuromuscular synapses
damaged during the normal process of aging (38). We hypothesized
that such defects would become even more prominent in response
to focal damage of the NMJs in older, SMN-depleted animals. To
test this hypothesis, we resorted to a sciatic nerve-crush injury para-
digm in TM-treated 2-copy SMN2;Smn!”/~ mice with or without the
CreER transgene. Following injury, axons distal to the crush site
rapidly degenerated, and by day 6, synapses were completely dener-
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Figure 4

An increased SMN requirement during NMJ maturation. (A) Immunostains of the NMJs and distal sciatic nerve axons of treated 2-copy
SMN2;Smnf7- mutants with or without the CreER transgene at 4 time points following nerve crush. Scale bars: 25 um. Morphological analysis
of (B) post- and (C) presynaptic specializations of the mice during axon regeneration and NMJ remodeling. n = 1500 NMJs from 5 mice of each
genotype. (D) An assessment of motor performance following nerve crush indicates a significant difference in recovery between mutants express-

ing normal and disease-causing levels of SMN. n > 6 mice tested for the analysis. *P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA.

vated in both sets of mice (Figure 4A). Pre- and postsynaptic regions
arbitrarily defined as class 1, 2, 3, or 4 depending on the extent of
nerve terminal pathology and AChR disruption (see Methods and
Supplemental Figure 9A) did not differ significantly in animals
with or without normal SMN (Figure 4, B and C). By day 18, AChR
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disassembly was evident in both sets of mice, but axons had begun
regenerating, defining a period of synapse reinnervation. Synapse
distribution between the 4 classes (classes 1-4) did not differ at this
stage either, suggesting that reinnervation proceeds normally even
in the absence of normal SMN. However, by day 30, whereas most
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An elevated demand for motor neuronal SMN as disrupted NMJs remodel and mature. (A) Immunostains of spinal cord sections from TM-treated
2-copy SMN2;Smn*7"- mice with or without the CreER transgene 30 days following nerve crush. An elevation in the number of gems (arrows) and
cytoplasmic SMN is evident in ipsilateral motor neurons of the CreER spinal cord. Scale bars: 240 um; 30 um (detail). (B) Quantification of motor
neurons in the cords of the mice failed to reveal evidence of cell loss. n = 3 mice of each genotype, t tests. However, (C) cytoplasmic SMN levels
and (D) nuclear gems of the ipsilateral motor neurons rose following the nerve crush. Especially evident is the increase which peaks at day 30
after the crush in the CreER-negative animals. Cytoplasmic SMN staining in at least 150 motor neurons from 3 mice of each cohort was assessed;
> 300 nuclei were examined for gems. **P < 0.01; ***P < 0.001, 1-way ANOVA for the analyses.

NMJs of controls had assumed a normal, mature morphology char-
acterized by elaborately branched nerve terminals perfectly apposed
to intensely staining, pretzel-shaped AChR clusters, synapses in
animals depleted of SMN remained fragmented and incompletely
innervated, mostly by threadlike axon terminals. An analysis of the
2 sets of mice 42 days after nerve injury revealed that approximately
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90% of the control NMJs had resumed their normal architecture. In
contrast, the maturation of SMN-depleted NMJs remained arrested,
characterized once again by small, fragmented AChR clusters and
poorly branched nerve terminals, many with numerous varicosities
swollen with neurofilament protein (Figure 4, A-C, and Supplemen-
tal Figure 9A). These results suggest that whereas axon regeneration,
Number 2

Volume 124 February 2014



Day 42

— CreER

+ CreER

C Day 0

— CreER

+ CreER

Figure 6

research article

B B Day 14 post cardiotoxin
[ Day 42 post cardiotoxin
NS
20+ kK
s |
S
[ 154
g
£%
8 = 104
£%5
o2
& o1
S
=

D E
— 30 CJ-CreER
T 'ﬁ B + CreER
£ CreER  +CrefR ¥
g 20- njuy -+ -+ D
2
5 E
—
o
@ NS
8’ e

" Day0 Day6 Dayl2

An enhanced requirement for the SMN protein following tissue injury is restricted to the neuromuscular system. (A) H&E stains of the gastrocnemii
muscles of TM-treated 2-copy SMN2;Smn*7/- mice with or without CreER reveals an impaired ability of SMN-depleted muscle to fully recover
from cardiotoxin injury — see central nuclei (arrowheads) in CreER positive muscle. Scale bar: 30 um. (B) Quantification of centrally nucleated
myofibers in the 2 sets of mice at days 14 and 42 after -cardiotoxin injection. ***P < 0.001, 1-way ANOVA; muscle fibers from n = 5 mice were
examined. (C) Recovery from a surface wound to the skin is not compromised by low SMN. Original magnification, x1. (D) Assessment of open
wound area in the presence of absence of normal SMN failed to reveal differences at any of the time points examined. n > 3, t test. (E) Western
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outgrowth, and initial contact with muscle following denervation
proceeds normally even in the absence of normal SMN, the final
assembly, elaboration, and maturation of the NM]J is arrested.

To ascertain whether the inability to fully regenerate mature,
morphologically normal NM]Js resulted in impaired muscle func-
tion, we tested motor performance in the injured animals 6, 18,
30, and 42 days after nerve crush. We found that movement of the
ipsilateral hind limbs of the mice was profoundly affected at day 6
irrespective of whether the animals expressed reduced or normal
SMN. In contrast, by day 42, limb function of controls expressing
normal SMN was largely restored, whereas movement and loco-
motion of mutants with reduced protein remained impaired, at
levels observed on day 18 (Figure 4D and Supplemental Video 2).
The inability of injured mutants depleted of SMN to regenerate
mature NMJs or recover normal function of the affected limb was
furthermore reflected in atrophy of the ipsilateral gastrocnemius,
as evidenced by reduced muscle weight (Supplemental Figure 9B)
and significantly smaller muscle fibers relative to those of the
contralateral muscle (Supplemental Figure 9, C and D). Thus,
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morphological evidence of arrested NMJ maturation following
focal disruption of the synapses of SMN-depleted mutants did
indeed have a physiological correlate in muscle function.

To further explore how low SMN stalls the maturation of the
NM], we examined motor neuron morphology in the lumbar
spinal cords of mutant and control mice. We found that there
was no motor neuron loss following nerve crush, even at day 42
in SMN-depleted mice (Figure S, A and B). However, to our sur-
prise, SMN levels in the motor neurons of injured control mice
began rising and peaked 30 days after the injury, just as NMJs
entered the final phase of AChR elaboration before assum-
ing their fully mature state (Figure 5, A and C). This enhanced
immunofluorescence subsided by day 42 approximately to lev-
els observed in contralateral motor neurons. Quantification of
gems in the motor neurons over this time period mirrored the
increase of cytoplasmic SMN (Figure 5D). In contrast to this glob-
al change of motor neuronal SMN following injury to control
animals, we observed a discernible increase of only the nuclear
gems in the motor neurons of injured, SMN-depleted mutants
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An SMN refractory state emerges concomitant with the establishment of the fully mature neuromuscular synapse. (A) Kaplan-Meier curves
indicate a dramatic improvement in survival if SMN depletion is effected in mice of P15 or greater. (B) Immunostains of motor neurons from P12
and P15 TM-treated mice indicate equivalent low levels of SMN, confirming the efficiency of SMN depletion at the 2 ages. Scale bar: 30 um. (C)
Quantification of nuclear gems in motor neurons of the 2 sets of mice did not reveal a difference, confirming equally effective SMN depletion in
the 2 cohorts. n = 400 motor neuron nuclei from n = 3 mice of each genotype examined, 1-way ANOVA. (D) Analysis of body weights of P15, P21,
and P50 TM-treated 2 SMN2 copy Smn*7"- mice with or without CreER indicates small but significant improvement in the phenotypes of mutants
depleted of SMN later than P15. *P < 0.05; **P < 0.01. n = 4 mice of each genotype, t test.

(Figure 5, A, C, and D). To determine whether the injury-induced
increase of motor neuronal SMN in normal animals was a conse-
quence of increased transcription, we performed in situ hybrid-
izations of lumbar spinal cord sections from injured, TM-treated
SMN2;Smnf’”/~ mice. A probe specific for murine Smn detected a
significant increase in signal in the ipsilateral versus contralateral
motor neurons (Supplemental Figure 10, A and B). Collectively,
these results suggest that the cellular processes involved in the
regeneration of NMJs alter the requirements for the SMN protein,
which peaks as the synapse matures. Thus, there appears to be a
particularly stringent requirement for enhanced motor neuronal
SMN during the final step(s) of NMJ assembly, following which
protein levels decline. Lesions in the SMNI gene or, in mouse

794 The Journal of Clinical Investigation

http://www.jci.org

models, its murine equivalent preclude a sufficient increase in
SMN levels and thus prevent efficient regeneration of mature
neuromuscular synapses.

Impaired recovery of injured tissue in SMIN-depleted mice limited to cells
of the neuromuscular system. While it is now clear that motor neu-
rons are an important cellular site of action of the SMN protein
(24-26), there is also mounting evidence for a contributing effect
of reduced muscle SMN to the SMA phenotype (39-42). Consis-
tent with this notion, we observed evidence of a primary muscle
myopathy in aging SMN-depleted 2-copy SMN2;CreER;Smnt7/~
mice (Figure 3E). To determine whether this phenotype could
also be exaggerated in response to injury, TM-treated 2-copy
SMN2;Smn*”/~ mice with or without the CreER transgene were
Volume 124
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injected in the gastrocnemius muscle at approximately P100 with
cardiotoxin, a snake venom-derived polypeptide known to cause
myofiber necrosis (43). As expected, necrosis was observed in
muscle from both cohorts of mice. We also found that regenera-
tion of the myofibers, determined by quantifying cells with cen-
tral versus peripheral nuclei, proceeded equally rapidly for about
2 weeks (Figure 6A). However, analysis of the muscle 4 weeks later,
at day 42, showed that, whereas tissue from mice with normal
SMN had completely recovered, exhibiting similar numbers of
central nuclei-containing myofibers relative to the contralateral
PBS-injected muscle, muscle from SMN-depleted animals had not.
Injured muscle from these mice continued to contain a signifi-
cantly greater proportion of myofibers with central nuclei (Figure
6, A and B), suggesting an enhanced requirement for muscle SMN
in fiber regeneration. Considering the elevated levels of motor
neuronal and muscle SMN required during recovery from injury,
we asked whether there was a general increase in the requirement
for the protein during the regeneration process. Accordingly, we
assessed the ability of TM-treated 2-copy SMN2;Smnt”/~ mice with
or without CreER to recover from a surface wound to the skin.
Interestingly, epithelialization occurred similarly in the 2 cohorts
of mice, and wound closure was no different 12 days following
trauma (Figure 6, C and D). Moreover, we found no evidence by
Western blot analysis of increased SMN expression in skin at the
wound site of either set of mice (Figure 6E). These results con-
firm the notion that the motor neurons and muscle are especially
vulnerable to low SMN. The normal development of these cells
under conditions of wild-type SMN levels does not endow them
with the property of recovering normally in the event of injury or
aging once protein is depleted.

An acquired resistance to low SMN concomitant with the transition of the
neuromuscular synapse to its fully mature state. Considering the strik-
ing difference in phenotypic outcome to depleting SMN during
early (P4) versus late (P50) postnatal life, we sought to determine
precisely when mice become refractory to low protein. We there-
fore treated 2-copy SMN2;CreER;Smnt”/~ mice with TM at P4, -9,
-12,-15,-21,and -50 to assess the effects of SMN depletion at these
time points on survival, an easily quantifiable and relevant SMA
phenotype in murine models. As shown earlier, mice treated at P4
rapidly developed a disease phenotype, succumbing to low SMN
approximately 10 days following administration of drug. Delaying
SMN depletion to P9 produced no discernible effect on survival,
whereas treating mice at P12 enhanced median survival by approx-
imately 4 days. In contrast, delaying protein depletion by an addi-
tional 3 days to P15 had an unexpected and quite dramatic effect.
Mutants treated at this time point survived, in most instances, to
at least 5 months of age (Figure 7A), a greater than 6-fold increase
over their P12-treated cohort. To ensure that the altered survival
was not simply a consequence of relatively inefficient SMN deple-
tion, spinal cord sections from these mice and their P12-treat-
ed cohort were prepared 3 days after TM administration and
immunostained with an antibody against the protein. We found
that SMN in the motor neuron soma of the 2 sets of mice was
equally deficient (Figure 7B). Moreover, nuclear gem numbers in
the motor neurons of P15-treated animals were no different from
those in P12-treated mice (Figure 7C). Importantly, controls with-
out the CreER transgene exhibited robust SMN expression. These
results suggest that the altered survival outcome of P15-treated
mutants is truly a consequence of their greater age rather than a
reduced efficiency of depleting SMN at this later time point.
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Consistent with the acquired resistance to low SMN in mice
depleted of protein at P15, TM treatment at still later time points
(P21 or P50) did not cause death of any of the mutants in the
approximate 6-month window during which the mice were exam-
ined (Figure 7A). In fact, based on an assessment of body weight
5 months after treatment, delaying SMN depletion to P21 or later
mitigated disease to an even greater extent than depletion at P15
(Figure 7D). Collectively, these results suggest that there is a dra-
matic evolution in the physiology of mice during a 3 day window
between approximately P12 and P15 that alters the requirements
for SMN, rendering the older animals surprisingly resilient to
protein loss. Considering the approximately 5-day delay between
initial TM administration and maximum SMN depletion, animals
treated at the earlier but not later time point are still undergoing
considerable maturation of the neuromuscular synapse when pro-
tein concentrations reach disease-causing levels. In other words,
the acquisition of the relative resistance to low SMN in the older
mutant mice coincides notably with the emergence at approxi-
mately P20 of the fully mature neuromuscular synapse (44, 45).
This suggests that the relative vulnerability of the organism to low
SMN during early postnatal life stems from a specific requirement
for the protein in processes involved in NMJ maturation.

Discussion
SMA is a predominantly early-onset disease caused by a deficiency
of the SMN protein. Restoring the protein or its critical func-
tions is therefore a logical means to an eventual treatment. This is
facilitated to a large extent by the presence in human patients of
SMN2, a partially functional but nevertheless amenable molecular
target. Yet the effectiveness of this, or indeed any, SMA therapy
depends on targeting appropriate tissues at the right time during
disease progression. We and others previously used mouse mod-
els to demonstrate that early augmentation of the SMN protein is
necessary to fully mitigate the disease phenotype (17-20, 22). Here,
we extend our findings of the temporal requirements for the SMN
protein. Our primary observations are as follows: first, we report
that the requirements for the protein are radically altered with
age. Whereas young animals require relatively high levels of SMN,
as determined by the rapid onset of disease following depletion
during early postnatal life, adults appear to tolerate much lower
levels of the protein. Indeed, SMN depletion in mature animals
had a markedly delayed and surprisingly muted effect. Second, we
have shown that the relative resistance acquired during adult life
to low SMN requires the presence of at least 2 SMN2 copies. The
difference in outcome of depleting protein in adult mice with 1
or 2 SMN2 genes was notable, indicative of a pronounced thresh-
old effect between the hemizygous and homozygous state. Third,
notwithstanding recent reports (ref. 46 and references therein) of
severe SMA being a multi-systemic disease, we have confirmed in
neonates as well as adults that the adverse effects of low SMN are
first seen in the neuromuscular system. This sensitivity, which is
detected albeit relatively late in adults depleted of SMN, initially
manifests at the NMJ and targets pre- as well as postsynaptic spe-
cializations. Fourth, we have demonstrated that the admittedly
subtle evidence of neuromuscular pathology in adult mutants
becomes pronounced following injury and during regeneration.
Consistent with this observation, the reestablishment of mature,
functional NMJs triggered a rapid increase in motor neuronal
SMN expression. Finally, we have established a relatively narrow
window in time during which the organism transitions to an
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SMN-refractory state. This transition parallels the emergence of
the fully mature NM]J, a likely indication of the critical role SMN
plays in establishing the neuromuscular synapse. Collectively, our
results argue for an important function of SMN in the matura-
tion and maintenance of the mammalian NMJ and suggest that
the most potent concentrations of SMN-inducing agents will be
required as the synapse evolves into its fully mature state.

Although it was clear that SMN is needed in early postnatal life
to prevent disease onset, the requirement for the protein in mature
organisms had not been unequivocally established. In the only
attempt we know of to define the postnatal requirements for SMN,
adult mice harboring 2 SMN2 copies were predominantly found
to develop disease and perish within a month of removing pro-
tein (21). However, in this report, in which only 1 time point was
studied, 2 of the relatively small sample size of 7 animals escaped
early mortality, making it difficult to unambiguously ascertain
how chronic low SMN known to cause severe SMA affects adult
health. Considering the initiation of human clinical trials with
the first SMN-enhancing agents shown preclinically to be truly
potent (www.clinicaltrial. gov; NCT01703988) and the importance
of determining whether these agents will have to be administered
chronically or not, we sought to systematically address the ques-
tion by depleting protein levels at multiple postnatal time points.
More generally, we anticipated that our experiments would begin
to reveal how age might alter spliceosomal requirements, key to
proper cell function and a reflection of SMN levels.

Perhaps the most striking outcome of our experiments was
discovering how differently neonates and adult mice respond
to SMN depletion, and the abruptness with which an SMN-
refractory state appeared. Depletion at P4 rapidly resulted in an
SMA-like phenotype and mutants perished within 2 weeks, even
if they were endowed with 2 SMN2 copies. In contrast, depleting
protein in SMN2-homozygous adults (>P21) had a quite muted
effect. Although the first result was consistent with the pediat-
ric nature of the human disease and the early onset of a pheno-
type in SMA model mice, we were surprised by how modestly low
protein affected adults. Even more unexpected was the decidedly
narrow 3-day window during which animals transitioned, almost
completely, from an SMN-sensitive to SMN-resistant state. One
alternative could have been an extended period during which mice
gradually became resistant to low SMN. Instead, an abrupt transi-
tion occurred between mice depleted of protein at P12 and cohorts
treated 3 days later. Precisely why the early vulnerability to low
SMN ceases at approximately P15 in mice, is not clear. One explana-
tion that is consistent with the effects of low SMN on the NMJs of
model mice (23, 24,47) and human patients (48) lies in the postna-
tal development of these synapses. In mice, these structures under-
go a profound transition during the first 3 weeks of life, evolving
from immature “plaques” expressing the slow-conducting embry-
onic y-form of the AChR and characterized by imperfectly aligned
pre- and postsynaptic regions to elaborately perforated “pretzels”
consisting of rapidly conducting adult e-subunit AChR clusters
to which nerve terminals perfectly appose (44, 45). As this process
unfolds, an intricate set of signals exchanged among motor neu-
rons, muscle, and terminal Schwann cells initiates the orchestrated
assembly of a multitude of molecules at the presynaptic region, the
synaptic cleft, and the postsynaptic region (49). In mouse models
of SMA, the formation of the NM]Js proceeds normally, but their
matcuration stalls (23). Intriguingly, we found that the transition
of the mouse NM]J to its fully mature state is coincidental with the
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emergence of the SMN-resistant state. What is more, it appears that
it is toward the end of the NMJ maturation process — P15 to P20
— that mice become refractory to low SMN, pointing to 1 or more
critical functions of the protein in ensuring the transition of this
structure to its fully functional adult form. Whether it is through
orchestrating snRNP biogenesis and controlling pre-mRNA splic-
ing that SMN regulates the maturation of the neuromuscular syn-
apse is not clear. However, it is interesting to note that the relative
activity of SMN in assembling snRNP particles in mouse spinal
cord tissue declines precipitously at approximately 2 weeks of age
(50), precisely when mutants become relatively unresponsive to low
SMN. Future studies cataloguing expression changes in motor neu-
rons and/or muscle as the neuromuscular system matures may be
a strategic way for uncovering specific mediators through which
SMN regulates this process.

Another notable outcome of our experiments was discovering
how selectively low SMN affects the cells of the neuromuscular
system. Although it is generally accepted that motor neurons are
the first cells to respond adversely to low protein, the direct effects
on mutant muscle were unexpected. Acutely low levels of SMN
as observed in severe SMA are not generally associated with a pri-
mary myopathy, although there is evidence of a role for the protein
in the proper development of muscle during fetal stages in mice
(41) and 1 report of a myotubular-like myopathy in an unusually
severely affected SMA infant (51). Our study was not designed to
reveal in utero developmental effects of low SMN on muscle owing
to our strategy of depleting protein during postnatal life. Yet it
became clear that loss of protein did bring about defects of the
muscle that likely originate in a cell-autonomous manner. This
was evident in aging animals depleted of SMN and became espe-
cially obvious when the muscle was induced to regenerate follow-
ing traumatic injury. In either instance, the presence of abnormal
numbers of myofibers with central nuclei was indicative of an
inability of muscle lacking adequate SMN to properly mature. In
contrast, the initial ability of the SMN-depleted muscle to respond
to injury was found to be normal, as assessed by equivalent num-
bers of central nuclei-containing fibers in mutants and controls.
Together, the results suggest that SMN regulates the final steps
in muscle maturation, a process that could well contribute to the
restoration of functional NMJs as they turn over during the nor-
mal aging process.

In contrast to its effects on muscle, low SMN adversely affect-
ed neither the heart nor surface-wound healing. One explana-
tion for our inability to detect cardiac dysfunction, notwith-
standing previous reports of such defects, stems from the fact
that embryonic and perinatal development in our mice occurred
under conditions of normal SMN. In the case of our epitheli-
alization experiments, normal embryonic development does
not explain the ability of SMN-depleted skin to regenerate effi-
ciently, since muscle and motor neurons in treated mutants
were unable to respond in a similarly appropriate manner. Even
if eventual heart dysfunction in SMA is a consequence of con-
stitutive low SMN, the relative vulnerability of the cardiac and
neuromuscular systems differs appreciably, since the onset of
pathology in the heart of SMN-depleted CreER;Smnt”/~ mice
appeared considerably later than it did at the NMJs of the ani-
mals. Collectively, our experiments provide further evidence for
the selective vulnerability of the neuromuscular system to low
SMN and focus new attention on the effects of the protein in
muscle in contributing to the disease phenotype.
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A model encapsulating the postnatal requirement for the SMN protein in the murine model. The requirement for the protein is adequately met by 1
or more SMN1 copies or SMN2 copies that, between them, express equivalent levels of the protein. This requirement is at its greatest during the
neonatal period encompassing NMJ refinement and maturation. It eventually falls by approximately P20, a time point defined by the establishment
of the fully mature neuromuscular synapse (see photomicrographs), to levels that are satisfied by 2 SMN2 copies. In the approximately 3-day
window prior to this time point, mice become relatively resistant to low SMN. Injury of the NMJ during aging or trauma is accompanied by a surge
in demand for the protein, specifically in tissues of the neuromuscular system, which is not adequately met by 2 SMN2 copies. The enhanced
requirement appears to peak as the NMJ matures and brings about, in SMN-depleted mutants, an inability to fully repair the neuromuscular
synapse. Thus, SMN is thought to play 2 related roles at the neuromuscular synapse — its initial maturation and its continued maintenance. Note:

figure not drawn to scale.

Our results also provide the clearest basis yet for the arrest in
NM]J maturation under conditions of low SMN. This stems from
the observation that disruption of neuromuscular synapses trig-
gers an increase in motor neuronal SMN expression that peaks
during the final events of NMJ maturation. Others have also
noted perturbations in NMJ remodeling (52), but did not corre-
late it with changes in SMN expression, a unique finding of this
study and one that distinguishes it from prior reports (23-25).
Our results suggest that there is an enhanced demand for SMN
initially in a/l motor neurons and/or muscle as the neuromuscular
system matures and a later surge in individual cells as NM]Js turn
over and have to be replaced as part of the normal aging process
(Figure 8). SMN2Z alone fails to meet this demand, preventing the
initial maturation of the neuromuscular synapses and eventually
compromising the maintenance of this structure. We conclude
that SMN-enhancing agents will be most effective in thwarting
the neuromuscular SMA phenotype if administered prior to the
normal emergence of the mature NM]J. We further predict that fol-
lowing transition of the neuromuscular synapse to its mature state
and barring severe injury to its constituent cells, the concentra-
tions of SMN-inducing drug(s) administered to patients may be
reduced without triggering severe disease. More generally, if it can
be determined that NMJ defects in SMA stem from the incorrect
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splicing of specific genes, it will provide important evidence for
the changing requirements for spliceosomal activity at least in the
proper assembly of this synapse as the organism matures.

The mouse model we describe provides a unique tool to investi-
gate specific mediators of the SMN-based NM]J phenotype.

Methods

Mice

To generate inducible Smn mice harboring 0, 1, or 2 SMN2 copies, we
initially bred homozygous SMN2%*;Smn*~ animals (ref. 9; Jax stock no.
005024; The Jackson Laboratory) with a line (Smn”/*) harboring an allele
of the murine Smn gene that contains loxP sites flanking exon 7 (ref. 30;
Jax stock no. 006138; The Jackson Laboratory). Upon Cre expression, the
loxP sites recombine irreversibly, thereby deleting exon 7 and inactivating
the allele. We simultaneously bred the SMN2 homozygous carriers with a
transgenic line (CreER;Smn*/*) bearing a TM-inducible CreER allele (ref. 32;
Jax stock no. 004682; The Jackson Laboratory). Progeny mice (SMN2"~;
Smnt7/~ and SMN2*/~;CreER;Smn*/~) from the 2 crosses were then interbred
to generate CreER;Smn!”/- mutants harboring variable copies of the SMN2
gene. All experiments described in this study included both male and
female mice. To preclude strain background effects, littermate controls
were used in all experiments.
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TM treatment

A stock solution of 20 mg/ml TM (Sigma-Aldrich) was prepared in corn
oil, and a 100 mg/kg dose of this solution was administered to mice by oral
gavage for 3 consecutive days. Where appropriate, controls were adminis-
tered corn oil alone.

Genotyping

Mice were genotyped by PCR using DNA from tail tissue. Detailed pro-
tocols have been previously described (9, 30, 32, 53). The following
primers were used for the various alleles: CreER — (forward; 5'-GCTA-
AGTGCCTTCTCTACACCTGC-3/, reverse; 5'-GGAAAATGCTTCTGTC-
CGTTTG-3"), SMN2 - (forward; 5'-CTGACCTACCAGGGATGAGG-3/,
reverse; S'-GGTCTGTTCTACAGCCACAGC-3'), Smn'7 allele - (forward,;
5'-gctAAGTGCCTTCTCTACACCTGC-3', reverse; 5S'-GGAAAATGCTTCT-
GTCCGTTTG-3'). The Smn'” primers enabled us to determine zygosity of
the allele — a single 635-bp band for Smn/7//” mice and an additional 435-bp
band for Smn!”/- mutants. SMN2 zygosity was determined using a multi-
plex PCR described in a previous report (53)

EMGs

The emergence of fibrillation potentials was examined by needle EMG
in anesthetized mice. The data were collected from the gastrocnemius
muscle (1 minute of recording per insertion x 3 points), and analyzed
with a Viking IV EMG machine (Viasys; Nicolet Biomedical). The
recording conditions were set as follows: gain, x 1,000; low cut, 400 Hz;
high cut, 1.5 kHz; notch filter, 60 Hz. As a positive control, the right-
sciatic nerve of Ntg mice was transected under anesthesia, the skin
sutured, and EMGs performed a week later on both ipsilateral and
contralateral gastrocnemii.

Tissue injury paradigms

To determine how SMN-depleted muscle responded to traumatic injury,
mice were anesthetized with 1%-2% isoflurane, the gastrocnemius muscle
exposed, and a 30-gauge needle used to inject 20 ul of a 10 uM solu-
tion of cardiotoxin in PBS into the belly of the muscle. The wound was
subsequently sutured and muscle from the mice examined at the time
points described in Results. To assess the ability of SMN-depleted mice to
remodel NMJs, the right sciatic nerve was exposed under anesthesia and
then crushed for 5 seconds with a pair of fine forceps. The wound was
closed and NMJs in the gastrocnemius examined 6, 18, 30, and 42 days
later. To ensure consistency between animals, the lesion was always made
40 mm from the tip of the third digit. To ascertain the epithelialization
process in the mice, 25 mm? (5 mm x 5 mm) of skin was removed from
the right hip of anesthetized, depilated mice, and subsequent recovery
assessed at day 6 and 12 after injury.

Blood chemistry

Mice were euthanized with CO; gas and approximately 700 ul aspirated
from the right ventricle using a 21-gauge needle. Differential blood cell
counts were carried out on 20 ul of this blood using an automatic hemo-
cytometer FORCYTE (Oxford Science Inc.). The remainder was immedi-
ately transferred to a BD Microtainer Serum Separator Tube (BD), spun
at 5900 g for 8 minutes, and the serum (~350 ul) stored at -80°C until
analyzed for levels of serum proteins at the Oriental Yeast Company.

Cardiopulmonary function

Adult mice were anesthetized with 1%-2% isoflurane to maintain a heart
rate of 500 bpm. After depilating the chest area, the mice were placed on
a heating pad to maintain a constant body temperature of 37°C. Echo-
cardiography was performed using the Vevo770 imaging system (Visual-
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Sonics) equipped with a 30-MHz transducer. B-mode and M-mode images
were obtained in the parasternal short-axis view. LV end-diastolic (LVEDD)
and LV end-systolic dimensions (LVESD) were measured at the midpapil-
lary muscle level. LV fractional area changes (FAC%) were calculated as (end-
diastolic area - end-systolic area/end-diastolic area) x 100. Cardiac index
(ml/min/g) was calculated using the following formula: [7.0LVEDD3/(2.4
+LVEDD) - 7.0LVESD3/(2.4 + LVESD)] x heart rate/1000} + body weight.
Heart rate and arterial hemoglobin saturation (SpO;) was ascertained in
conscious mice on the heating pad. Movement of the mice was restricted by
placing cardboard on either side of the animals and occluding their vision
with black paper. The proximal tail was then cuffed with a pulse oximeter
probe (MouseOxW; Starr Life Sciences Corp.) and parameters measured in
a quiet room for 60 minutes. The data were averaged from values collected

every 0.2 seconds over a 30-second period.

Motor bebavior assays

Vertical pole test. This test employed a modified version of the protocol pre-
viously described by Matsuura et al. (54). Briefly, mice were placed in the
center of a vertically positioned metal pole (60 cm long, 1 cm diameter) and
covered with a mesh tape, with their snouts oriented toward the ceiling.
Motor performance was measured by the latency to turn around in order
to descend the pole. Each animal was subjected to 10 trials and a motor
defect noted when a mouse was unable to turn around within 30 seconds
in any of the trials. The disease was defined as phenotypically discernible if
amouse performed in a similar manner on 2 consecutive days. The 30 sec-
ond cut-off time was chosen based on a 100% success rate in age-matched
control mice (n = 50).

Rotarod analysis. The rotarod test was performed using a machine from
Columbus Instruments under conditions of constant (20 rpm) velocity.
Mice were subjected to 10 trials following 3 training periods of 1 minute
each. An inability to remain on the rotating rod for at least 30 seconds in
each of the trials constituted a motor defect. A similar performance the
following day was required to confirm disease onset.

Grip strength. Forelimb grip strength was measured using the BIOSEB
Grip Strength Tester BIO-GS3. Mice were allowed to grasp the bar of the
tester and pulled by the tail away from it until their grip was broken. The
force applied at the moment of release was recorded by the machine as the
maximal grip strength. Each mouse was subjected to 6 trials and the mean
reported for the analysis.

Righting ability. This test was administered as previously described (23) to
estimate muscle strength of early postnatal mice. Briefly, pups were turned
over onto their backs and latency to stably place all 4 paws on the bench
top was recorded. The following arbitrary scores, previously employed by
us (23), were used to quantify impaired righting ability: 5 for 0-2 seconds
righting ability, 4 for 3-5 seconds, 3 for 6-10 seconds, 2 for 11-30 seconds,
1 for 31-60 seconds, and 0 if more than 61 seconds. The procedure was
repeated 6 times for each animal, and the sum of the scores was designated
as the righting ability score.

Hind limb motor performance. The test was administered using a previously
published (55) scale that rated 2 criteria: (A) walking with hind limbs and
(B) the placing/stepping reflex. Scores for each of the criteria were assigned
as follows: (A) walking: 0, normal; 1, toes flat under body when walking but
ataxia present; 2, knuckle walking; 3, movements in hind limbs but unable
to walk; and 4, no hind limb movement/drags hind limbs; (B) placing/
stepping reflex: 0, normal; 1, weak; and 2, no stepping. The experiment was
repeated thrice and average scores from each of the 2 criteria summed to
arrive at a final estimate.

Weight/survival. Survival of mice was determined by noting the day
on which a mouse succumbed to the disease or had to be euthanized
due to disease conditions, such as poor response to touch, a failure to
Volume 124
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eat/drink, inability to groom, or 20% or greater loss of body weight.
In pups, the appearance of cyanosis was deemed sufficient for eutha-
nasia. Survival data were plotted as Kaplan-Meier curves. Mice were
weighed as required.

In situ hybridization

Templates for the antisense RNA probes were prepared by reverse tran-
scribing RNA from a wild-type mouse and amplifying murine Smn
using the following primers: forward, 5'-CGGAGCGGGCTCCGAG-
CAGGAAGATA-3' (mouse Smn exon 1 sequence); reverse, S'-ATTTAG-
GTGACACTATAGrtatgtgagcacttrectte-3' (upper case letters indicate
SP6 RNA polymerase recognition sequence; lower case letters indicate
sequence specific to murine Smn exon 7). After purifying the PCR prod-
uct with a QIAQuick Gel Extraction Kit (QIAGEN), digoxigenin-labeled
(DIG-labeled) RNA probes were prepared using DIG RNA Labeling Mix
(Roche) according to the manufacturer’s instructions. In situ hybridiza-
tions were performed as previously described (56). DAPI was used to
visualize nuclei. Smn transcript levels were assessed after imaging the
spinal cord sections (x400, Nikon Eclipse, E80i), converting the images
to grayscale, and measuring staining intensities using the Image]J (NIH)
software program. Spinal motor neurons were identified based on
their anatomical localization and the presence of a large nucleus that
stained relatively faintly with DAPI. Thirty or more ipsilateral as well as
contralateral motor neurons within the L6-S1 segments were analyzed
for this experiment.

Analysis of cellular pathology

Spinal motor neuron and muscle histology. Skeletal muscle pathology was
investigated in the gastrocnemius. Animals were euthanized and whole
muscle dissected, oriented in Tissue-Tek OCT embedding media (Fisher
Scientific) for cross-sectional analysis, and flash-frozen in liquid nitro-
gen-cooled (N;) isopentane. Transverse sections (8-um thick) from the
belly of the muscle were cut on a cryostat (Leica) and the sections stained
with H&E (Sigma-Aldrich) to examine fiber morphology as previously
described (57). Fiber size was determined using SPOT v4.5 software
(Diagnostic Instruments) following image acquisition of the stained
sections. Cardiac muscle pathology was similarly assessed from trans-
verse sections cut at the level of the ventricles. Immunostains on muscle
were performed on 8-um-thick sections of tissue that were flash frozen
as described above. The sections were fixed in 100% methanol (4°C, 20
minutes), blocked (3% BSA, 2% Triton-X 100) for 20 minutes (room tem-
perature), and then incubated with an anti-SMN antibody, (7F3, 1:40,
ref. 58) dissolved in saline. After washing, the sections were incubated in
appropriate fluorescently conjugated secondary antibodies (24 hours at
4°C), overlaid with a mixture of DAPI and mounting media (Vectashield),
and imaged on an E80i Nikon microscope equipped with a Spot Flex
digital camera (Diagnostic Instruments).

To determine spinal motor neuron and gem counts and to assess motor
neuron morphology, spinal cord tissue was extracted from mice following
transcardial perfusion with 1x PBS and then 4% PFA. Following postfix-
ation in 4% PFA (4°C for 4 hours), tissue was cryoprotected (30% sucrose
for 3 days at 4°C), embedded in Tissue-Tek OCT, and then frozen in
liquid N,-cooled isopentane for sectioning. 20-mm transverse sections
from lumbar spinal cord were cut and stained as described above except for
the additional use of an antibody against choline acetyltransferase (ChAT)
(1:100; Millipore). Motor neuron numbers were assessed in 8 sections of
each of 3 (L5-L6) lumbar segments and the raw number extrapolated to
the entire region based on the length and thickness of each section. Gem
numbers were determined by counting intranuclear SMN-positive dot-like
structures within ChAT-expressing motor neurons. Motor neuronal cyto-
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plasmic SMN levels were determined by assessing the fluorescence inten-
sity of the entire motor neuron and subtracting from it the fluorescence
of the nucleus.

Cytoarchitecture of NMJs. The analysis of NM]J cytoarchitecture was essen-
tially carried out as previously described (22). In pups and young mice,
the extent of presynaptic pathology was determined by the presence of
swollen, neurofilament-filled end-bulb structures. Postsynaptic defects
were quantified based on fragmented and poorly staining AChR clusters.
Abnormalities of adult NMJs were defined by disassembled AChR clus-
ters, poorly branched nerve terminals, and incomplete overlap between
pre- and postsynaptic regions. To describe NM] remodeling following
nerve injury, pre- and postsynaptic regions were classified into 1 of 4 cate-
gories each (also see Results and Supplemental Figure 6A). All of the NMJ

analyses were performed on 300 or more NMJs from each mouse.

Western blotting

SMN protein levels in the various cohorts of mice were determined by
Western blot analysis using standard procedures described previously (9).
SMN (1:10,000; BD Biosciences) and a-tubulin (1:1600; Sigma-Aldrich)
monoclonal antibodies were visualized using the ECL Detection Kit (RPN
2109; GE Healthcare). Quantification of band intensities was performed
using Image] software (NTH).

Statistics

Kaplan-Meier survival curves were compared and assessed for differ-
ences using the log-rank test equivalent to the Mantel-Haenszel test. The
unpaired 2-tailed Student’s ¢ test or 1-way ANOVA followed by Tukey’s
post hoc comparison, where indicated, was used to compare means
for statistical differences. Data in the manuscript are represented as
mean + SEM unless otherwise indicated. P < 0.05 was considered sig-
nificant. Statistical analyses were performed with GraphPad Prism v4.0
(GraphPad Software).

Study approval

All experiments were conducted in accordance with the protocols described
in the Guide for the Care and Use of Laboratory Animals (NIH. Revised 2011)
and were approved by Columbia University’s Institutional Laboratory Ani-

mal Care and Use Committees.
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