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Abstract
Spinal muscular atrophy (SMA) is a common and often fatal neurodegenerative disease that primarily
afflicts infants and young children. SMA is caused by abnormally low levels of the survival motor
neuron (SMN) protein resulting from a combination of recessively inherited mutations in the
SMN1 gene and the presence of an almost identical but partially functional copy gene, SMN2.
Absence of the uniquely human SMN2 gene in SMA patients has never been reported because the
SMN protein is indispensable for cell survival. Modeling SMA in animals therefore poses a challenge.
This review describes the different strategies used to overcome this hurdle and model SMA in mice.
We highlight new and emerging insights regarding SMA gained by studying the mice and illustrate
how the animals serve as important tools to understand and eventually treat the human disease.
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Introduction
Proximal spinal muscular atrophy (SMA) is a common, frequently fatal, autosomal recessive
neurodegenerative disease characterized by selective loss of the anterior horn cells of the spinal
cord and concomitant skeletal muscle atrophy [1]. SMA is caused by homozygous mutations
in the survival of motor neuron 1 gene (SMN1) and, consequently, a paucity of its translated
product, the SMN protein [2]. Despite being the most frequent inherited cause of infant
mortality in humans, SMA is less well recognized than other common neurodegenerative
diseases, such as amyotrophic lateral sclerosis, Alzheimer’s disease, and Parkinson’s disease.
Yet as a disease paradigm, SMA affords a distinct set of advantages in understanding the
molecular basis of neurodegeneration. For instance, it is a monogenic rather than multifactorial
disorder and thus is inherited according to simple mendelian principles. Sporadic cases of the
disease are virtually unknown; therefore, the genetics of SMA are relatively simple. Second,
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it involves a defect in a ubiquitously expressed protein known to have a housekeeping role.
Yet motor neurons are selectively vulnerable to SMN deficiency, akin to loss of specific
neuronal populations in other, better-known neurodegenerative diseases caused by lesions in
ubiquitously expressed genes. Understanding the biology of SMA, therefore, might shed light
on the common properties of neurons that make them uniquely susceptible to genetic and
environmental insults. Finally, SMA is a relatively frequent (~1:6400) disease condition, and
although most genetic alterations in patients are SMN1 deletions, point mutations abound.
These mutations not only will aid in defining important functional domains, thereby elucidating
the role of the SMN protein in disease-relevant biochemical pathways, but also may inform
our understanding of neurodegeneration in general.

Despite SMA’s relative obscurity among the lay public, much has been learned about it since
the SMN1 gene was cloned. This is a result, in no small measure, of the analyses of a collection
of excellent animal models of the disease. SMA model mice are arguably among the most
faithful of the animal models in mimicking the human phenotype. This review not only attempts
to bring the reader up to date with currently available model mice, but also serves to highlight
the insights drawn from their study and the promise they and newer emerging models hold in
more fully describing the mechanisms underlying SMA as a means to an eventual treatment
for human patients.

The Molecular Genetics of SMA
SMA is caused by recessively inherited mutations in the SMN1 gene. However, patients always
harbor one or more copies of an almost identical copy gene, SMN2 [3]. A C→T transition in
exon 7 of the copy gene disrupts an exon splicing enhancer and/or creates an exon splicing
silencer [4,5]. As a consequence, SMN2 produces mostly an aberrantly spliced mRNA
transcript lacking exon 7 (SMNΔ7) that is translated into an unstable and rapidly degraded
protein. SMA patients therefore express vastly reduced levels of the SMN protein but may
exhibit varying disease phenotypes, depending on SMN2 copy number [6,7].

The SMN protein associates with numerous other molecules, interactions indicative of a
multifunctional protein [1]. Yet the protein has been implicated unambiguously in just the one
function—orchestrating the biogenesis of spliceosomal small nuclear ribonucleoprotein
(snRNP) particles and pre-mRNA splicing [8–10]. Moreover, the precise pathway(s) linking
SMN paucity to the SMA phenotype remain(s) poorly defined. One way to gain a better
understanding of such pathways is through the use of animal models that can be genetically
manipulated to study the biology of SMA. Several such models already exist. Here, we
concentrate primarily on murine models.

Modeling SMA in Fish, Flies, and Worms
The existence of the SMN2 gene in humans alone, the presence of this gene in all affected
individuals, and the absolute requirement of the SMN protein for cell survival posed an
immediate challenge to modeling the disease in animals. This hurdle can partially be
circumvented in fish, flies, and worms, in which there is a large maternal contribution of SMN
to the developing zygote. Accordingly, several groups have attempted to model SMA in
zebrafish (Danio rerio), Drosophila, and Caenorhabditis elegans [11–13]. Some of these
models harbor mutations that spontaneously arose in their respective SMN genes. Others are
based on technologies such as transposon insertion, RNA interference, and antisense
morpholinos that were used to effect SMN depletion. Each has provided useful information
and mimics certain aspects of the human disease phenotype. For instance, SMN knockdown
in zebrafish causes motor axon pathfinding defects, and studies indicate that the protein
functions cell-autonomously within motor neurons to ensure proper motor nerve outgrowth
and neuromuscular junction (NMJ) formation [12]. Similarly, studies in Drosophila indicate
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that SMN depletion causes decreased NMJ boutons, whereas in worms, SMN mutations cause
locomotor defects [11,14]. However, some of the observations made in these models appear
unique to the species involved, and it has been difficult to reconcile the different conclusions
generated in different species. For example, model fish exhibit obvious motor nerve defects,
whereas model worms fail to display any overt morphologic defect of the nervous system or
loss of cholinergic neurons of the spinal cord. Mutant fish exhibit no defects in muscle
organization, specification, or development, indicating a minimal effect of reduced SMN on
muscle tissue. On the other hand, SMN depletion in fly muscle causes lethality, and rescue of
a lethal phenotype in flies expressing ubiquitously low SMN requires restoration of protein to
both nerves and muscles. In worms, it appears SMN acts primarily in nerves because muscle-
specific restoration of the protein in mutants produces minimal rescue.

Modeling SMA in Mice
The apparent inconsistencies noted earlier may very well derive from species-specific effects,
but they leave important questions about the biology of SMA unanswered. Moreover, it may
be argued that none of the previously described models harbors the SMN2 gene, which ensures
constant low levels of the SMN protein in SMA patients and is a fundamental characteristic of
the human disease. These factors, coupled with the advantages rodents offer in modeling human
disease in a mammalian system, provided a compelling argument to model SMA in mice.

Before the identification of the SMN1 gene, a handful of mutant mice that spontaneously arose
in various colonies were proposed as models of infantile/juvenile SMA. These included the
“muscle deficient” (mdf), wobbler (wr), progressive motor neuronopathy (pmn), and
“paralyśe” (par) mouse mutants. However, none of these is based on mutations in the SMN
gene and—except for paralyśe, which has yet to be mapped—harbor lesions in unrelated loci
[15–17].

The discovery that SMN1 gene mutations are the underlying cause of human SMA was
followed shortly after by the identification of the murine orthologue Smn, of which only a
single copy exists [18]. Homozygous Smn knockouts provided the first direct evidence that the
SMN protein is indispensable for cell survival [19], a finding consistent with reports indicating
that SMA patients always carry at least one copy of an SMN2 gene. However, the complete
Smn knockout (Smn−/−) did not provide a useful model of SMA because the condition is lethal
early in embryogenesis. In early 2000, two approaches were used to generate viable model
mice. Frugier et al. [20] selectively inactivated murine Smn in nerves using a conditional
(SmnF7) allele from which exon 7 is deleted. The resulting “neuronal” mutants suffered motor
neuron loss and muscle atrophy and died of neuromuscular disease at around postnatal day 25
(P25). Because a cardinal feature of SMA is skeletal muscle atrophy, the investigators also
sought to determine the effect of selectively abolishing protein expression in muscle tissue
[21]. “Muscular” mutants displayed a prominent dystrophic phenotype, which could be
modulated if SMN was knocked out in muscle satellite cells rather than differentiated
myofibers. Nevertheless, these mice also died prematurely. In retrospect, these findings are
hardly surprising given the essential requirement of SMN for cell viability and the specific
strategy implemented, which causes abolition rather than reduction of the SMN protein, as
seen in human SMA.

To mimic the genetics of human SMA in mice more accurately, two groups introduced the
human SMN2 gene into animals lacking murine Smn [22,23]. To maintain the aberrant splicing
pattern of SMN2 and thus ensure low levels of functional protein from the gene, the
investigators used a genomic fragment rather than cDNA to make the transgenic animals. One
to two copies of the SMN2 transgene in SMN2;Smn−/− mice rescue embryonic lethality.
Newborn mutants are indistinguishable from control littermates, but by P2 begin to develop a
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clear phenotype characterized by an inability to suckle, reduced size, and progressive
weakness. Approximately 40% of the motor neurons in the spinal cord and brainstem of
mutants are lost by 3 days of age, and the animals rarely live beyond P4. These animals and
similar lines generated by Hsieh-Li et al. [23] represent what are arguably the first true murine
models of severe, infantile human SMA. Incredibly, eight copies of the SMN2 transgene in
SMN2;Smn−/− animals were found not only to rescue embryonic lethality, but also to
completely ameliorate the SMA phenotype, supplying the first proof-of-concept study of the
feasibility of modulating the SMN2 gene for therapeutic purposes [22]. Subsequent studies to
test the in vivo function of SMNΔ7, the most commonly reported mutation in SMA patients,
and SMN1A2G, a mild mutation, not only resulted in two additional models of SMA—a severe
one and a mild one—but also provided important information about the two mutant isoforms
[24,25]. First, it was shown that SMNΔ7 is not deleterious by acting in a dominant negative
manner, as was previously alleged [26]. Instead, it modestly attenuates the severe phenotype
of SMN2;Smn−/− mice. Increasing SMNΔ7 expression does not mitigate disease further, likely
because of a severely compromised ability to oligomerize. SMNΔ7 therefore is a severe
mutation. On the other hand, expressing SMN1A2G in the severe SMA genetic background
effects significant phenotypic rescue and results in a mildly affected animal. Importantly,
neither SMNΔ7 nor SMN1A2G alone can rescue Smn−/− embryonic lethality, indicating that
low levels of full-length SMN (FL-SMN) must be present to enable the formation of functional
oligomeric complexes. The model mice described previously and those under development are
summarized in Table 1.

New and Emerging Insights From Model Mice
In the decade since the first genetic mouse models of SMA were reported, the animals have
been widely disseminated within the scientific community and have significantly enhanced
our understanding of the biology of the disease and of ways to treat it. In the following section,
we highlight new insights into human SMA based on the study of these important biological
tools and describe how they have contributed to preclinical development.

Natural History of SMA
An apparent conundrum from early observations in severe mice was the onset of profound
muscle weakness before motor neuron loss in the spinal cord [24]. Studies to ascertain whether
this might be explained by initial defects that appear distally rather than centrally within the
spinal cord revealed striking and profound abnormalities at the NMJs [27•,28•]. In severe mice,
these abnormalities appear as early as P2 and are characterized by abnormal neurofilament
infiltrates in the presynapse, poor terminal arborization, and impaired maturation of the
acetylcholine receptor clusters (Fig. 1). These perturbations are reflected in neurotransmission
defects in severe as well as mildly affected model mice. Importantly, similar NMJ defects were
detected in human patients [27•]. However, it is not clear whether the defects are a direct
consequence of reduced SMN protein or a byproduct of the disease. Nevertheless, the findings
reveal a novel aspect of SMA pathology and raise the possibility that an intervention at the
NMJ may be an option in treating the disease. Such an option may not be viable if defects of
the neuromuscular system appear in utero. Studies in severely affected SMA infants
demonstrated that the motor unit is functionally normal during the first few weeks of life,
following which a catastrophic loss of motor unit numbers is observed [29]. Conversely, in
mutant zebrafish embryos, neurodevelopmental defects are obvious. To determine whether
embryonic defects truly characterize severe SMA, the motor neuronal marker HLXB9::GFP
was introduced into SMN2;Smn−/− mice and a systematic analysis of the neuromuscular system
was undertaken [30]. These studies indicate that the gross morphology of the motor nerves is
normal but that fully half of all intercostal NMJs lack synaptic input. It is puzzling that the
latter observation is consistent with neither the normal motor unit number estimates in human
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patients nor independent observations we (S. Kariya and U. Monani, unpublished finding) and
others [28•] have made in severely affected mice. The disparate observations in mice might be
attributed to strain-related differences and will require a more thorough analysis in congenic
strains.

Cellular Site of Action of the SMN Protein
Motor neuron degeneration and muscle atrophy are widely accepted hallmarks of human SMA.
However, the cellular site of action of the SMN protein has yet to be clearly established. One
possibility is that SMN functions cell-autonomously in the motor neurons and that muscle
atrophy is a secondary effect. Equally plausible is that SMN functions independently in muscle
and perhaps in other cell types to ensure the proper functioning of the neuromuscular system.
As noted earlier, the different possibilities have been investigated in non-murine model
systems, but the results have varied. To answer the question using severely affected
SMN2;Smn−/− model mice, Gavrilina et al. [31•] expressed SMN in motor neurons using a
prion (PrP)-SMN cDNA transgene and in skeletal muscle fibers using a human skeletal actin
(HSA)-SMN construct. This important study concluded that muscle-specific SMN expression
fails to effect rescue whereas high levels of protein in neurons are sufficient to ameliorate the
neuromuscular phenotype. The implication is that the primary cellular site of action of the SMN
protein is the motor neuron. However, it is important to consider two caveats of this particular
study. First, the PrP-SMN transgene in “rescued” SMA mice is characteristically leaky and is
expressed not just in all cells of the nervous system, but also at modest but significant levels
in muscle tissue. Therefore, it is not clear precisely which neuronal populations require wild-
type levels of SMN and whether protein expression in muscle and/or even glia contributes to
the eventual rescue. Second, the HSA element used in the study to drive muscle-specific SMN
expression does so in myofibers and not myoblasts. If SMN is required in muscle progenitors
rather than differentiated myofibers, HSA-SMN transgenes should not be expected to mitigate
the SMA phenotype. Despite these caveats, the study is an important first step in resolving an
important problem in SMA biology and has spurred complementary research involving distinct
and improved transgenes to more precisely address questions pertaining to the cellular site of
action of SMN.

SMN Functions and the SMA Phenotype
One of the most vexing problems in the study of neurodegenerative diseases is to construct
precise biochemical pathways between the housekeeping function attributed to a causative
gene and the unique cellular pathology that characterizes the disorder. SMA is no different.
Although there is little doubt that SMN functions in the biogenesis of spliceosomal snRNPs,
it is not clear how perturbations in this pathway cause selective motor neuron loss. One
possibility is that a distinct function is disrupted. This notion is plausible considering the myriad
purported interactions of the SMN protein, but the evidence is circumstantial at best. In an
attempt to uncover disease-relevant functions of the SMN protein and dissociate them from
those that do not directly affect the SMA phenotype, researchers have taken advantage of point
mutations and tested their effects on motor neuronal phenotypes identified in model systems
[32]. One such mutation, A111G, is reported to cause severe SMA [33] and is located in the
tudor domain (responsible for spliceosomal Sm protein binding) of the protein. However,
mutant molecules do oligomerize and are capable of interacting with the Sm proteins [34]. The
ability of the mutant molecule to mediate Sm core assembly in in vitro assays, combined with
the fact that it results in severe SMA, raised the possibility that a non–snRNP-related function
is disrupted in the human disease and underlies the motor neuronal phenotype. To determine
its effect specifically on a motor neuronal phenotype, Carrel et al. [32] tested the ability of the
mutation to rescue axon outgrowth defects in model fish. Initial findings suggested that it fails
to rescue such defects, lending credence to the existence of a novel, non–snRNP-related SMN
function that underlies the neuro-muscular phenotype of SMA. However, subsequent
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experiments indicated that at sufficiently high concentrations, the mutant molecule did rescue
the axonal phenotype. Furthermore, when the protein was expressed in severe
(SMN2;Smn−/−) mice, it not only assembled Sm proteins onto U small nuclear RNAs (U-
snRNAs) in an in vitro assembly assay, but also significantly mitigated the SMA phenotype
[35••]. Interestingly, a line of transgenic mice expressing low levels of the mutant protein were
not rescued, nor were spinal cord extracts from the animals able to assemble snRNPs efficiently.
These findings, coupled with a previous report from the authors demonstrating correspondingly
greater assembly activity in mild (SMN2;SMN1A2G;Smn−/−) versus severe (SMN2;Smn−/−)
model mice [36••], seem to suggest there is a perfect correlation between SMN’s function in
snRNP biogenesis and the SMA phenotype. Thus, one might argue against a novel function of
SMN in SMA and propose that snRNP assembly defects truly explain the SMA phenotype.
However, a close examination of the data reveals that the correlation is limited to widely
differing phenotypes—for example, severe versus mild—in which there underlies a clearly
discernible difference in protein levels. It does not apply to instances in which differences in
protein level are subtle and phenotypes relatively similar. Indeed, differences in snRNP-related
function in two different lines of severe model mice (SMN2;SMNΔ7;Smn−/− and SMN2;
Smn−/−) are indistinguishable [36••]. Yet, phenotype as measured by survival is significant
(mean survival in days, 13.3±0.3 for SMN2;SMNΔ7;Smn−/− and 5.2±0.2 for SMN2;Smn−/−).
Although it is possible that the assays currently being used are simply not sensitive enough to
detect putative differences in snRNP function between the two different severe lines, it is
equally likely that at very low levels of protein, two or more SMN functions are hierarchically
disrupted depending, for instance, on the relative affinities with which the relevant complexes
normally form within a motor neuron. Further studies are required to assess SMN function(s).

Model Mice as Tools in Therapeutics Development
In addition to hastening our understanding of the basic biology of SMA, model mice constitute
an important tool in the quest for an effective treatment for patients. Here we describe some
of the more promising options based on recent studies in mice.

Pharmacologic Studies
Proof-of-principle experiments in transgenic mice demonstrating the feasibility of modulating
the SMN2 gene to derive therapeutic benefit prompted numerous in vitro screening studies to
identify small molecules capable of upregulating the gene. Among the most promising class
of compounds to emerge were the histone deacetylase inhibitors (HDACi). Numerous
molecules of this class of compounds subsequently were tested in model mice and shown to
mitigate the disease. For instance, sodium butyrate was shown in early studies to extend
survival by approximately 50% in severe mice [37]. However, experiments to determine the
effect of the molecule on SMN protein and on cellular pathology were scant, and doses
administered to the mutants varied widely. Subsequently, the authors tested the effect of a
second HDACi, valproic acid, which is US Food and Drug Administration approved for certain
applications in humans. Although this study used mild rather than severe model mice, treated
animals were found to express increased SMN protein, exhibit reduced neuromuscular
pathology, and perform better in motor function assays [38]. Unfortunately, valproic acid
provides very limited benefit in SMA patients [39]. Perhaps the most exciting report so far
involves a third HDACi, trichostatin A (TSA), which was administered in combination with
aggressive nutritional supplementation to mutants. In the absence of nutritional support, TSA
produced a 19% increase in median survival of severe SMA model mice. In combination with
nutritional support, survival was increased by about 170% [40]. One important finding from
the TSA studies is that treatment must be initiated early in the course of the disease to afford
maximum benefit. Other molecules that may be promising based on results using SMA model
mice include aminoglycosides, which function by forcing translational readthrough [41,42];
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indoprofen [43]; and a novel C5-quinazoline derivative found to target the DcpS enzyme
[44]. However, none of these small molecules on its own enhanced survival in severe model
mice by more than 30%, emphasizing the challenges of upregulating SMN in whole organisms.

Although small molecules have distinct advantages as therapeutic agents for neurodegenerative
diseases, they are by no means the only option. Accordingly, SMA model mice are being used
to test and develop a range of therapeutic molecules. Considering the aberrant splicing pattern
of the SMN2 gene, a particularly promising class of molecules includes those that redirect the
copy gene to transcribe increased levels of FL-SMN. Two studies describing such molecules
used antisense oligonucleotides that bind to their cognate sequences in intron 7 of the SMN2
gene and block a putative intronic splicing silencer [45,46]. Delivery of the antisense
oligonucleotides systemically or into the cerebrospinal fluid of SMN2 transgenic mice resulted
in vastly increased levels of FL-SMN transcript. In the latter study, spinal cord tissue of treated
SMA model mice also expressed increased protein and animals performed better in motor
function assays. In a similar study, bifunctional RNAs that simultaneously block splicing
suppressor elements and recruit splicing factors were tested in severe model mice and shown
to modestly mitigate the disease phenotype [47]. These studies clearly illustrate how SMA
model mice have been used to test therapeutic molecules.

Genetic Studies
Restoring SMN to the tissues of affected individuals is an obvious therapeutic option. However,
interfering with or enhancing non–SMN-related genetic pathways that are incidentally affected
in the disease, but eventually contribute to the overall phenotype, also could inform our
understanding of the disorder and point to alternative therapies. Accordingly, several genes
known to have general effects on the neuromuscular system have been targeted in SMA model
mice. Overexpressing the anti-apoptotic protein Bcl-xL or inactivating the proapoptotic protein
Bax is reported to mitigate the disease phenotype [48,49]. However, the results should be
interpreted with caution. Bcl-xL enhanced survival in relatively long-lived mild mice but failed
to do so in severely affected mutants [48]. Bax, on the other hand, affected the disease
phenotype based on a shift in disease severity in mixed-strain background SMA model mice
[49]. However, such shifts in disease severity may very well be the result of strain background
differences, which routinely confound cross-breeding studies. To test the effect of perturbing
a second pathway known to affect muscle development, researchers disrupted myostatin
signaling by either genetically over-expressing or systemically administering the antagonist
follistatin to SMN2;SMNΔ7;Smn−/− mice [50,51]. Genetically inhibiting myostatin signaling
failed to provide therapeutic benefit, whereas administering recombinant follistatin enhanced
mean survival by around 30% by preventing early death rather than by extending lifespan.
Intriguingly, the benefit described in the latter study was observed in only one of three cohorts
of treated mice, which failed to show improvement in motor function [51]. In experiments to
determine the effect of a third pathway known to retard axonal die-back and neuromuscular
synapse loss, WldS protein [52] was overexpressed in SMA model mice [53,54]. Reduced SMN
did not abrogate the protective effect of the WldS protein, but overexpressing the latter in model
mice did not mitigate the SMA phenotype [54].

One interesting outcome of these genetic studies is the profound variation observed in the SMA
phenotype. This variation, likely the result of strain-background differences, may significantly
confound interpretation of the results of a genetic cross but also is indicative of modifier loci
that significantly alter the disease process. Such loci have been reported in flies [55]. Identifying
similar genes in SMA model mice may be yet another way to exploit these important biological
tools to understand the human disease.
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Gene and Cell Therapy Studies
SMA model mice also are proving useful in optimizing gene and cell replacement protocols
for the human disease. Of particular note is a recent report demonstrating considerable
therapeutic benefit after transplantation of “primed” neural stem cells into severe SMA model
mice [56]. Not only was mean survival increased by approximately 39%, but motor function
and body weight, both of which are affected in mutants, were increased as well. Interestingly,
fewer than 2% of transplanted cells eventually established themselves in the spinal cord
parenchyma and expressed the motor neuronal marker HLXB9::GFP. Fewer still extended
axons into the ventral root, suggesting that therapeutic benefit likely is gained not from
improved motor connectivity but through trophic support supplied by transplanted cells to
existing host tissue.

An even more promising avenue for future SMA therapies has emerged from recent gene
replacement studies in SMA model mice. Three independent groups used slightly different
versions of adeno-associated virus (AAV) to deliver SMN to severely affected model mice.
Although AAV6 injections into muscle tissue of neonatal mice had no effect [57],
administering AAV8 and AAV9 into the nervous system (cerebral ventricles) and systemically
(temporal vein), respectively, brought about a remarkable reversal of the disease phenotype
[58,59]. These studies provide proof of principle that gene replacement strategies are both
effective and promising.

Conclusions and Future Directions
The studies highlighted in this review leave no doubt that the SMA model mice we and others
generated almost a decade ago have proven their utility from both basic science and clinical
standpoints. Yet, numerous questions remain, some of which may be addressed using the
currently available model mice whereas others will require a newer, more sophisticated
generation of engineered lines. For instance, it is not yet certain when during the course of the
disease SMN must be restored to produce full phenotypic rescue. Conversely, it is far from
clear whether a requirement for the protein applies equally to all periods of postnatal
development or whether there are developmentally vulnerable and/or refractory periods. These
questions will require model mice in which the protein can be temporally induced. Similarly,
and notwithstanding the findings of Workman et al. [35••], the function of SMN in SMA,
particularly the severe form of the disease, remains to be fully defined. If, as some suggest, the
protein truly has a unique function in axons, it may be identified by engineering mice in which
SMN is restricted to certain subcellular compartments of neurons. Attempts to answer these
questions using current and newer generations of model mice surely will move us a step closer
to better understanding the disease and designing effective treatments for human patients.
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Fig. 1.
Neuromuscular junction (NMJ) defects in spinal muscular atrophy as seen in model mice.
NMJs are characterized by abnormal infiltrates of neurofilament (NF) protein in nerve
terminals (arrow), poor terminal arborization (arrowheads), and relatively immature, plaque-
like acetylcholine receptor clusters. NMJs from wild-type littermates are shown for
comparison. α-BT—α-bungarotoxin. Scale bar=20 μm
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Table 1

Genetic mouse models of spinal muscular atrophy

Study Genotypea Phenotype JAX stock no. Notesa

Schrank et al. [19] Smn+/− Normal 6214b Homozygous knockouts
(Smn−/−) are embryonic lethal

Monani et al. [22] SMN2+/+; Smn−/− Very severe SMA
phenotype; maximum
survival ~P8

5024b Homozygous mutants harbor 2
copies of human SMN2 (~35-
kB genomic fragment)

Le et al. [24] SMN2+/+;Δ7+/+;Smn−/− Severe phenotype;
maximum survival ~P23

5025b Demonstrates that SMNΔ7 is
capable of mitigating SMA
phenotype

Monani et al. [25] SMN2+/+; A2G+/−;Smn−/− Mild phenotype; mean
survival ~8 mo

5026b Phenotype variable on
different strain backgrounds.
Mice hemizygous for both
transgenes are more severely
affected.

Hsieh-Li et al. [23] SMN2+/−; Smn−/− Mild phenotype
accompanied by severe
necrosis of extremities

5058b Hemizygous mutants harbor
~2 copies of human SMN2
(~115-kB genomic fragment)

Bowerman et al. [60] SMN2B/− Intermediate phenotype;
mean survival ~P30

N/A 2B allele harbors a 3-bp
substitution in the Smn exon 7
ESE

Frugier et al. [20] NSE-Cre; SmnF7/Δ7 Intermediate phenotype;
mean survival ~P25

6146b (SmnF7 mice) NSE-Cre effects abolition of
SMN protein in neurons

Cifuentes-Diaz et al. [21] HSA-Cre; SmnF7/Δ7 Intermediate phenotype;
mean survival ~P30

See above HSA-Cre effects abolition of
SMN protein in myofibers

JAX SmnmSmn1–6, SMN2 7,8/+ Normal 8453c Engineered allele is hybrid for
mSmn exons 1–6 and human
SMN2 exons 7–8

JAX Smn1SMN2; mSmn1–6SMN2 7,8/+ Characterization of
homozygotes is incomplete

8714c Engineered allele harbors 1
copy of human SMN2 and 1
mSmnEx1–6SMN2Ex7,8
hybrid gene

JAX Smn3SMN2; mSmn1–6SMN2 7,8/+ Characterization of
homozygotes is incomplete

9378c Engineered allele harbors 3
copies of human SMN2 and 1
mSmnEx1–6SMN2Ex7,8
hybrid gene

a
mSmn and Smn refer to murine Smn

b
Available

c
Under development

ESE exon splicing enhancer, JAX Jackson Laboratories, N/A not applicable, P postnatal day, SMA spinal muscular atrophy
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