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ABSTRACT 

Spinal muscular atrophy (SMA) is the leading genetic cause of death of young children.  It is an 

autosomal recessive disease caused by the mutation and/or the deletion within the ubiquitously 

expressed survival motor neuron 1 (SMN1) gene.  SMA pathology is characterized by spinal cord 

motor neuron degeneration, neuromuscular junction (NMJ) defects and muscular atrophy.  Upon 

disease onset, SMA patients progressively become paralyzed and in the most severe cases, they 

die due to respiratory complications.  Over the years, it has become clear that SMN is a multi-

functional protein with important roles in small nuclear ribonucleoprotein (snRNP) assembly, 

RNA metabolism, axonal outgrowth and pathfinding, mRNA transport as well as in the 

functional development of NMJs, skeletal muscle and cardiac muscle.   However, it remains 

unclear which of these functions, and the respective perturbed molecular pathways, dictate SMA 

pathogenesis.  Here, we have established Smn-depleted PC12 cells and an intermediate SMA 

mouse model to characterize a role for Smn in the regulation of actin cytoskeleton dynamics.  

We find that Smn depletion results in the increased expression of profilin IIa and active RhoA 

(RhoA-GTP) as well as the decreased expression of plastin 3 and Cdc42.  Importantly, the 

inhibition of rho-kinase (ROCK), a direct downstream regulator of RhoA, significantly increased 

the lifespan of SMA mice and shows beneficial potential as a therapeutic strategy for SMA.  In 

an addition, we have uncovered a muscle- and motor neuron-independent role for SMN in the 

regulation of pancreatic development and glucose metabolism in SMA mice and type 1 SMA 

patients.  This finding highlights the importance of combining a glucose tolerance assessment of 

SMA patients with their existing clinical care management.  Thus, our work has uncovered two 
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novel and equally important roles for the SMN protein, both of which contribute significantly to 

SMA pathogenesis.           
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CHAPTER 1: General Introduction 
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SPINAL MUSCULAR ATROPHY 

Spinal muscular atrophy (SMA) is the most common genetic disease resulting in infant 

death, affecting approximately 1 in 6000-10 000 births (Pearn 1978a; Crawford et al. 1996).  It is 

an autosomal recessive disease characterized by severe loss of α-motor neurons in the spinal 

cord and muscular atrophy of the limbs and trunk leading to paralysis and ultimately death 

(Crawford et al. 1996).   

SMA is a clinically heterogeneous disease and the various types are classified based on 

age of onset and severity of symptoms (Table 1.1).  Type 0 SMA has a prenatal onset and is 

characterized by reduced fetal movements in utero and early neonatal death (Dubowitz 1999; 

MacLeod et al. 1999).  Types I, II and III are the most common and share a childhood onset 

(Pearn 1980; Munsat et al. 1992).  Type I SMA (Werdnig-Hoffmann disease), the most severe 

form, afflicts patients before 6 months of age.  These type I patients are never able to sit up and 

usually die before 2 years of age due to respiratory distress.  Patients with the milder forms type 

II and type III SMA (Kugelberg-Welander disease), exhibit SMA symptoms between 6 months 

and 17 years of age.  Type II children are generally able to stand and sit but not walk, while type 

III individuals have the ability to walk if aided.  Finally, type IV SMA is characterized by an 

adult onset of the disease where patients develop symptoms after the age of 30 (Pearn 1978a). 
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Table 1.1 Diagnostic features in the classification of spinal muscular atrophy 
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ETIOLOGY OF SPINAL MUSCULAR ATROPHY 

SMA is a monogenic disease resulting from the loss-of-function of the survival motor 

neuron 1 (SMN1) gene located on human chromosome 5q13 (Lefebvre et al. 1995).  The 

genomic sequence covers 27 kilobases (kb) and encodes a 17 kb transcript consisting of 9 exons 

(Burglen et al. 1996) (Lefebvre et al. 1995; Chen et al. 1998).  Approximately 95% of SMA 

cases are due to homozygous deletions of exon 7 and/or exon 8 of SMN1 (Wirth 2000).   The 

remaining 5% of SMA occurrences are due to rare homozygous mutations that range from 

nonsense, frameshift, splice site and missense mutations (reviewed in (Wirth 2000)).   While 

these mutations span the entire gene, the majority can be found within exons 6 and 7, a highly 

conserved region responsible for the self-oligomerization of the SMN protein (Hahnen et al. 

1997; Talbot et al. 1997; Lorson et al. 1998b; Wirth et al. 1999).      

SMN1 is highly conserved and almost all eukaryotic organisms studied to date contain a 

single copy of the gene (Bergin et al. 1997; Miguel-Aliaga et al. 1999; Miguel-Aliaga et al. 

2000; Paushkin et al. 2000).  Interestingly, a recent genomic duplication that occurred prior to 

the divergence of humans and chimpanzees has given rise to a second gene exclusively in 

humans, termed SMN2 (Lefebvre et al. 1995; Rochette et al. 2001).  The two genes have 

identical promoter regions and their genomic sequences are 99% identical, differing only by 5 

nucleotides (Monani et al. 1999a; Monani et al. 1999b; Boda et al. 2004).  Of these substitutions, 

a critical difference lies at position 6 of exon 7, where a C to T substitution in SMN2 leads to the 

aberrant splicing of exon 7 (Lorson et al. 1999; Monani et al. 1999a).  The alternative splicing of 

exon 7 and the subsequent production of an unstable SMN∆7 protein is caused by the loss of an 
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exon splicing enhancer and/or the gain of an exon splicing silencer (Lefebvre et al. 1995; 

Cartegni et al. 2002; Kashima et al. 2003).  Thus, the telomeric SMN1 copy expresses the full-

length SMN protein while the centromeric SMN2 copy predominantly produces the SMN∆7 

protein (Gennarelli et al. 1995; Lefebvre et al. 1995). Deletions or mutations in SMN1 but not 

SMN2 cause all forms of SMA, however SMN2 can modulate the severity of the disease through 

its copy number (Lefebvre et al. 1995).  Indeed, patients affected by the milder forms of SMA 

generally have a higher copy number of SMN2 (Lefebvre et al. 1997). 

SMA ANIMAL MODELS  

 Various neuronal, muscle, fibroblast and immortalized cellular models have been used to 

characterize the functions of SMN in SMA pathogenesis.  However, the generation of SMA 

animal models has been of irrefutable value for the understanding of how SMN depletion affects 

the in vivo function of interacting cells and tissues.   SMA has been modeled in invertebrates 

such as Caenorhabditis elegans (Briese et al. 2009) and Drosophila melanogaster (Chan et al. 

2003).  Through the use of antisense morpholino technology, the Smn protein has been knocked 

down in zebrafish, a small vertebrate in which motor neuron development is well characterized 

and can be easily visualized (McWhorter et al. 2003).  The most common used SMA models 

however have been generated in mice.  The complete knockout of murine Smn (Smn-/-) is 

embryonic lethal, highlighting its requirement for survival (Schrank et al. 1997).  The 

heterozygous mouse (Smn+/-) however, only displays minor motor neuron loss, which does not 

impact their reproductive ability or lifespan (Jablonka et al. 2000).  In an attempt to generate a 

more severe mouse model, mice harboring two copies of the human SMN2 BAC transgene were 
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backcrossed onto the Smn null background (Smn-/-;SMN2) (Hsieh-Li et al. 2000; Monani et al. 

2000b).  This not only rescued the early embryonic lethality of the Smn-/- mice but also resulted 

in severe SMA mice that die within the first postnatal week.   Due to its disease severity and 

short lifespan, the Smn-/-;SMN2 mouse model often makes it difficult to investigate 

developmental roles for the Smn protein as well as the potential of therapeutic strategies.  

Subsequently, transgenic mice expressing the SMN∆7 protein were crossed onto the Smn-/-

;SMN2 background to generate a new SMA mouse model (Smn-/-;SMN2;SMNΔ7/SMNΔ7) that 

while retaining a severe phenotype, has an extended lifespan of approximately 14 days (Le et al. 

2005).   Both of these mouse models (commonly termed severe and SMN∆7) have been 

extensively used as representations of type I SMA.  Recent efforts have thus focused on 

generating animal models that would better reflect types II and III SMA.  Interestingly, 

mimicking the human SMN2 gene by creating a C to T substitution within the murine Smn gene 

(Smn C>T) lead to a mouse with a very mild pathology, corresponding to a type III/type IV SMA 

model (Gladman et al. 2010).  This mild effect of the C to T mutation is consistent with a 

previous report showing that the alternative splicing of the Smn C>T minigene was significantly 

less pronounced than a construct harboring a substitution of 3 nucleotides in the exon splicing 

enhancer of exon 7 (Smn2B) (DiDonato et al. 2001).  The Smn2B allele containing a loxP-

flanked neomycin selection cassette was recently used to establish an inducible mouse model 

where Smn expression can be dictated by Cre recombinase (Hammond et al. 2010).  Thus, while 

attempts were made, there remains a gap in mouse models representing types II and III SMA.  

Nevertheless, the existing mouse models, in combination with the other various animal and 

cellular models, have been invaluable in deciphering the many roles of the SMN protein. 
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UNCOVERING THE ROLE OF SMN IN SMA PATHOGENESIS 

Smn protein localization and expression patterns  

The term ubiquitous is often used to characterize the expression of the SMN protein.  Indeed, the 

SMN protein localizes in the cytoplasm (Liu et al. 1996), neuronal growth cones (Fan et al. 

2002), neuronal extensions (Fallini et al. 2010), the nucleolus (Charroux et al. 2000; Wehner et 

al. 2002), and in punctate nuclear structures called Gemini of coiled bodies (Gems) (Liu et al. 

1996).  However, upon detailed investigation, it has become clear that levels of SMN are 

controlled in a tissue- and temporal-specific manner.  An immunoblot analysis of human tissues 

suggests that spinal cord, brain, liver and kidney express more SMN protein than fibroblasts, 

lymphocytes, skeletal and cardiac muscle (Coovert et al. 1997).  A more recent report shows that 

while Smn mRNA and protein are present throughout mouse embryogenesis, their expression 

levels are significantly higher in the developing nervous system (Liu et al. 2010b).  Similarly, 

investigation of the developing human forebrain identified a specific expression pattern of the 

SMN protein that was stronger in younger fetal brains than older ones (Briese et al. 2006).   This 

temporal-change is consistent with data showing high levels of Smn protein in embryonic mouse 

spinal cord followed by a sudden decrease postnatally (Jablonka et al. 2000).  It also appears that 

the cellular localization of SMN is developmentally regulated.  Indeed, while SMN is found in 

the human central nervous system (CNS) as early as 6 weeks of embryogenesis, its localization 

in motor neurons temporally shifts from nuclear to cytoplasmic to axonal (Giavazzi et al. 2006).  

Thus, although at first glance it seems that SMN is ubiquitously expressed, the temporal 

expression and subcellular localization are actually tightly regulated, suggesting multiple roles 

for the SMN protein. 
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Functional domains of the SMN protein 

The full-length SMN protein is 38 kDa in size (Liu et al. 1996) and contains various well-

described functional domains (Figure 1.1). Exons 2a and 2b encode a region rich in lysine 

residues (K-rich) that plays a role in the binding of nucleic acids (Lorson et al. 1998a).  

Individually, the region encoded by exon 2b is important for both self-oligomerization and the 

interaction with Gemin2, a protein essential for the assembly of spliceosomal uridine-rich small 

nuclear ribonucleoproteins (U snRNPs) (Fischer et al. 1997; Young et al. 2000b) and contains a 

putative nuclear localization signal (NLS) (DiDonato et al. 1997).  A Tudor domain is encoded 

by exon 3, which is responsible for the interaction of the SMN protein with Sm proteins, key 

players in the assembly of U snRNPs (Mattaj 1988; Buhler et al. 1999).  Exon 5 and a portion of 

exon 6 encode a proline-rich (P-rich) domain that mediates the interaction of SMN with profilin 

(Giesemann et al. 1999; van Bergeijk et al. 2007), a small actin-binding protein.  The C-terminus 

of the region encoded by exon 6 contains an additional self-association domain (Lorson et al. 

1998b) and a triplicated tyrosine-glycine sequence (YG box) (Talbot et al. 1997), important for 

mRNA metabolism.  Finally, the region encoded by exon 7 contains a cytoplasmic targeting 

signal (Zhang et al. 2003). 

While the functional domains within the SMN protein have been extensively studied, 

their implication in SMA pathogenesis remains unclear.  Le et al. (Le et al. 2000) addressed this 

question through the generation of various mutated SMN constructs that were subsequently 

transfected in COS-7 cells and human type I SMA fibroblasts.  They showed that loss of exon 7 

resulted in a reduced number of Gems, nuclear structures that are composed of SMN protein (Liu 
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et al. 1996).  On the other hand, the deletions of the amino-terminal and exon 2a, as well as the 

exon 6 Y272C mutation, all lead to increased nuclear SMN accumulation.  Interestingly, 

constructs containing exon 5 and exon 2 NLS deletions, as well as the exon 7 G279V mutation, 

did not have SMN localization defects.  The combined deletion of exons 5 and 7, however, 

significantly reduced Gem numbers and increased cytoplasmic SMN content.  In Smn-depleted 

zebrafish models, the conserved QNQKE region within exon 7, which is disrupted by the G279V 

mutation, was essential for normal neuronal outgrowth (Carrel et al. 2006).  Thus, it appears that 

the domains of the SMN protein dictate its multi-functionality and makes the identification of the 

specific pathway responsible for the distinct SMA pathology that much more difficult to 

decipher.       
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Figure 1.1 A diagram of SMN showing the exons and domains.  Exon 2b encodes a domain that 

is important in binding Gemin 2, as well as for self-association.  Both exon 2a and 2b are 

conserved.  The K domain is rich in lysine (K-rich) and there is a Tudor domain in exon 3 that 

binds Sm proteins and has homology to other Tudor domains.  Exon 5 and part of exon 6 contain 

a proline-rich (P-rich) domain that may influence profilin binding.  The C-terminal domain of 

exon 6 contains the conserved YG box and is important for self-association.     
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SMN: a multifunctional protein 

SMN’s housekeeping role: regulation of RNA metabolism  

In various cell types, the SMN protein is localized in Gems (Liu et al. 1996), punctate 

nuclear structures thought to mediate the cytoplasmic assembly of small nuclear 

ribonucleoproteins (snRNPs) (Paushkin et al. 2002).  SnRNPs are the major components of the 

spliceosome responsible for the removal of intronic sequences from immature mRNAs (Will et 

al. 2001).     In nuclear Gems, the SMN protein interacts with itself, Gemin2-8, Unrip and Sm 

proteins (Paushkin et al. 2002; Carissimi et al. 2006).  This multiprotein complex mediates the 

cytoplasmic assembly and nuclear import of snRNPs (Paushkin et al. 2002).   The Tudor domain 

of SMN regulates snRNP biogenesis by associating with and forming a heptameric Sm protein 

ring, which will subsequently interact with the Sm binding sites of specific snRNAs (Liu et al. 

1997; Buhler et al. 1999; Meister et al. 2001a; Jae et al. 2011).   To avoid non-specific activity of 

Sm proteins in the cytoplasm, they are bound to the chaperone plCLn and methylated by the 

protein arginine methyltransferase (PRMT) 5 and 7 (Meister et al. 2001b; Gonsalvez et al. 2007; 

Chari et al. 2008).  SMN binds PRMT5 following the release of the methylated Sm proteins 

(Chari et al. 2008; Shafey et al. 2010).   The SMN protein also recruits and docks 

trimethylguanosine synthetase 1 (TGS1), which is responsible for the 5’-cap hypermethylation of 

the snRNAs (Mouaikel et al. 2002; Mouaikel et al. 2003).   The hypermethylation of snRNAs is 

required for the subsequent binding to importin-ß and snuportin, allowing for the nuclear import 

of the assembled and active snRNPs (Narayanan et al. 2002; Narayanan et al. 2004).  Once in the 

nucleus, the SMN complex and snRNPs localize to Cajal bodies and/or Gems for further snRNP 
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maturation (Liu et al. 1996; Matera et al. 2007).  Thus, the SMN protein modulates multiple 

crucial steps for efficient and correct snRNP biogenesis.    

Given the various functional interactions between SMN and components of snRNP 

assembly, it has been hypothesized that Smn depletion may lead to inadequate snRNP 

biogenesis, and thus defects in mRNA processing.  Indeed, defects in snRNP synthesis have been 

observed in human SMA fibroblasts (Wan et al. 2005), SMA vertebrate models (Winkler et al. 

2005; Gabanella et al. 2007) and in cellular models expressing human SMN mutants (Pellizzoni 

et al. 1999).  Disease severity in SMA mice correlate with snRNP assembly activity and a subset 

of UsnRNPs is specifically affected by Smn depletion (Gabanella et al. 2007).  In zebrafish, the 

injection of purified snRNPs rescued the axonal outgrowth and pathfinding defects observed in 

Smn-depleted animals (Winkler et al. 2005).   These studies suggest that defective snRNP 

assembly may indeed be responsible for SMA pathogenesis.  However, a more recent study in 

zebrafish showed that while the expression of SMN mutants resulted in aberrant axonal 

morphology, they did not influence snRNP biogenesis (Carrel et al. 2006).  Thus, it still remains 

unclear what role snRNP assembly defects play in the onset and progression of SMA.            

Since snRNPs are key components of the spliceosome (Will et al. 2001), it has been 

hypothesized that SMA may result from inappropriate splicing of one or several mRNAs.  This 

theory was first introduced by Pellizzoni et al. in an in vitro assay when they demonstrated that 

wild type SMN stimulates pre-mRNA splicing while human SMN mutants inhibited it 

(Pellizzoni et al. 1998).  In a more recent study, analysis of brain, spinal cord and kidney tissues 

of SMA mice revealed that Smn deficiency causes large-scale tissue-specific pre-mRNA splicing 
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defects (Zhang et al. 2008).  Similarly, an increase in general splicing defects was observed in 

fibroblasts from SMA patients (Fox-Walsh et al. 2009).  These studies however were performed 

in models reflecting the later stages of disease progression.  Baumer et al. thus evaluated pre-

symptomatic SMA mice and found that they were devoid of any mRNA abnormalities (Baumer 

et al. 2009).  The authors also show that the number of splicing defects increased as the disease 

progressed (Baumer et al. 2009).  This study therefore suggests that defective mRNA splicing 

may be a secondary effect of SMN depletion and the subsequent cellular breakdown.  While the 

resulting aberrantly spliced transcripts may indeed impact disease severity and or progression, no 

causal link has presently been made between these targets and SMA pathogenesis.        

Although SMN is best described as a housekeeping gene that controls snRNP assembly 

and mRNA splicing, several reports suggest that SMN may serve other functions in the 

regulation of RNA metabolism.  Indeed, the SMN protein associates with RNA helicase A and 

RNA polymerase II, implying that it may also modulate the transcription machinery (Pellizzoni 

et al. 2001b).  In addition, SMN localizes within the nucleolus (Lefebvre et al. 2002; Wehner et 

al. 2002), interacting with the small nucleolar ribonucleoproteins (snoRNPs) GAR1 and 

fibrillarin (Jones et al. 2001; Pellizzoni et al. 2001a; Wehner et al. 2002), which are responsible 

for the processing of ribosomal RNAs (rRNAs) (Tyc et al. 1989; Girard et al. 1992).  SMN also 

associates with the non-ribosomal nucleolar proteins, nucleolin and B23, both multifunctional 

with roles in rRNA processing.  Thus, it appears that SMN may have a distinct nucleolar role in 

addition to its better-known functions in snRNP assembly and mRNA splicing.   However, more 

in-depth investigations are required to better understand how the involvement of SMN in the 

nucleolus impacts SMA pathogenesis.  
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The above-mentioned roles for the SMN protein are ubiquitous and control the general 

pathways that maintain the normal functioning of all cells.  Although extensively studied, none 

of these housekeeping functions, and their subsequent loss upon SMN depletion, explains the 

specific loss of spinal cord motor neurons that typifies SMA.  There has been therefore a surge in 

studies examining the role of SMN specifically in neuronal cells as well as in various SMA-

afflicted tissues and compartments.    

A neuronal-specific role for SMN in axonal outgrowth and pathfinding  

 Identifying where SMN is localized in neuronal cells is a crucial step to better understand 

its intrinsic role in motor neurons.  Smn is found in growth cones of differentiating mouse 

embryonal teratocarcinoma P19 cells (Fan et al. 2002).  In primary neuronal cells isolated from 

embryonic chick forebrain and rat spinal cord, Smn localizes in granules within neurites and 

growth cones (Zhang et al. 2003).  Interestingly, Smn expression significantly increases upon 

differentiation of murine neurosphere-derived neural stem cells and neuronal-like PC12 cells 

(van Bergeijk et al. 2007; Shafey et al. 2008).  The localization and expression patterns of SMN 

in differentiating neuronal cells thus imply a possible role in axonal outgrowth and pathfinding.    

In support of a role for SMN in axonal outgrowth, Zhang et al. showed that the 

cytoplasmic localization of Smn is dictated by exon 7 and that expressing a SMN∆7 construct in 

neuronal cells resulted in significantly shorter neurites (Zhang et al. 2003).  Smn-depleted 

zebrafish display severe defects in motor neuron-specific axonal growth, pathfinding and 

branching (McWhorter et al. 2003).   Indeed, other neuronal cell types, such as interneurons and 

sensory neurons, were spared of any morphological defects, suggesting that motor neurons may 
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be more sensitive to SMN depletion (McWhorter et al. 2003).   Neuronal outgrowth defects have 

also been observed in Smn-depleted PC12 cells and primary mouse motor neurons (Rossoll et al. 

2003; van Bergeijk et al. 2007).   A significant reduction in growth cone size accompanied the 

inability of the primary mouse motor neurons to differentiate normally (Rossoll et al. 2003).   

Collectively, these findings suggest that SMA pathogenesis may stem from a motor neuron-

specific failure to differentiate and reach an appropriate target.   However, the data from the 

SMA mouse models are contradictory.  Analysis of embryonic day (E) 10.5 severe SMA mice 

showed abnormal morphology and truncation of the cranial and lumbar spinal nerves, 

respectively (Liu et al. 2010b). On the other hand, work from another group was unable to 

identify any axonal outgrowth, formation or branching defects in E10.5 to post-natal day (P) 3 

severe mice (McGovern et al. 2008).  Thus, it remains unclear if SMN’s role in 

neurodevelopment is at the source of SMA pathology.  Furthermore, the specific axonal 

outgrowth and pathfinding molecular pathways regulated by SMN have yet to be identified and 

are of utmost importance for our understanding of SMN’s neuronal-specific function.  

SMN’s role in axonal transport of mRNAs  

 Seeing that SMN localizes in neuronal extensions and in growth cones, it has been 

suggested that SMN may modulate axonal transport.  Bechade et al. were the first to visualize, 

using fluorescence and electron microscopy, Smn in dendrites of rat spinal cord samples 

(Bechade et al. 1999).   They also showed that Smn associates with microtubules and thus 

suggested a function for SMN in dendritic transport (Bechade et al. 1999).  Pagliardini et al. also 

characterized Smn localization in the spinal cord of rats and observed its interaction with 
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cytoskeletal components in dendrites, axons and axonal terminals (Pagliardini et al. 2000).  Their 

work suggests that SMN may be transported along neuronal extensions and/or participate in the 

active transport of specific motor neuron mRNAs (Pagliardini et al. 2000).  Immunofluorescence 

analysis further showed that Smn exhibits punctate and granular localization patterns in neurites 

of rat spinal cord and chick forebrain neurons (Zhang et al. 2003).  Live-imaging experiments of 

chick forebrain neurons transfected with EGFP-SMN constructs substantiated SMN’s active 

transport along neuronal extensions by showing rapid, bi-directional and cytoskeletal-dependent 

movements (Zhang et al. 2003). A more in-depth investigation of the actively transported Smn 

granules revealed that they contain Gemin proteins but not Sm proteins (Zhang et al. 2006; Todd 

et al. 2010b; Todd et al. 2010c), suggesting a function independent of snRNP assembly.  Indeed, 

these SMN transport granules may be responsible for shuttling proteins and/or mRNAs along the 

axons and delivering them to the growth cones, allowing for normal motor neuron development.  

This hypothesis is supported by the recent report of Smn’s association and co-localization with 

the α-subunit of the coat protein 1 (α-COP) vesicle coat protein complex within isolated murine 

motor neurons  (Peter et al. 2011).  Interestingly, the COP1 complex has been linked to the 

translation, localization and transport of various mRNAs (de La Vega et al. 1999; Bi et al. 2007).  

Importantly, the authors demonstrate that α-COP is detected in lamellipodia, growths cones and 

in active Smn-containing transport granules along the axons (Peter et al. 2011).  These findings 

highlight the importance of understanding SMN’s function in axonal transport as it may directly 

impact SMA onset and/or progression.  The recent report of defects in fast anterograde axonal 

transport in SMNΔ7 mice indeed suggests that altered axonal transport may underlie SMA 

pathogenesis (Dale et al. 2011).    



  17 

 One of the first identified and most studied mRNA transported by SMN along neuronal 

extensions is β-actin.  Rossoll et al. made the original observation that motor neurons isolated 

from the severe SMA mouse model displayed decreased β-actin protein and mRNA expression 

in distal axons and growth cones (Rossoll et al. 2003).  They hypothesized that SMN may 

transport β-actin along the axons via the RNA-binding heterogeneous nuclear ribonucleoprotein 

R (hnRNP R), which has a recognized role in mRNA processing and transport to the nerve 

terminal (Dreyfuss et al. 1993; Rossoll et al. 2002; Glinka et al. 2010).  Indeed, hnRNP R 

interacts with both Smn and the 3’ UTR of β-actin mRNA (Rossoll et al. 2002; Rossoll et al. 

2003).  Furthermore, both hnRNP and its association with Smn have been shown to be essential 

for the accurate axonal translocation of β-actin mRNA to growth cones (Rossoll et al. 2003; 

Glinka et al. 2010).   Smn also associates with KH-type splicing regulatory protein (KSRP) 

(Tadesse et al. 2008), another β-actin interactor (Gu et al. 2002; Tadesse et al. 2008).  The 

recently described α-COP-Smn interaction also appears to complex with β-actin mRNA (Peter et 

al. 2011).  Although the interactions of SMN with β-actin mRNA described above support a role 

for SMN in the axonal transport of β-actin mRNA, they occur indirectly via various partners.  

Recently, a direct interaction between Smn and β-actin mRNA in the cytoplasm of the human 

neuroblastoma SHS5Y cell line was shown (Todd et al. 2010a).  Furthermore, β-actin mRNA in 

SMN-containing transport granules was identified along the neurites (Todd et al. 2010a).  

Together, these results indicate that the disruption of β-actin mRNA localization may indeed be 

pathological and be integral to SMA pathogenesis.  Indeed, the recent rescue of neuronal 

outgrowth and survival of motor neurons isolated from SMNΔ7 mice via the depletion of 

phosphatase and tensin homolog (PTEN) was accompanied by the restoration of β-actin mRNA 
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in the growth cones (Ning et al. 2010).  Thus, at the very least, β-actin mRNA localization 

appears to be a marker of normal neuronal development. 

 While much attention has been given to SMN’s role in β-actin mRNA transport, other 

mRNAs required at the nerve terminal could also be affected by SMN depletion in the motor 

neuron.  Via mass spectrometry analysis of endogenous Smn co-immunoprecipitates from 

embryonic cortical neurons, Akten et al., have recently identified HuD, a neuron specific RNA-

binding protein (Pascale et al. 2004; Hinman et al. 2008), as a novel interacting partner (Akten et 

al. 2011).  One of HuD’s targets is the candidate plasticity-related gene 15 (cpg15), which plays 

a role in motor axon outgrowth, neuromuscular synaptogenesis and anti-apoptosis (Javaherian et 

al. 2005; Putz et al. 2005). The authors show that cpg15 associates with HuD and Smn (Akten et 

al. 2011).  Importantly, Smn depletion decreases cpg15 mRNA expression while overexpression 

of cpg15 partially rescued the motor axon defects in Smn-deficient zebrafish (Akten et al. 2011).   

Although the role of cpg15 in SMA pathogenesis has not fully been established, these results 

suggest that the axonal transport of various mRNAs other than β-actin may be affected by SMN 

loss.    

A role for SMN in the regulation of actin cytoskeletal dynamics 

 Since β-actin mislocalization is indeed a phenotype of Smn-depleted neurons, many 

research groups have further characterized how this impacts the overall regulation of actin 

cytoskeletal dynamics.  Smn depletion in neuronal-like PC12 cells results in increased 

filamentous (F)-actin at the expense of monomeric (G)-actin (van Bergeijk et al. 2007).  In 

human SHS5Y cells, the mislocalization of the SMN protein, due to the loss of α-COP, increased 
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the number of F-actin positive filopodia (Peter et al. 2011).   Recent work by Nölle et al. 

revealed a similar increase of the F-actin component in primary motor neurons isolated from the 

severe SMA mice (Nolle et al. 2011).  Importantly, this defect was cell-autonomous as primary 

fibroblasts obtained from SMA patients did not display actin organization abnormalities (Nolle et 

al. 2011).  It therefore appears that the mislocalization of β-actin mRNA subsequently leads to 

the predominant reorganization of actin into filamentous fibers, thus shifting the dynamic 

environment of the cell.  

 In addition to actin itself, various actin regulators are misregulated in Smn-depleted 

models.   Profilin IIa, the neuronal isoform of the profilin II gene (Di Nardo et al. 2000; 

Lambrechts et al. 2000), is a small actin-binding protein and key player in actin dynamics 

(reviewed in (Birbach 2008)).  Profilin IIa interacts with the polyproline motif of the Smn protein 

in neuronal cellular models (Giesemann et al. 1999; Sharma et al. 2005; Nolle et al. 2011).  

Importantly, experiments performed in PC12 cells demonstrate that Smn’s interaction with 

profilin IIa regulates actin polymerization by sequestering profilin IIa’s negative influence on 

neurite sprouting and outgrowth (Da Silva et al. 2003; Sharma et al. 2005).  Indeed, the neuronal 

differentiation defects of Smn-depleted PC12 cells were specifically rescued by the exogenous 

expression of an Smn construct containing the profilin-binding domain (van Bergeijk et al. 

2007).  Interestingly, a recent report shows that the human SMN S230L mutant abrogates the 

Smn-profilin IIa association (Nolle et al. 2011). Profilin IIa is also regulated by rho-kinase 

(ROCK) (Da Silva et al. 2003; Shao et al. 2008), an important upstream regulator of actin 

cytoskeletal dynamics (reviewed in (Amano et al. 2010)).  Nölle et al. demonstrate that Smn-

depleted PC12 cells display hyperphosphorylation of profilin IIa and hypophosphorylation of 
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ROCK downstream targets, suggesting that SMN depletion results in increased p-profilin IIa-

ROCK interaction and subsequently hyperactivity of ROCK (Nolle et al. 2011).  Thus, the above 

findings imply that SMN may also modulate actin dynamics via its functional interaction with 

the neuronal-specific profilin IIa.  

 Plastin 3 (also known as T-plastin or T-fimbrin) is an actin-bundling protein (Glenney et 

al. 1981; Giganti et al. 2005) that has also been implicated in SMA pathogenesis.  Plastin 3 was 

identified as a positive modifier of SMA in asymptomatic females with symptomatic siblings 

carrying identical SMN1 and SMN2 genotypes (Oprea et al. 2008).  These unaffected females 

displayed significantly higher levels of plastin 3 mRNA and protein in their blood (Oprea et al. 

2008).  Interestingly, Smn, plastin 3 and actin are found complexed together in the spinal cord of 

mice (Oprea et al. 2008).  Furthermore, the neuronal outgrowth and differentiation defects of 

Smn-depleted PC12 cells and isolated motor neurons from severe SMA mice were rescued by 

the overexpression of plastin 3 (Oprea et al. 2008).  A recent analysis of a cohort of 88 SMA 

patients also supports the correlation of plastin 3 expression with disease severity, albeit with a 

restriction to postpubertal females (Stratigopoulos et al. 2010).   However, the study of four 

Spanish SMA families with discordant siblings did not reveal a significant increase of plastin 3 

expression in the asymptomatic females (Bernal et al. 2011).  Thus, while the extent of plastin 

3’s influence on SMA severity requires further investigation, these studies nevertheless further 

support the hypothesis that misregulated actin dynamics play a role in SMA pathogenesis.  The 

proper control of the actin cytoskeleton is crucial to ensure accurate neuritogenesis, neurite 

elongation and branching as well as synaptic vesicle organization, mobilization and trafficking 

(Fifkova et al. 1982; Bray et al. 1985; da Silva et al. 2002; Shupliakov et al. 2002; Sakaba et al. 
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2003; Dillon et al. 2005; Cingolani et al. 2008).  The phenotypic defects that typify SMA cellular 

and animal models may therefore stem from the misregulation of actin dynamics. 

SMN’s role in neuromuscular junction (NMJ) development 

 The NMJ is the contact point between the motor neuron and the muscle, both 

pathological targets of SMA.  A number of recent studies has reported NMJ defects in SMA 

mouse models, suggesting a role for the SMN protein within this specialized compartment.   

 On one hand, misregulation of various pre-synaptic effectors has been observed in NMJs 

of SMA models.  Smn-depleted zebrafish display reduced expression of synaptic vesicle 2 (SV2) 

(Boon et al. 2009), while SMA mouse models show an aberrant accumulation of phosphorylated 

neurofilament (NF) at the distal axonal innervations (Cifuentes-Diaz et al. 2002; Kariya et al. 

2008; Murray et al. 2008; Kong et al. 2009; Ling et al. 2011).  Furthermore, innervation of the 

NMJ is often partial or completely absent (Kariya et al. 2008; Murray et al. 2008; Kong et al. 

2009; Ling et al. 2011).  While some studies have identified a selective innervation vulnerability 

of motor axons associated with proximal muscles (Kariya et al. 2008; Kong et al. 2009) and a 

fast-synapsing phenotype (Murray et al. 2008), a recent in-depth report suggests that innervation 

state is independent of muscle location and fiber type (Ling et al. 2011).   Nevertheless, these 

studies suggest that SMN plays a role in the pre-synaptic development of NMJs. 

 On the other hand, postsynaptic NMJ defects are also apparent in SMA models.  Motor 

endplates from SMA mice display an overall immaturity, highlighted by their reduction in size 

and number of perforations (Kariya et al. 2008; Murray et al. 2008; Kong et al. 2009).  

Furthermore, the motor endplates of SMA mice express the embryonic acetylcholine receptor 
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(AchR) subunit instead of the adult AchR subunit, revealing an important developmental delay 

(Arnold et al. 2004; Kong et al. 2009).  SMN depletion therefore also impacts the postsynaptic 

development of the NMJ.  Further investigation will be required to understand whether the pre-

synaptic and postsynaptic NMJ defects in SMA are dependent or independent of each other.     

 The morphological NMJ defects in SMA are further accompanied by functional 

consequences.  Indeed, studies performed in SMA mice show abnormal synaptic transmission, a 

decreased probability of synaptic vesicle release and intermittent neurotransmission failures 

(Kariya et al. 2008; Kong et al. 2009). It therefore appears that SMN plays an important part in 

maintaining the normal function of the NMJ.  

 Whether the NMJ pathology is a primary or a secondary consequence of SMN loss 

remains uncertain.  Denervation and NF accumulation has been observed in severe and SMNΔ7 

SMA mice prior to overt phenotypic onset and motor neuron loss (Kariya et al. 2008; McGovern 

et al. 2008).  These findings suggest that defective NMJ innervation may be at the root of SMA 

pathogenesis.  In contrast, a study performed in the severe SMA mouse model failed to observe 

any pre-synaptic or postsynaptic NMJ alterations (Murray et al. 2010b; Ling et al. 2011).  The 

authors therefore discuss a dying-back pathology where the motor axons initially innervate the 

endplates but eventually retract upon disease progression and motor neuron degeneration 

(Murray et al. 2010b; Ling et al. 2011).  While our understanding of NMJ pathology and how it 

influences SMA onset and progression requires further investigation, it is evident that at the very 

least, the NMJ defects in SMA have become a histopathological hallmark of the disease.  
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A non-neuronal role for SMN in skeletal muscle development 

 The muscular atrophy that typifies SMA has long been thought of as being a secondary 

consequence to the primary motor neuron degeneration.  Recently, evidence from various 

research groups suggests that SMN may have a muscle-specific function.  Indeed, Smn-depleted 

C2C12 myoblasts display decreased proliferation as well as defects in myoblast fusion and 

myotube formation (Shafey et al. 2005).  This parallels a study performed in skeletal muscle 

obtained from type I SMA fetuses showing delayed muscle growth characterized by smaller and 

disorganized myotubes (Martinez-Hernandez et al. 2009).  Using a tandem-affinity-purification 

technique, Smn-interacting partners were identified in C2C12 myoblasts (Shafey et al. 2010).  

These Smn-interactors were specific to various growth and differentiation stages, suggesting a 

dynamic function for Smn in muscle cells (Shafey et al. 2010).  A recent analysis of skeletal 

muscle from the pre-symptomatic severe SMA mouse model reveals distinct molecular changes, 

also suggestive of a muscle-intrinsic role for the SMN protein (Mutsaers et al. 2011).   

While initial screens and morphological analyses suggest a muscle-specific role for SMN, 

the functional pathways that it regulates are still being elucidated.  Work performed in 

Drosophila and mice found than Smn is a sarcomeric protein that localizes to the Z-disc of 

skeletal and cardiac muscle, and that it interacts with the crosslinking protein α-actinin (Rajendra 

et al. 2007; Walker et al. 2008; Shafey et al. 2010).  Other Smn-interactors such as Gemins and 

Unrip were present at the Z-discs while snRNPs were absent, suggesting that the sarcomeric Smn 

plays a role independent of snRNP assembly (Walker et al. 2008).  Further investigation is 

required to decipher the role of SMN at the Z-disc and in SMA pathology.  
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Seeing that SMN displays specific localization and interaction patterns in muscle, many 

research groups have assessed the importance of SMN expression in muscle on SMA pathology.  

The phenotype of an SMA drosophila model was partially rescued when Smn expression was 

restored to embryonic and larval muscles (Chan et al. 2003).  An additional study performed in 

Drosophila shows that Smn depletion in muscle produces a more severe phenotype with 

increased lethality compared to a neuron-specific Smn loss (Chang et al. 2008).  In the severe 

SMA mouse model however, the increased expression of Smn in muscle provided a small 

improvement in lifespan while the increased expression in neurons had a greater effect on 

survival (Gavrilina et al. 2008).  Thus, although SMN does appear to play a role in muscle, its 

exact contribution to SMA pathogenesis remains to be clarified.    

With increasing evidence that the muscular atrophy observed in SMA may be 

independent of motor neuron loss, various muscle-specific therapeutic strategies have been 

devised, specifically aimed at targeting known pathways that regulate muscle growth.   

Administration of follistatin, a positive muscle growth regulator, to the SMNΔ7 mice resulted in 

significant improvement in muscle mass, gross motor function and lifespan (Rose et al. 2009).  

However, upon targeting of myostatin, a negative regulator of muscle growth, the phenotype of 

the SMNΔ7 mice was unaffected (Sumner et al. 2009).  While targeting muscle-specific 

pathways may prove beneficial for SMA, a combination with pan-neuronal therapeutic strategies 

may be required for the maximization of positive effects.    
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A non-neuronal role for SMN in cardiac muscle 

 In recent years, a potential role has been suggested for SMN in the heart.  In cardiac 

myofibrils, Smn localizes at the sarcomeric Z-discs and interacts with α-actinin (Walker et al. 

2008).  Analysis of the severe and SMNΔ7 SMA mouse models revealed cardiac defects such as 

increased interstitial fibrosis, increased oxidative stress, arrhythmia, bradycardia, dilated 

cardiomyopathy and overall impaired cardiac function (Bevan et al. 2010; Heier et al. 2010; 

Shababi et al. 2010a).  Interestingly, delivery of trichostatin A (TSA) and self-complementary 

adeno-associated virus 9 (sc-AAV9)-SMN, therapies with known beneficial effects on the 

survival of SMA mice (Avila et al. 2007; Foust et al. 2010), also ameliorated the cardiac defects 

(Bevan et al. 2010; Heier et al. 2010).  Importantly, clinical studies on SMA patients support a 

cardiac function for the SMN protein (Moller et al. 1990; Burglen et al. 1995; Menke et al. 2008; 

Rudnik-Schoneborn et al. 2008).  Indeed, Rudnik-Schoneborn et al. have identified a correlation 

between type 1 SMA patients (with only one SMN2 copy) and heart defects (Rudnik-

Schoneborn et al. 2008).  This correlation did not hold true in type 1 SMA patients with more 

than one SMN2 copy, suggesting that congenital heart defects are limited to very severe SMA 

pathologies (Menke et al. 2008; Rudnik-Schoneborn et al. 2008).  While it remains unclear to 

what extent the role of SMN in the heart contributes to SMA pathogenesis, these studies raise the 

possibility that SMN may have additional muscle- and neuron-independent functions that could 

influence the overall health of SMA patients.    

 

 



  26 

Objectives and Aims 

Despite the described accumulating information on SMN’s various roles in cells and 

tissues, there still lacks a direct explanation for the specific motor neuron degeneration in SMA.  

Indeed, the motor neuron loss may result from a specific role for SMN in motor neurons and/or 

be subsequent to defective NMJ and skeletal muscle development.  Alternatively, SMA may be 

caused by aberrant snRNP activity, which would lead to defective neuronal mRNA splicing.  

Furthermore, as suggested by the heart studies, SMN may have additional roles in tissues and 

organs that may influence the health of the SMN-sensitive motor neurons and muscles.  Our 

hypothesis therefore is twofold:  

1. SMN depletion results in the misregulation of actin cytoskeletal dynamics, thus leading 

to motor neuron degeneration, muscular atrophy and NMJ pathology. 

2. SMN depletion affects the function and development of non-muscle and non-neuronal 

tissues, thus impacting SMA pathogenesis and development of therapeutic strategies.  

To address our hypothesis, we have established the following aims:        

1.         Establish and characterize clones of PC12 cells with reduced Smn expression. 

2. Produce an intermediate SMA mouse model of SMA to validate findings from our PC12 

cell culture. 

3. Determine if the SMA phenotype can be modulated by genetically manipulating proteins 

or by using compounds that target the disrupted pathways identified in our cellular and animal 

models. 
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4. Characterize additional muscle- and neuron-independent functions of SMN that influence 

SMA pathogenesis. 

Our research will allow us to identify novel functions for the SMN protein and define 

their implications in SMA pathogenesis.  The ultimate goal of this project is to develop new 

therapeutic strategies to alleviate and ameliorate SMA pathology.  
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CHAPTER 2: Smn depletion in PC12 cells results in misregulation of regulators of actin 

cytoskeletal dynamics 
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ABSTRACT  

Spinal muscular atrophy (SMA) is the most common genetic disease resulting in infant 

mortality due to severe loss of α-motor neurons. SMA is caused by mutations or deletions of the 

ubiquitously expressed survival motor neuron (SMN) gene. However, why α-motor neurons of 

SMA patients are specifically affected is not clear. We demonstrate here that Smn knockdown in 

PC12 cells alters the expression pattern of profilin II, resulting in an increase in the neuronal-

specific profilin IIa isoform. Moreover, the depletion of Smn, a known interacting partner of 

profilin IIa, further contributes to the increased profilin IIa availability. Altogether, this leads to 

an increased formation of ROCK/profilin IIa complex and an inappropriate activation of the 

RhoA/ROCK pathway, resulting in altered cytoskeletal integrity and a subsequent defect in 

neuritogenesis. This study represents the first description of a mechanism underlying SMA 

pathogenesis and highlights new targets for therapeutic intervention for this devastating disorder.
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INTRODUCTION 

Spinal muscular atrophy (SMA) is the most common genetic disease resulting in infant 

mortality, affecting approximately 1:10 000 births (Pearn 1978b; Crawford et al. 1996). It is an 

autosomal recessive disease characterized by severe loss of α-motor neurons in the spinal cord 

and muscular atrophy of the limbs and trunk leading to paralysis and ultimately death (Crawford 

et al. 1996). 

At the molecular level, SMA is the result of homozygous mutations or deletion of the 

survival motor neuron (SMN) gene located on human chromosome 5q13 (Lefebvre et al. 1995). 

SMN is highly conserved with almost all eukaryotic organisms studied to date having one single 

copy. In humans, however, the SMN gene is duplicated (Lefebvre et al. 1995; DiDonato et al. 

1997). Deletions or mutations in SMN1 but not SMN2 cause all forms of SMA, however, SMN2 

modulates the severity of the disease through its copy number (Lefebvre et al. 1995; Lefebvre et 

al. 1997).  

SMN is ubiquitously expressed, and the protein is present in both the cytoplasm and in 

punctate nuclear structures called Gemini of coiled bodies (Gems) (Liu et al. 1996; Young et al. 

2000a). These gems are thought to play a role in RNA metabolism (Anderson et al. 2004). The 

Smn protein is also part of a multiprotein complex, an assemblyosome of ribonucleoproteins 

(RNPs) (Paushkin et al. 2002), which is composed of self-oligomerized Smn, Gemin2-8 and Sm 

proteins (Paushkin et al. 2002; Carissimi et al. 2006). Thus, SMN is considered an important 

housekeeping gene playing a role in fundamental cellular events such as snRNP assembly and 

processing of most pre-mRNAs (Pellizzoni et al. 1998; Meister et al. 2002; Paushkin et al. 2002). 
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Furthermore, the complete lack of SMN protein is embryonic lethal, emphasizing its necessity 

for survival (Jablonka et al. 2000; Monani et al. 2000a). 

Why deletions or mutations in SMN1 specifically affect the α-motor neurons in SMA 

patients is not understood. Efforts have therefore been made to determine the function of SMN in 

neuronal cell models. SMN interacts with hnRNP-R, a ribonucleoprotein located in the axons of 

motor neurons (Rossoll et al. 2002). Studies in mouse embryonal teratocarcinoma P19 cells 

showed that SMN accumulates in growth-cone-like structures during neuronal differentiation, 

suggesting a role in neurite outgrowth and neuromuscular maturation (Fan et al. 2002). In fact, 

knockdown of the Smn protein in zebrafish results in defects in motor axon outgrowth and 

pathfinding (McWhorter et al. 2003), while other work has shown that SMN modulates axon 

growth and localization of β-actin mRNA in growth cones of motor neurons through its 

association with hnRNP-R (Rossoll et al. 2003). An additional neuron-specific interaction of 

SMN protein occurs with profilin II (Giesemann et al. 1999; Sharma et al. 2005), a small actin-

binding protein and key regulator of actin dynamics, which is predominantly expressed in neural 

tissues and co-localizes with Smn in the cytoplasm and nuclear gems (Giesemann et al. 1999) 

Despite this accumulation of significant data, there is presently no explanation for the specificity 

of motor neuron degeneration in SMA patients. Indeed, it is still unclear whether SMN has a 

specific role in motor neurons other than its function within the assemblyosome of RNPs or if 

SMA pathogenesis is caused by defective splicing of neuronal-relevant mRNAs (Eggert et al. 

2006).  

Here, we assess the effects of Smn knockdown in neuronal-like cells, specifically during 

differentiation. We used PC12 cells which, when exposed to nerve growth factor (NGF), extend 
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processes similar to those produced by sympathetic neurons in primary culture, and therefore are 

a useful model system for neurobiological and neurochemical studies (Greene et al. 1976). We 

provide evidence for altered expression of profilin II in Smn depleted cells which in turn leads to 

the upregulation of the RhoA/ROCK actin remodeling pathway and to defects in neuronal 

integrity. Our work highlights one potential pathway that may explain the neuron-specific defect 

in SMA. 
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MATERIALS AND METHODS 

Cell culture 

 The rat pheochromocytoma PC12 cell lines were maintained in DMEM (Wisent) plus 

10% horse serum (HS) (Invitrogen), 5% fetal bovine serum (FBS) (Sigma), 1% 

antibiotic/antimycotic solution (Invitrogen) and 1% MEM non-essential amino acids solution 

(Invitrogen). For differentiation experiments, cells were treated with DMEM plus 1% FBS, 1% 

antibiotic/antimycotic solution and 50 ng/ml NGF (Chemicon). Stable cell lines were maintained 

in media containing 1 mg/ml G418 (Invitrogen).  

 

Antibodies and reagents 

 The mouse monoclonal primary antibodies used were as follows: anti-actin (1:800 (WB), 

1:200 (IF); Fitzgerald), anti-SMN (1:5000; Transduction Laboratories), anti GAP-43 (1:10,000 

(WB), 1:1000 (IF); Chemicon), anti-RhoA (1:200; Santa Cruz Biotechnology), anti-Cdc42 

(1:250; Transduction Laboratories), and anti-Rac1 (1:200; Transduction Laboratories). 

 The rabbit polyclonal primary antibodies used were as follows: anti-NF (1:300; Sigma), 

and the anti-profilin IIa (1:10,000) was a generous gift from Dr. Walter Witke (EMBL, 

Monterondo, Italy).  

 The secondary antibodies used were as follows: horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (1:5000; Bio-Rad), HRP-conjugated goat anti-rabbit IgG 

(1:5000), Cy3-conjugated goat anti-mouse IgG + IgM (1:200; Jackson ImmunoResearch 

Laboratories), and Alexa Fluor 488 goat anti-rabbit IgG (Molecular Probes). 

The Y-27632 peptide was purchased from Calbiochem. 
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Immunoblot analysis 

Samples were run out on 10% or 15% (for RhoA and Cdc42 activity assays) SDS-

polyacrylamide gels and were blotted onto PVDF membrane (Millipore). The filters were 

blocked in 5% nonfat milk TBST (10 mM Tris pH 8.0, 150 mM NaCl, and 0.1% Tween 20 

(Sigma)), rinsed in TBST, and then incubated overnight at 4oC in blocking solution containing 

the primary antibody. Subsequently, the membranes were rinsed 3 times in TBST and incubated 

1 hr at room temperature with the secondary antibody. Signals were visualized using the ECL or 

the ECL plus detection kits (Amersham). 

 

Immunofluorescence analysis 

 Immunocytochemistry was performed as previously described (DiDonato et al. 2003). 

Images were taken with a Zeiss Axioplan microscope, equipped with filters suitable for 

FITC/Cy3/Hoechst fluorescence. For each experiment, we used 3 coverslips per day and took 

pictures of three fields per coverslip.  

 

Transfection of PC12 cells  

For the establishment of stable PC12 cell lines with reduced Smn expression, cells were 

transfected with sh_Smn_519 (Supplementary Fig. 1), which was ligated in the BbsI sites of the 

psiRNA-hHneo vector (InvivoGen) (Shafey et al. 2005). The oligonucleotide sequence for 

sh_Smn_519 is: 5’ TCC CAA AGT AAA GCA CAC AGC AAG TCT TCA AG A GAG ACT 

TGC TGT GTG CTT TAC TTT T 3’. Lipofectamine transfected cells were isolated and selected 

with 1 mg/ml G418 (Invitrogen). Smn knockdown in cloned cells was visualized by immunoblot 
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analysis and quantification of protein bands was performed with the help of the Image J program, 

developed by Wayne Rasband (NIH). Control PC12 cell lines were transfected with the empty 

psiRNA-hHneo vector or sh_lacZ_1348. The oligonucleotide sequence for the sh_lacZ_1348 is: 

5’TCC CAA ATC  GTC TGA CCG ATG ATC CGT TCA AGA GAC GGA TCG GTC AGA 

CGA TTT T 3’. For rescue experiments, the C-59 clone was transfected with the full-length 

human SMN-GFP (hSMN-GFP). 

 

Neuronal outgrowth and differentiation analysis 

For neuritogenesis experiments, cells were plated at low density onto 10 cm culture plates 

coated with 0.1% of rat tail collagen Type I (Sigma). Cells were differentiated for up to 7 days. 

Morphometric analysis was performed as previously described (Das et al. 2004). For each 

experiment, we used 3 plates per day and took pictures of 3 fields per plate. The number of 

differentiated cells was determined by visual examination of the field and counting cells that had 

at least one neurite with a length equal or greater to twice the cell body diameter, and expressed 

as a percentage of the total cells in the field. Neurite outgrowth was determined by manually 

tracing a straight line following the length of the longest neurite per cell. This was done for all 

cells in a field that had an identifiable neurite and for which the entire neurite arbor could be 

visualized. Data from the three fields in each plate were pooled and each plate was designated as 

an “n” of one.  
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RhoA and Cdc42 activity assays 

 RBD and PBD were expressed in bacteria and purified using glutathione Sepharose 4B 

beads (Pharmacia). Cells used for RhoA activity assays were lysed in ice-cold lysis buffer A (50 

mM Tris pH 7.6, 500 mM NaCl, 0.1% SDS, 0.5% DOC, 1% Triton X-100, 0.5 mM MgCl2) 

supplemented with 1 mM PMSF, 0.01 mg/ml leupeptin and 0.01 mg/ml aprotinin. Cells used for 

Cdc42 activity assays were lysed in ice-cold lysis buffer B (50 mM Tris pH 7.6, 150 mM NaCl, 

1% Triton X-100, and 0.5 mM MgCl2) supplemented with 1 mM PMSF, 0.01 mg/ml leupeptin 

and 0.01 mg/ml aprotinin. Thirty µg of GST-RBD or GST-PBD immobilized on glutathione 

beads was added to equal concentrations of various cell lysates. After 30 min incubation at 4oC, 

beads were washed 4 times with lysis buffer B. The bound RhoA and Cdc42 were detected by 

immunoblot analysis using anti-RhoA and anti-Cdc42 antibodies. Every affinity precipitation 

assay was performed in triplicate.  

 

Real-time quantitative RT-PCR  

 RNA was extracted using the RNeasy Midi Kit (Qiagen) and quantified. Reverse 

transcription was performed using 0.01 µg of total RNA. All  real-time PCRs were carried out 

using the Mx3000 Multiplex Quantitative PCR System (Stratagene).  The following primers 

were used for RT-PCR analysis: profilin II forward (5’ TTG GCA GAG CTG GGA GA 3’), 

profilin IIa reverse (5’ CTA GAA CCC AGA GTC TCT CAA GTAT T 3’), profilin IIb reverse 

(5’ TAG CAG CTA GAA CCC AGA GTC T 3’), GAPDH forward (5’ TGA AGG GGT CGT 

TGA TGG 3’), GAPDH reverse (5’ AAA ATG GTG AAG GTC GGT GT 3’), 18S forward (5’ 

CGG CTA CCA CAT CCA AGG 3’), and 18S reverse (5’ CTG GAA TTA CCG CGG CT 3’). 
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The optimum primer concentration was 5 µM. All PCR amplifications were performed 

using FullVelocity SYBR Green QPCR Master Mix (Stratagene), with ROX as a reference dye 

in a 25 µl reaction volume. A standard curve for each cDNA was first generated using 2-fold 

serial dilutions of the respective cDNAs as templates. The PCR cycling conditions were as 

follows: initial denaturation at 95°C for 5 min, followed by 45 cycles of 95°C for 10 s, 59°C for 

30 s (61oC for pIIb primers), and a dissociation cycle of 95°C for 1 min, 55°C for 30 s, and 95oC 

for 30s. Each PCR wild-type and Smn shRNA PC12 C-59 cell lysate (n = 3) was done in 

triplicates.  Profilin IIa and IIb transcripts were normalized to GAPDH and 18S.    

 

ROCK immunoprecipitation 

 For immunoprecipitations, protein G-Sepharose beads (Amersham) were washed 3 times 

in H2O followed by 3 times in lysis buffer B (described above). Beads were resuspended in lysis 

buffer B. Equal concentrations of cell lysates were incubated overnight at 4oC with beads and 

anti-ROCK antibody. Bead samples containing only the cell lysate or the antibody with the lysis 

buffer B were used as controls. Samples were analyzed by immunoblot analysis with the profilin 

IIa antibody. Each immunoprecipitation was repeated three times with different cell lysates.   

 

Statistical methods 

 Student’s t test for paired variables was used to test for differences between samples and 

data were considered significantly different at p< 0.05. 
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RESULTS 

Smn knockdown in PC12 cells by use of short hairpin (sh) RNA interference  

PC12 cells were transfected with an shRNA construct targeting a specific region within 

the rat Smn transcript (Supplementary Figure 2.1). This construct, sh_Smn_519, has been 

previously described (Shafey et al. 2005). Stable clones, referred to henceforth as Smn shRNA 

PC12 cells, were established and maintained in G418-containing media. To determine the 

amount of Smn protein depletion, western blots of cell extracts were obtained and the area and 

intensity of the bands were integrated and normalized to the actin/Smn ratio of the wild type 

PC12 cell sample. Various Smn shRNA PC12 clones were obtained with an Smn reduction 

ranging from 34 to 85% (Figure 2.1 A). For subsequent experiments, we used Smn shRNA 

PC12 clone C-59, with an 85% Smn reduction, to examine the effects of Smn knockdown on 

neuronal differentiation as well as on localization and expression of cytoskeletal components. 

However, it should be noted that we have confirmed our findings with other Smn shRNA PC12 

clones (data not shown). 

 

Smn knockdown affects neuritogenesis 

To determine the impact of Smn depletion on PC12 cell differentiation, we induced cells 

with NGF for up to 7 days. The cell populations examined included: wild type PC12 cells, Smn 

shRNA PC12 C-59 cells (85% knockdown), PC12 cells transfected with either a non-specific 

shRNA control, namely sh_lacZ_1348, or the empty vector psiRNA, and Smn shRNA PC12 C-

59 cells transfected with the full-length human SMN-GFP (hSMN-GFP). At days 3, 5 and 7 of 

differentiation, we determined the percentage of differentiated cells and the average neurite 
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length. There were significantly fewer differentiated Smn shRNA PC12 C-59 cells at days 3, 5 

and 7 when compared to wild type PC12 cells and to the various control samples (Figure 2.1 B, 

C). Importantly, the phenotype of Smn shRNA PC12 C-59 cells was rescued when these cells 

were transfected with hSMN-GFP (Figure 2.1 B, C). Similarly, the neurites of Smn shRNA 

PC12 C-59 cells were significantly shorter when compared to wild type cells and to control 

samples (Figure 2.1 B, D). As before, this phenotype was rescued with the hSMN-GFP (Figure 

2.1 B, D), indicating that these defects are specific to the knockdown of Smn protein. 
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Figure 2.1. Smn knockdown in PC12 cells (via shRNA interference) affects differentiation 

potential and neurite outgrowth. (A) Immunoblot analysis. Smn levels were determined by 

blotting with an anti-Smn antibody, and anti-actin was used as a loading control. (B) Typical 

examples of cells at day 7 of differentiation. Smn shRNA PC12 C-59 cells, which have an 85% 

decrease in Smn, were compared to PC12 wild type (WT) cells, WT cells transfected with 

sh_lacZ_1348 and the plasmid alone (psiRNA), and C-59 cells transfected with full length 

hSMN-GFP. Cells were differentiated up to 7 days with NGF. WT cells and cells transfected 

either with sh_lacZ_1348 or the psiRNA vector alone show fully differentiated cells with long 

neurites. However, most Smn shRNA PC12 C-59 cells are not fully differentiated and show 
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shorter neurites. This phenotype is rescued with the hSMN-GFP construct. Scale bar, 50 µm. (C) 

Quantitative analysis of percentage of differentiated cells at days 3, 5 and 7 of differentiation. 

Compared to WT cells, only clone C-59 was significantly different (*, p < 0.005), showing a 

reduced number of differentiated cells. The hSMN-GFP rescued this defect. (D) Quantitative 

analysis of neurite length at days 3, 5 and 7 of differentiation. Only C-59 cells differed from WT 

cells with a significant reduction (*, p < 0.005) in neurite length. Introduction of hSMN-GFP 

into the C-59 cells rescued the defect. Data are mean +/- SE. 
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Neurites of Smn shRNA PC12 C-59 cells were characterized by an increased incidence 

of beading and/or swelling along their lengths (Figure 2.2 A, see also Figure 2.3 C), which is 

usually indicative of cytoskeletal perturbation and impairment of axonal transport (Nakayama et 

al. 2000). These beadings and/or swellings were significantly more frequent in Smn shRNA 

PC12 C-59 cells than in wild type PC12 cells (Figure 2.2 B). Once more, the transfection of 

Smn shRNA PC12 C-59 cells with hSMN-GFP rescued this phenotype.  
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Figure 2.2. Smn knockdown in PC12 cells increases the incidence of beading and swelling along 

the neurites. (A) Typical examples of Smn shRNA PC12 C-59 cells at days 3, 5 and 7 of 

differentiation, showing terminal swelling (arrow) and beading (arrow heads) along the neurites. 

Scale bar, 20 µm. (B) Quantitative analysis of the percentage of differentiated cells with neurite 

beading and/or swelling. The Smn shRNA PC12 C-59 clone was compared to PC12 wild type 

(WT) cells and to C-59 cells transfected with full length hSMN-GFP. The number of C-59 cells 

exhibiting swelling and/or beading along their neurites was significantly greater (*, p < 0.05) 

than that of WT cells, which was rescued with hSMN-GFP. Data are mean +/- SE. 
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Smn knockdown affects localization and expression of cytoskeletal components 

Based on the neuritogenesis defects observed in the Smn depleted PC12 cells, we 

performed further experiments to determine whether specific cytoskeletal components were 

affected in the Smn shRNA PC12 C-59 cells. Initially, we examined the expression and 

localization of GAP-43, an axonal-growth associated protein that plays a key role in guiding the 

growth of axons and modulating the formation of new connections (Benowitz et al. 1997). As 

well, Smn and GAP-43 have been demonstrated to co-localize, particularly in growth cones (Fan 

et al. 2002). 

Contrary to wild type PC12 cells, where GAP-43 is concentrated at the tip of the growth 

cones, in Smn shRNA PC12 C-59 cells, GAP-43 accumulated in membrane ruffles around the 

cell body (Figure 2.3 A). Furthermore, the expression of GAP-43 was significantly higher at 

days 5 and 7 in C-59 cells (Figure 2.3 B). This was surprising because C-59 cells showed shorter 

neurites and fewer differentiated cells, and GAP-43 is an intrinsic determinant of the neuron’s 

growth state (Benowitz et al. 1997). However, a study overexpressing caveolin-1, a negative 

regulator of neuronal outgrowth, also reported increased levels of GAP-43 (Gaudreault et al. 

2005), suggesting that increased GAP-43 may in turn inhibit neurite extension. 

Since neurite initiation and outgrowth involves coordinated changes within the actin 

cytoskeleton (da Silva et al. 2002), we next assessed the effects of Smn knockdown on the 

localization of F-actin and neurofilaments (NF). In Smn shRNA PC12 C-59 cells, NF 

accumulated in the beadings and/or swellings along the neurites (Fig. 3C), consistent with 

cytoskeletal perturbation and impairment of axonal transport. Furthermore, F-actin was 
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concentrated around the cell body perimeter in these cells (Figure 2.3 C). In fact, close to 80% 

of Smn shRNA PC12 C-59 cells showed this altered F-actin localization compared to about 10% 

in wild type PC12 cells (Figure 2.3 D). 
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Figure 2.3. Smn knockdown in PC12 cells affects organization and expression of cytoskeletal 

components. (A) Typical examples of immunostaining of PC12 wild type (WT) cells and Smn 

shRNA PC12 C-59 cells with GAP-43 antibody at 7 days of differentiation. C-59 cells show a 

distinct concentration of GAP-43 in membrane ruffles (arrow heads). Scale bar, 10 µm. (B) 

Immunoblot analysis of GAP-43 expression at days 3, 5 and 7 of differentiation. At days 5 and 7, 

C-59 cells show higher levels of GAP-43 protein than WT cells. (C) Representative examples of 

immunostaining for neurofilament (green) and actin (red). In Smn shRNA PC12 C-59 cells, NF 

accumulates within the beadings/swellings in the neurites (arrow heads). There is also a buildup 

of F-actin along the edge of C-59 cell bodies (arrows). The right panels are a merged image. 

Scale bar, 20 µm. (D) Quantitative analysis of the percentage of cells showing F-actin build-up. 

When compared to WT cells, C-59 cells show a significantly greater (*, p < 0.001) number with 

an abnormal concentration of F-actin at the edge. Data are mean +/- SE.  
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Smn knockdown affects expression and activity of Rho GTPases 

To assess why F-actin organization was affected in Smn shRNA PC12 C-59 cells, we 

focused on the signal transduction pathway linking the Rho GTPases RhoA, Rac1 and Cdc42 to 

the actin cytoskeleton. These proteins play an important role in neurite initiation and outgrowth 

by regulating actin cytoskeleton dynamics in neuronal growth cones (Luo et al. 1997; Sarner et 

al. 2000; Yamaguchi et al. 2001). We determined both total protein and active levels since Rho 

GTPases cycle between an active (GTP bound) and inactive (GDP bound) state. Of further 

importance is that RhoA-GTP inhibits neuronal outgrowth and differentiation, while Cdc42-GTP 

and Rac1-GTP promote neuronal outgrowth and differentiation (Hall 1998; Mueller 1999). There 

is also a requirement for concurrent Cdc42 activation and RhoA inactivation to promote neurite 

formation and outgrowth (Negishi et al. 2002).  

In Smn shRNA PC12 C-59 cells, there was an increase in the level of total RhoA protein 

at days 3 and 5 of differentiation compared to wild type cells (Figure. 2.4A). More importantly, 

at day 3, when initiation of neuronal differentiation occurs, we observed a significantly greater 

amount of RhoA-GTP in Smn shRNA PC12 C-59 cells than in wild type cells (Figure 2.4 A). 

Interestingly, there was also a decrease in the level of total Cdc42 protein in Smn shRNA PC12 

C-59 cells at days 3, 5 and 7 of differentiation compared to that in wild type cells (Figure 2.4 B). 

In terms of Cdc42 activity, Cdc42-GTP levels were high and increased with time in 

differentiating wild type PC12 cells (Figure 2.4 B). In contrast, Cdc42-GTP levels decreased by 

day 5 of differentiation in Smn shRNA PC12 C-59 cells (Figure 2.4 B). Finally, no significant 

differences were seen in total Rac1 protein levels in the two cells types (Figure 2.4 C).  
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Y-27632 partially rescues differentiation potential defect in Smn shRNA PC12 C-59 cells 

When RhoA is in its active state, it activates its downstream effector Rho-kinase 

(ROCK), resulting in phosphorylation and activation of myosin light chain (MLC), F-actin 

accumulation and inhibition of neuronal outgrowth and differentiation (Amano et al. 1996). To 

therefore determine if the neuronal outgrowth and differentiation defects in Smn shRNA PC12 

C-59 cells result from the observed activation of the RhoA pathway, we performed a rescue 

experiment with the Y-27632 peptide, which specifically inhibits ROCK (Uehata et al. 1997). 

Cells were differentiated in media containing 10 μM Y-27632 (Kishida et al. 2004) and assessed 

as above. The addition of Y-27632 did not result in an increase in the neurite length of Smn 

shRNA PC12 C-59 cells (Figure 2.4 D). However, the peptide did partially rescue the defect in 

differentiation potential of Smn shRNA PC12 C-59 cells (Figure 2.4 E). A lack of complete 

rescue could be explained by the fact that we observed both an increase in active RhoA and a 

decrease in active Cdc42 in C-59 cells. Therefore, inhibiting only the RhoA pathway, which 

affects neuritogenesis, cannot fully rescue neuronal outgrowth and differentiation of C-59 cells.  
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Figure 2.4. Smn knockdown in PC12 affects expression and activity of RhoA and Cdc42. In 

rescue experiments with the Y-27632 peptide, C-59 cells were differentiated in media 

supplemented with Y-27632. (A) Immunoblot analysis of total and active RhoA at days 3, 5 and 

7 of differentiation. There is an increased expression of total RhoA in Smn shRNA PC12 C-59 

cells at days 3 and 5 when compared to WT cells. At day 3, there is significantly more RhoA-

GTP in C-59 cells while levels even out by day 5. (B) Immunoblot analysis of total and active 

Cdc42 at days 3, 5 and 7 of differentiation. There is a decreased expression of Cdc42 in C-59 

cells at days 3, 5 and 7, when compared to WT cells. There is also a reduction in Cdc42-GTP in 

C-59 cells at days 5 and 7. (C) Immunoblot analysis of total Rac1 expression at days 3, 5 and 7 

of differentiation. There is no difference in Rac1 levels between WT and C-59 cells. (D) 
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Quantitative analysis of neurite length at days 3, 5 and 7 of differentiation. Y-27632 did not 

rescue the defect in neurite outgrowth observed in C-59 cells. (E) Quantitative analysis of 

percentage of differentiated cells at days 3, 5 and 7 of differentiation. There was a partial rescue 

of the differentiation defect observed in C-59 cells following the addition of Y-27632 in the 

differentiation media (*, p < 0.01). Data are mean +/- SE. 
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Smn knockdown alters profilin II expression 

The Smn complex plays a role in snRNP biogenesis and mRNA splicing (Pellizzoni et al. 

1998; Meister et al. 2002; Pellizzoni et al. 2002), as well as in the assembly of the RNA 

polymerase II transcription/processing machinery (Pellizzoni et al. 2001b). Further, not only is 

there a direct correlation between the level of SMN and the ability to promote RNP assembly, 

but reduced assembly of U snRNPs is likely to contribute directly to SMA pathogenesis (Wan et 

al. 2005; Winkler et al. 2005; Eggert et al. 2006). Our goal therefore was to identify neuronal-

relevant mRNAs involved in the RhoA pathway that may be affected in SMN depleted neurons. 

Our primary candidate was profilin IIa (pIIa), derived by alternative splicing of profilin II (Di 

Nardo et al. 2000; Lambrechts et al. 2000). Da Silva et al. (Da Silva et al. 2003) have shown that 

the RhoA/ROCK regulation of neuritogenesis involves pIIa-mediated control of actin stability. 

Further, profilin II binds to and co-localizes with Smn in nuclear Gems (Giesemann et al. 1999; 

Sharma et al. 2005). Profilin IIa is mainly expressed in neural tissues and developmentally 

regulated, while profilin IIb (pIIb) is the minor form and expressed in a limited number of 

tissues, suggesting that the alternative splicing of profilin II is tightly regulated (Lambrechts et 

al. 2000). 

In Smn shRNA PC12 C-59 cells, there was a 6-fold increase of pIIa and pIIb transcript 

compared to wild type cells as assessed by real-time quantitative RT-PCR (Figure 2.5 A). This 

suggests an upregulation of profilin II transcription and/or an increase in mRNA stability as 

opposed to a defect in its splicing. Consistent with the RNA data, levels of pIIa protein in Smn 

shRNA PC12 C-59 cells were noticeably higher than in wild type cells at all stages of 

differentiation (Figure 2.5 B).  
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Based on previous work, it is possible that the increased availability of the neuronal 

profilin II isoform, pIIa, might result in increased RhoA/ROCK/pIIa complex formation, and 

subsequent inhibition of neuritogenesis. To test this possibility, we performed an 

immunoprecipitation with the ROCK antibody. Da Silva et al. (Da Silva et al. 2003) have shown 

that ROCK and pIIa have a physical and functional interaction and that RhoA activity is crucial 

for the formation of this complex. In accordance with our previous results, there is an increase in 

ROCK/pIIa complex in Smn shRNA PC12 C-59 cells (Figure 2.5 C). This result suggests that 

the upregulation of the RhoA/ROCK pathway, through increased availability of pIIa, plays a 

major role in the observed inhibition of neuronal outgrowth.  
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Figure 2.5. Smn knockdown in PC12 cells results in altered expression of profilin II and 

increased formation of ROCK/pIIa complex. (A) Real-time quantitative RT-PCR of RNA from 

non-differentiated wild type (WT) and Smn shRNA PC12 C-59 cells using specific primers for 

pIIa and pIIb transcripts.  Smn shRNA PC12 C-59 cells show a 6-fold increase of profilin IIa and 

IIb transcripts compared to WT cells.  The levels of profilin II transcripts were normalized to 

GAPDH and 18S levels (B) Immunoblot analysis of pIIa protein in WT and C-59 cells. At days 

3, 5 and 7 of differentiation, there is more pIIa protein in C-59 cells. (C) ROCK 

immunoprecipitation in WT and C-59 cells at day 3 of differentiation. Detection with pIIa 

antibody shows that there is more ROCK/pIIa complex formed in C-59 cells than in WT cells. 

Data are mean +/- SE. 
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DISCUSSION 

In the present work, we show that knockdown of Smn in PC12 cells leads to altered 

expression of profilin II, resulting in increased levels of the neuronal pIIa transcript and 

corresponding protein. The depletion of Smn, a known binding partner of pIIa (Giesemann et al. 

1999; Sharma et al. 2005), further contributes to the increased availability of the pIIa protein. In 

fact, it has been suggested by Sharma et al. that through its interaction with pIIa, Smn may 

moderate the inhibitory activity of pIIa on actin polymerization. Consequently, pIIa is “free” to 

interact with ROCK which subsequently upregulates the RhoA/ROCK pathway, inhibiting 

proper neuronal outgrowth and differentiation (Figure 2.6). However, since pIIa presumably 

plays more than one role in neuronal cells, its increased availability likely perturbs other 

signaling pathways (Figure 2.6). This is confirmed by our inability to fully rescue the neuronal 

outgrowth and differentiation defects when exposing the Smn shRNA PC12 C-59 cells to the 

ROCK inhibitor Y-27632.  
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Figure 2.6. A model for SMA pathogenesis. (A) In healthy individuals, there is normal 

expression of functional SMN protein. This leads to correct profilin II expression, normal pIIa 

availability, and therefore normal motor neuron neuritogenesis. (B) In SMA patients, there is a 

reduced amount of functional SMN protein, which alters profilin II expression, and results in 

greater profilin IIa availability. The increase in pIIa would lead to an upregulation of the 

RhoA/ROCK pathway with subsequent defects in neuritogenesis. Other signaling pathways, such 

as the one involving the Smn/pIIa complex and the Cdc42 neurite formation pathway, could also 

be affected by this increased pIIa availability. 
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Indeed, it is probable that the increased pIIa availability in Smn depleted cells also affects 

the Cdc42 signaling pathway. We show a decrease in expression and activity of Cdc42 in the 

Smn knockdown PC12 cells. Profilin interacts with N-WASP, which improves Cdc42’s ability to 

nucleate new actin filaments (Suetsugu et al. 1998; Yang et al. 2000). It is therefore possible that 

profilin has a different affinity for ROCK and N-WASP, and that the observed increase in 

profilin/ROCK complex results in a reduced availability of profilin for binding to N-WASP. 

Alternatively, the Cdc42 pathway could be downregulated through crosstalk with the RhoA 

pathway. Once activated, Cdc42 promotes neurite formation and growth by relaying signals to 

downstream effectors (Govek et al. 2005). One of these effectors is the p21-activated kinase 

(PAK) 5 (Dan et al. 2002). In neuronal N1E-115 cells, activated PAK5 inhibits RhoA activity 

while the overexpression of active RhoA can in turn inhibit PAK5’s positive effect on neurite 

outgrowth (Dan et al. 2002). Thus, in addition to having a direct effect on the RhoA and Cdc42 

pathways, Smn depletion may also be impacting on the crosstalk between these two pathways.  

The functional interaction between Smn and pIIa may also be disturbed in the Smn 

depleted PC12 cells. This interaction, which is disrupted in the presence of pathogenic SMN 

mutations, has a greater positive effect on actin polymerization, compared to Smn and pIIa on 

their own (Giesemann et al. 1999; Sharma et al. 2005). Interestingly, both proteins interact with 

ß-actin, directly or indirectly, modulating its localization at the leading edge of cytoplasmic 

extensions and promoting actin polymerization (Cao et al. 1992; Suetsugu et al. 1998; Rossoll et 

al. 2002). The elucidation of the precise function of the Smn/pIIa interaction will shed light on 

the importance of its loss on SMA pathogenesis. Thus, pIIa plays multiple roles in the 
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differentiating neuronal cell, all of which could be affected by its increased expression, 

disturbing the balance required for maintaining neuronal integrity. 

The first step in neuronal differentiation, neuritogenesis, occurs when nascent neurites 

emerge from the cell soma and eventually become an axon or a dendrite (da Silva et al. 2002). 

This process requires the tight regulation of actin dynamics through specific signaling pathways 

that are crucial for correct neuronal differentiation (Luo 2002). PC12 cells begin differentiating 

when exposed to NGF, which signals through the TrkA receptor. In turn, phosphatidylinositol-3-

kinase (PI3K) is stimulated which increases Rac1 activity and induces transient RhoA 

inactivation during the first phase of neurite outgrowth (Nusser et al. 2002). Activation of PI3K 

is also necessary for the upregulation of the Cdc42 pathway that promotes neurite formation 

(Aoki et al. 2004). Our results demonstrate that PC12 cells with reduced Smn have significantly 

greater levels of active RhoA, specifically during the initiation phase of neuronal differentiation. 

This is noteworthy since a rapid and transient inactivation of RhoA during the neurite initiation 

phase is required for neurite outgrowth (Nusser et al. 2002), and that constitutively active RhoA 

during this period is sufficient to prevent neurite initiation and promote neurite retraction 

(Kranenburg et al. 1997; Sebok et al. 1999), consistent with the neuritogenesis defects in our 

Smn depleted cells. Indeed, activation of RhoA and its downstream effector ROCK hinders the 

NGF-induced Rac1 activation and therefore inhibit the formation of neurites (Yamaguchi et al. 

2001). Further, in PC12 cells, RhoA signaling induces the formation of a thick ring-like structure 

of cortical actin filaments at the cell periphery (Yamaguchi et al. 2001), similar to that observed 

in our Smn shRNA PC12 C-59 cells. Finally, GAP-43-induced formation of filopodia depends 
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on Rho (Aarts et al. 1998), which could explain our findings of increased expression of GAP-43 

in the Smn shRNA PC12 C-59 cells.  

 Our study addresses questions that had remained unanswered in regard to specificity and 

mechanism of SMA pathogenesis. SMN has both housekeeping and cell-specific functions. As 

part of the assemblyosome of RNPs, it plays a role in U snRNP assembly and pre-mRNA 

splicing (Pellizzoni et al. 1998; Meister et al. 2002; Paushkin et al. 2002; Pellizzoni et al. 2002). 

There is also a role for SMN in gene transcription through its interaction with RNA helicase A 

and RNA polymerase II (Pellizzoni et al. 2001b). In neuronal models, SMN modulates axon 

growth and localization of ß-actin mRNA in growth cones while its knockdown affects axonal 

outgrowth and pathfinding (Rossoll et al. 2002; McWhorter et al. 2003). Further, the interaction 

of Smn with the RNA-binding proteins hnRNP-R and hnRNP-Q suggest a role for Smn in RNA 

processing in axons of motor neurons (Rossoll et al. 2002). Pinpointing the precise affected 

function(s) that results in SMA has therefore not been an easy task. In our Smn knockdown 

PC12 cell model, we show that expression of the profilin II gene is affected, leading to increased 

levels of pIIa transcript and protein. Lambrechts et al. (Lambrechts et al. 2000) have 

demonstrated that pIIa, and not pIIb, is the major form in neural tissues.  Overexpression of pIIa 

in hippocampal neurons leads to neuritogenesis defects (Da Silva et al. 2003) similar to those 

described in our study. Furthermore, unlike profilin I, which is expressed constantly during 

embryogenesis without increasing after birth, pIIa expression is upregulated at stage E14 of 

embryogenesis and continues to increase until after birth (Lambrechts et al. 2000). This 

expression pattern is similar to the one observed for Smn, where the highest protein levels are 

seen during embryo-fetal development followed by a marked decrease postnatally (Burlet et al. 
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1998). Thus, the altered expression of a neuronal-specific mRNA is one possible explanation of 

how SMN’s housekeeping function can lead to a cell-specific pathology. In addition, not only are 

the general functions of pIIa in neuronal cells affected but the specific axonal role of the 

SMN/pIIa complex is also compromised. The accumulation of these defects could therefore lead 

to the degeneration and loss of neuronal integrity of α-motor neurons of SMA patients. Whether 

Smn depletion directly affects the transcription or processing of pIIa or indirectly alters splicing 

and/or transcription of other cytoskeletal components still needs to be addressed. Clearly, future 

studies will be aimed at identifying other possible neuronal-relevant mRNAs with offset 

expression and/or splicing patterns as well as at confirming our findings in animal models. 

Our work is the first to provide evidence for specific cellular machinery and cytoskeletal 

components that could be involved in the neuritogenesis defects previously described for SMA. 

Our research provides new insight into the signaling pathways involved in the loss of α-motor 

neurons of SMA patients and is of utmost importance to the understanding and treatment of this 

neurodegenerative disorder.  
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SUPPLEMENTARY FIGURES 

CCCAGCCCCGTCCGTGGTAGCAGGCCATGGCGATGGGCAGCGGCGGCGCGGGCTCTGAGCAGGAAGACACCGTG  
CTGTTCCGGCGTGGCACCGGCCAGAGTGATGATTCTGACATTTGGGATGATACAGCATTGATAAAAGCTTACGA  
TAAAGCCGTGGCTTCCTTTAAGCATGCTCTAAAGAACGGTGACATGTGTGAAACTTCAGATAAGCCAAAAGGCA  
CAGCTAGAAGAAAACCTGCTAAGAAGAATAAAAACCAAAAGAAGAATGCCACAGCTCCATTGAAACAGTGGAAA  
GCTGGTGACAAATGCTCTGCCGTTTGGTCGGAAGATGGCTGCGTTTACCCAGCTACCATCACGTCAGTTGACCT  
TAAGAAGAAACCTGTGTCGTGGTTTATACTGGATATGGAAACAAAGAGGAGCAAAACCTATCTGATCTGCTTTC  
CCCGACCTGTGAAGTAGCTAACAATACAGAACAGAACACTCAGGAGAATGAAAGCCAAGTTTCCACAGACGACA  
GTGAACACTCCTCCAGATCGCTCAGAAGTAAAGCACACAGCAAGTCCAAAGCTGCTCCATGGACCTCGTTTCTC  
CCTCCACCTCCCCCGGTGCCCGGGGCGGGATTAGGACCAGGAAAGCCAGGTCTAAGGTTCAATGGCCCACCGCC  
GCCGCCACCTCCCCCTCCCCCGTTCTTGCCGTGTTGGATGCCTCCGTTCCCTTCAGGACCACCAATAATTCCTC  
CACCCCCTCCCATATCTCCCGACTGTCTGGATGACACGGATGCTCTGGGCAGTATGCTAATCTCTTGGTACATG  
AGTGGTTACCACACTGGTTACTATATGGGTTTCAGACAAAATAAAAAAGAAGGAAAGAAGTGCTCACATACAAA  
TTAAGAAGTTCAGCTCTCTCCCAAGGAGATGGTTTGTTGGTGTCCCTGGTCGATAAGAACAGAAGTCTCCTCGT  
CACCTTTGTGGACTCTTGGCTAAGTGGTGTCATCATCAGGGTCTCCCTGTCCCGGGAGTCCATCCTGAGTCAGC  
AGCAGGGCATGCATAGAGCAGCAGTTGGAGGAACCGATCAATCGATCGATCAGTGGCAGTGTGAGTGCATGGAA  
GTCAGCCAAACTGTGACTGAGCACAAACGGACAATTGCAATTTTCTTAGAATGTCAAGATTTGTATTAATGCCT  
TTAAAATTAAATAAAAGCCCTTTTTTGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 

Supplementary Figure 2.1. Rat Smn cDNA (accession: AF044910) sequence and sh_Smn_519 

targeted sequence (underlined and bold) used to knockdown Smn in PC12 cells. 
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CHAPTER 3: Establishment of an intermediate mouse model of SMA: Smn2B/- 

 

 

 

 

 

 

 

 



  65 

 

 

 

 

 

 

 

 

A critical Smn threshold in mice dictates onset of an intermediate spinal muscular atrophy 

phenotype associated with a distinct neuromuscular junction pathology 

 

Mélissa Bowerman, Lyndsay M. Murray, Ariane Beauvais, Bruno Pinheiro and Rashmi Kothary 

 

Published in Neuromuscular Disorders, 2012, 22, 263-276 

 

 

 

 

 

 

 

 



  66 

Author Contributions 

Conceived and designed the experiments: MB, LMM and RK.  Performed the experiments: MB, 

LMM, AB and BP.  Analyzed the data: MB, LMM and AB.  Wrote the paper: MB and LMM.  

Other:  Designed and built the “in-house” gait-analysis box: BP. 

 

 

 

 

 

 

 

 

 

 

 

 

 



  67 

ABSTRACT 

Spinal muscular atrophy (SMA) is caused by mutations/deletions within the SMN1 gene and 

characterized by loss of lower motor neurons and skeletal muscle atrophy. SMA is clinically 

heterogeneous, with disease ranging from severe to mild. Here, we identify a critical threshold of 

Smn that dictates onset of SMA in the intermediate Smn2B/- mouse model. With about 15% 

normal level of Smn protein, Smn2B/- mice display reduced body weight, motor neuron loss and 

motor defects. Importantly, these mice are phenotype-free until P10 with a median life 

expectancy of 28 days. They show neuromuscular junction (NMJ) pathology with an inter-

muscular differential vulnerability and an association between pre- and post-synaptic defects. 

Our work suggests that increasing Smn protein levels only minimally could be of significant 

benefit since Smn2B/2B mice are phenotypically normal. Further, the finding that NMJ pathology 

varies between severe and intermediate SMA mouse models, suggests that future therapies be 

adapted to the severity of SMA. 
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INTRODUCTION 
 

Spinal muscular atrophy (SMA) is the most common genetic cause of childhood 

mortality and the second most common autosomal recessive disorder (Crawford et al. 1996), 

affecting 1:6,000-10,000 live births. SMA manifests itself by a loss of the spinal cord α-motor 

neurons and proximal muscular atrophy, which, in the most severe cases, results in lethality 

before 2 years of age (Crawford et al. 1996).  

 

SMA is caused by homozygous deletions or mutations within the survival motor neuron 

1 (SMN1) gene, located on chromosome 5q13 (Lefebvre et al. 1995). Whilst the SMN gene is 

highly conserved, due to a recent duplication event, humans possess two copies of the gene: 

SMN1 and SMN2 (Lefebvre et al. 1995; DiDonato et al. 1997). The two copies are nearly 

identical, with one exception being a critical C to T substitution in position 6 of exon 7 in SMN2 

(Lorson et al. 1999). This silent nucleotide substitution alters the splicing code and leads to the 

predominant production of an unstable protein lacking exon 7, termed SMNΔ7 (Lefebvre et al. 

1995). As a small amount of functional full-length (FL) SMN protein is still produced by the 

SMN2 gene, the number of copies of the SMN2 gene in SMA patients is an important modifying 

factor dictating disease severity (Lefebvre et al. 1997).    

 

The inverse correlation between the amount of FL SMN protein and severity of SMA 

phenotype is highlighted by the heterogeneity of this monogenic disease, which is clinically 

classified into 5 subtypes. Type 0 infants are the most severely affected and die shortly after birth 
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(Dubowitz 1999; MacLeod et al. 1999). Types I, II and III SMA are characterized by a childhood 

onset of the disease (Pearn 1980; Munsat et al. 1992). Type I (Werdnig-Hoffmann) patients are 

the most severely affected and commonly die before or around 2 years of age. In types II and III 

(Kugelberg-Welander) children, the symptoms manifest themselves between 6 months and 17 

years of age. Some individuals can stand and sit by themselves but not walk (type II) while 

others are able to walk if assisted (type III). Finally, type IV SMA, the least severe form, occurs 

in adulthood and is typified by mild weakness of the proximal muscles (Pearn 1978a).  

 

Our understanding of how depletion of the SMN protein in all cells results in the specific 

neuromuscular pathology is, as yet, undefined, due to the multiple functions of SMN in the 

nucleus, cytoplasm, neurite and growth cone (Boyer et al. 2010). To aid our understanding of 

SMA pathophysiology, a number of mouse models have been developed. The initial Smn-/- mouse 

proved to be embryonic lethal, suggesting an essential housekeeping role for the protein 

(Jablonka et al. 2000). Conversely, the heterozygous Smn+/- mouse model displays a very mild 

phenotype and retains a normal lifespan and reproductive ability (Jablonka et al. 2000). Through 

the insertion of human SMN2 transgenes, two groups were able to produce a severe SMA mouse 

(Smn-/-;SMN2), which dies within the first post-natal week (Hsieh-Li et al. 2000; Monani et al. 

2000b). The insertion of an additional SMN allele lacking exon 7 (SMNΔ7) onto the background 

of the severe mouse model (Smn-/-;SMN2/SMN2;SMNΔ7/SMNΔ7) extended life span to 

approximately 14 days (Le et al. 2005). These severe models have been used extensively in 

studies aimed at identifying pathological hallmarks of SMA and for the development of 

therapeutic strategies (Rossoll et al. 2003; Avila et al. 2007; Murray et al. 2008; Foust et al. 
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2010). However, the severity of these models, demonstrated by their perinatal symptom onset 

and rapid phenotypic decline, makes therapeutic intervention and outcome measurements 

problematic. Furthermore, as recent reports suggest that the vulnerability of the neuromuscular 

system varies greatly over the first post-natal weeks (Li et al. 1998; Kapoukranidou et al. 2005; 

Murray et al. 2011), it is unclear if the positive outcomes of existing and novel therapeutic 

interventions will be equivalent when administered at different developmental stages. 

Consequently, the current mouse models may not favour the identification of drugs or 

compounds that might be beneficial to the milder type II, III and IV SMA patients. For these 

reasons, there is a pressing need for a mouse model of SMA that manifests at a later age and 

displays a more prolonged disease time course. In this context, there has recently been a 

description of a new allele of the mouse Smn gene, termed Smn2B (DiDonato et al. 2001; 

Hammond et al. 2010). This allele, when present together with a null allele, gives rise to a mouse 

model with an intermediate phenotype (Bowerman et al. 2009; Bowerman et al. 2010; Liu et al. 

2010a).  

 

In the present work, we identify a critical threshold for the Smn protein, which dictates 

the onset of SMA pathology, by characterizing the Smn2B/+ and Smn2B/2B mice. These mouse 

models have reduced levels of FL Smn protein but remain phenotypically normal. A further 

reduction in the level of Smn protein observed in the Smn2B/- mouse, leads to the characteristic 

pathological hallmarks of SMA observed in both patients and mouse models: muscle weakness, 

gait abnormalities and loss of lower motor neurons from the brain stem and spinal cord. 

Importantly, these mice are born indistinguishable from their normal littermates, become 
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symptomatic around P10 and have a median life expectancy of 28 days. We have taken 

advantage of this mouse model to provide a detailed analysis of neuromuscular junction 

pathology and reveal pre-synaptic neurofilament accumulation and denervation alongside post-

synaptic shrinkage and abnormal endplate morphology. We reveal significant inter-muscular 

differential vulnerability with regards to denervation and provide evidence that pre-synaptic 

pathology is associated with post-synaptic defects. This comprehensive analysis of the 

neuromuscular phenotype in the intermediate Smn2B/- mouse model will be of value to future 

studies aimed at understanding the development and progression of SMA as well as aid in the 

identification of novel therapeutics.  



  72 

MATERIALS AND METHODS 
 

Animal models 

The Smn2B/- mice were established in our laboratory and maintained in our animal facility 

on a C57BL/6 x CD1 hybrid background. The 2B mutation consists of a substitution of 3 

nucleotides in the exon splicing enhancer of exon 7 (DiDonato et al. 2001; Hammond et al. 

2010). The Smn knock-out allele was previously described by Schrank et al. (Schrank et al. 

1997) and Smn+/- mice were obtained from The Jackson Laboratory. All animal procedures were 

performed in accordance with institutional guidelines (Animal Care and Veterinary Services, 

University of Ottawa). 

 

Antibodies 

The primary antibodies used were as follows: mouse anti-actin (1:800; Fitzgerald), mouse 

anti-Smn (1:5000; Transduction Laboratories), mouse anti-2H3 (1:250, Developmental Studies 

Hybridoma Bank), mouse anti-SV2 (1:250, Developmental Studies Hybridoma Bank) and rabbit 

anti-HB9 (1:50 Abcam). The secondary antibodies used were as follows: horseradish peroxidase 

(HRP)-conjugated goat anti-mouse IgG (1:5000; Bio-Rad), DyLight goat anti-mouse (1:250, 

Jackson), Alexa Fluor 680 goat anti-mouse (1:5000, Molecular Probes), goat anti-rabbit biotin-

SP-conjugated (1:200; Dako), streptavidin-Cy3-conjugated (1:600; Jackson Immuno Research). 

The α-bungarotoxin (aBTX) conjugated to tetramethylrhodamine isothiocyanate was from 

Molecular Probes (5 µg mL−1).  
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Immunoblot analysis  

Equal amounts of brain and spinal cord samples were separated by electrophoresis on 

10% SDS-polyacrylamide gels and blotted onto a nitrocellulose membrane (Amersham). For 

quantification of protein, the membranes were blocked in Odyssey blocking buffer (LI-COR), 

incubated with the actin antibody overnight at 4oC, rinsed in PBS (0.1% Tween 20, Sigma) and 

incubated with the Smn antibody, anti-Smn for 2 hours at room temperature. Subsequently, the 

membranes were rinsed in PBS (0.1% Tween 20) and incubated for 1 hour at room temperature 

with an Alexa Fluor 680-conjugated secondary antibody. The infrared fluorescent signals were 

detected using the Odyssey Infrared Imaging System (LI-COR).   Both maximal and minimal 

exposure times were used to ensure accurate measurements.  

For qualitative representation, the membranes were blocked in 5% non-fat milk in TBST 

(10 mM Tris-HCl pH 8.0, 150 mM NaCl, and 0.1% Tween 20 (Sigma)), and washes were 

performed with TBST. Signals were visualized using the ECL or the ECL plus detection kit 

(Amersham).  Exposure times were chosen based on the saturation of the highest amounts of 

protein.     

 

RT-PCR 

RNA from spinal cords was extracted with the TRIzol Reagent (Gibco) according to the 

manufacturer’s instructions. Reverse transcription was performed using 0.5 µg of total RNA. To 

ensure product specificity, a nested RT-PCR was used. The following primers were used for RT-

PCR analysis: 1st round: Smn forward (5’ GAA CAG AAC ACT CAG GAG AAT GAA 3’) and 

Smn reverse (5’ ATG GAT GGA CTC CCA CAG C 3’); 2nd round: Smn forward (5’ CCT CAT 
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TTC TTC CTC CAC CA 3’) and Smn reverse (5’ CCT ATC TCC TGA GAC AGA GC 3’). FL 

Smn mRNA/SmnΔ7 mRNA ratios were determined by densitometry using the Image J software 

(NIH). 

 

Hematoxylin and Eosin staining 

Spinal cord (L1-L2 lumbar regions) and brain stem sections (5 µm) were deparaffinized 

in xylene and fixed in 100% ethanol. Following a rinse in water, samples were stained in 

hematoxylin (Fisher) for 3 minutes, rinsed in water, dipped 40 times in a solution of 0.02% HCl 

in 70% ethanol and rinsed in water again. The sections were stained in a 1% eosin solution 

(BDH) for 1 minute, dehydrated in ethanol, cleared in xylene and mounted with Permount 

(Fisher). Images were taken with a Zeiss Axioplan2 microscope, with a 20X objective.  

Quantitative assays were performed on 3 mice for each genotype and 5 sections per 

mouse. Analyzed sections were at least 10 µm apart. Motor neurons were identified by their 

shape and size (> 10 μm in diameter) in the same designated area of the ventral horn region of 

the spinal cord and the designated area containing the facial nerves of the brain stem.  Only 

motor neurons with visible nuclei were counted as to prevent double-counting.  

 

Immunohistochemistry 

For immunohistochemistry, spinal cord and brain stem sections were first deparaffinized 

in xylene (3 x 10 mins), fixed in 100% ethanol (2 x 10 mins), rehydrated in 95% and 75% 

ethanol (5 secs each) and placed 5 mins in 1 M Tris-HCl pH 7.5.  Sections were then placed in 
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boiling sodium citrate antigen retrieval buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) 

for 20 minutes in the microwave.  The sections were then rinsed 10 minutes under running cold 

tap water and incubated for 2 hours at room temperature (RT) in blocking solution (TBLS (10% 

NaN3), 20% goat serum, 0.3% Triton X-100). This was followed by an overnight incubation at 

4oC with the primary antibody. Subsequently, sections were washed 3 times with PBS, incubated 

1 hour at RT with the secondary antibody and washed 3 times with PBS.  Hoechst (1:1000) was 

added to the last PBS wash followed by the slides being mounted in Fluorescent Mounting 

Medium (Dako). Images were taken with a Zeiss confocal microscope, with a 20X objective, 

equipped with filters suitable for Cy3/Hoechst fluorescence. 

 

Neuromuscular junction immunohistochemistry 
 

Muscles were labelled by immunohistochemistry to allow quantification of 

neuromuscular innervation as described previously (Murray et al. 2008). Briefly, muscles were 

immediately dissected from recently sacrificed mice and fixed in 4% paraformaldehyde 

(Electron Microscopy Science) in PBS for 15 minutes. Post-synaptic acetylcholine receptors 

(AChRs) were labelled with aBTX for 10 min. Muscles were then blocked in 4% bovine serum 

albumin (BSA)/1% TritonX in PBS for 30 min before incubation overnight in primary antibodies 

and visualized with DyLight-conjugated secondary antibodies. Muscles were then whole-

mounted in Dako Fluorescent mounting media. Images were taken with a Zeiss confocal 

microscope 
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Gait measurements 

Gait assessment was performed using an in-house gait box (Supplementary Figure 3.1). The 

front paws of the mice were marked with red ink while the back paws were marked with blue 

ink. The mice were then placed at the larger end of the gait box with a light shone through to 

encourage the mice to walk towards the opposite end, leaving their imprints on a piece of white 

paper. Subsequently, stride length (distance from right heel strike to next right heel strike), step 

length (distance from right heel strike to left heel strike) and stride width (perpendicular distance 

between back paws) were measured.  

 

Pen-test 

Balance and strength were assessed using the pen-test as described (Willmann et al. 

2011) Mice were placed on a suspended pen at different time-points (postnatal days (P) 12, 14, 

17 and 21). The latency to fall from the pen was measured with a plateau of 30 seconds. At each 

time-point, individual mice were placed three consecutive times. 

 

Electron microscopy 

Tibial nerve preparations were dissected and pinned out on dental wax before being 

immersion-fixed in 0.1 M cacodylate buffer containing 4% formaldehyde and 2.5% 

glutaraldehyde for 4 hours before post-fixation in 1% osmium tetroxide for 45 minutes. 

Preparations were dehydrated in ascending alcohol series (50%, 70%, 90%, 100% x 2) and 

acetone. Preparations were embedded in Spur monomer. Ultra-thin sections (75-90 nm) were cut 
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and collected on mesh grids, stained with uranyl acetate and lead citrate.  Sections were viewed 

in a Hitachi H7100 transmission electron microscope (TEM). 

Statistical methods 

For the Kaplan-Meier survival analysis, the log-rank (Mantel-Cox) test was used and 

survival curves were considered significantly different at P<0.05. For the remaining statistical 

analyses, the Student’s one-tail or two-tail t test for paired variables, the Kruskal Wallis with 

Dunn multiple comparison post hoc test and the Mann Whitney U test were used to test for 

differences between samples and data were considered significantly different at P< 0.05.  

 

 

 

 

 

 

 

 

 

 



  78 

RESULTS  

Absence of an SMA phenotype in mice with significantly decreased levels of Smn protein 

Recent reports have described the genetic knock-in and characterization of the Smn2B 

allele in the mouse (Hammond et al. 2010). In short, the Smn2B allele consists of the substitution 

of 3 nucleotides in the exon splicing enhancer (ESE) within exon 7 of the murine Smn gene. This 

mutation promotes the excision of exon 7 and the production of the SmnΔ7 protein, thus 

replicating the splicing pattern of the human SMN2 gene (DiDonato et al. 2001). Subsequent 

mice homozygous for the Smn2B mutation were termed Smn2B/2B. 

  

RNA analysis of brains and spinal cords of one month old mice revealed that the SmnΔ7 

transcript is present in both homozygous (Smn2B/2B) and heterozygous mice (Smn2B/+) (Figure 3.1 

A). The SmnΔ7 transcript was not observed in wild type samples (Figure 3.1 A). Quantification 

shows that there is significantly more SmnΔ7 transcript in both the brains and spinal cords of 

Smn2B/2B mice when compared to the Smn2B/+ mice (Figure 3.1 B; P = 0.0005 and 0.02, 

respectively). This increase in SmnΔ7 transcript at the expense of the FL Smn transcript is 

accompanied by a decrease in Smn protein. Compared to wild type levels, the brains of Smn2B/+ 

and Smn2B/2B mice retain 70% and 25% FL Smn, respectively, while the spinal cords of Smn2B/+ 

and Smn2B/2B mice retain 78% and 36% FL Smn, respectively (Figure 3.1 C and Table 3.1).  

Thus, the presence of one or both Smn2B alleles is sufficient to reduce Smn expression.  
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Figure 3.1. The Smn2B/+ and Smn2B/2B mice have increased SmnΔ7 transcript and decreased FL 

Smn protein. A) Nested RT-PCR shows that the brains and spinal cords (SC) of one month old 

Smn2B/+ and Smn2B/2B mice express the SmnΔ7 transcript with a concordant decrease in the 

expression of the FL Smn transcript. WT = wild type. B) Quantification of FL Smn 

transcript/SmnΔ7 mRNA shows that the brains and spinal cords of Smn2B/2B mice express 

significantly more SmnΔ7 mRNA than the Smn2B/+ mice  (**P = 0.0005 and *P = 0.002, 

respectively; n = 4 mice per genotype. Data are mean +/- S.D). C) Immunoblot analysis shows 
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that the brains and spinal cords of one month old Smn2B/+ and Smn2B/2B mice have reduced levels 

of FL Smn protein. Actin served as a loading control.  Representative images were chosen based 

on the saturation of the highest amounts of protein.  For quantification (see Table 3.1), both 

maximal and minimal exposure times were used to ensure accurate measurements. 
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Table 3.1. Percentage of full-length Smn protein relative to the brains and spinal cords of wild 
type mice 
 

 Smn2B/+ Smn2B/2B Smn2B/- 

Brain 69.96 % +/- 26.66 a   25.25 % +/- 10.68 8.99 % +/- 1.83 b  

Spinal Cord 78.41 % +/- 25.22 36.24% +/- 6.73 24.51% +/- 9.83 c 

 
a Data are mean +/- SDEV (n = 5 for each genotype) 
b The Smn levels in the brains of Smn2B/- mice are significantly lower compared to Smn2B/+ and 
Smn2B/2B mice (P = 0.0004 and 0.005 respectively). 
c The Smn levels in the spinal cords of Smn2B/- mice are significantly lower compared to Smn2B/+ 

and Smn2B/2B mice (P = 0.001 and 0.03 respectively).  
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Interestingly, the Smn2B/2B mouse has a normal lifespan and reproductive ability, and is 

indistinguishable from its wild type littermates.  Similar growth curves and performances on the 

pen-test (see Methods) between wild type and Smn2B/2B mice further support the absence of an 

overt phenotype in the latter group (Figure 3.2 A, B). Since the existing Smn+/- mild SMA mouse 

model shows a very late onset of motor neuron loss (Jablonka et al. 2000), we analyzed the brain 

stems and spinal cords (L1-L2 lumbar regions) of six month old wild type, Smn2B/+ and Smn2B/2B 

mice (Figure 3.2 C). Hematoxylin and eosin staining was used to identify motor neurons based 

on their morphology, size (> 10 μm diameter), and location. There was no reduction in the 

number of motor neuron cell bodies in heterozygous or homozygous mice, when compared to 

wild type littermates (Figure 3.2 C, D). Similar results were obtained in one year old mice (data 

not shown).  It has previously been suggested that neuromuscular junction (NMJ) defects 

precede motor neuron loss in SMA pathology (Murray et al. 2008).  We thus analyzed NMJs in 

the transversus abdominis (TVA), a muscle known to be vulnerable in other SMA mouse models 

(Murray et al. 2008), in 8 month old wild type and Smn2B/2B mice.  Gross morphological analysis 

of muscle innervation revealed no evidence of denervation, with Smn2B/2B NMJs displaying a 

mature morphology, which was indistinguishable from wild type controls. (Figure 3.2 E).  Thus, 

while the Smn2B/2B mice have significantly reduced FL Smn mRNA and protein, they do not 

display any of the neuromuscular hallmarks of SMA. 
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Figure 3.2. Absence of an SMA phenotype in Smn2B/2B mice.  A)  Weight curve showing similar 

growth profile between wild type (WT) and Smn2B/2B mice (n = 24/11 mice per WT/ Smn2B/2B).  B) 

Performance of WT (n = 10) and Smn2B/2B  (n = 11) mice on the pen-test at post-natal days (P) 12, 

14, 17 and 21.  Both groups had similar performances on the pen-test, displaying 

indistinguishable strength and balance (n=10/11 11 mice per WT/ Smn2B/2B). C) Representative 

images of hematoxylin and eosin stained sections from the brain stems and the ventral horn 



  84 

region of the lumbar (L1-L2) spinal cords (SC) of WT, Smn2B/+ and Smn2B/2B mice. A typical large 

motor neuron cell body is indicated by an arrowhead. Scale bar = 100 µm D) Quantification 

shows that there is no difference between the number of motor neurons in WT (n = 4), Smn2B/+ (n 

= 6) and Smn2B/2B (n= 6) mice, in both the brain stems and spinal cords (n = 4/6/6 mice per 

WT/Smn2B/+/Smn2B/2B, Data are mean +/- S.D). E) Representative confocal micrographs of 

neuromuscular junction morphology in the transversus abdominis of 8 month old WT and 

Smn2B/2B mice (green/NF/SV2: neurofilament/synaptic vesicle protein 2; red/BTX: rhodamine-

conjugated bungarotoxin). Scale bar = 20 µm. 
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These results demonstrate that despite having significantly reduced levels of Smn 

transcript and protein, the Smn2B/2B mouse displays no overt motor phenotype or motor neuron 

loss, even up to 1 year of age. This suggests that SMA severity is more so influenced by a 

threshold or a narrow range of FL SMN protein rather than being defined by a linear function. 

The Smn2B/2B mice were subsequently crossed with Smn+/- mice to produce Smn2B/- mice, to 

achieve a greater reduction of Smn protein (down to approximately 15% of wild type levels) and 

to determine if this would lead to the development of a phenotype reminiscent of SMA. 

Smn2B/- mice: an intermediate model for SMA 

The Smn2B/- mouse model displays an intermediate SMA phenotype 

As previously reported (Bowerman et al. 2009; Bowerman et al. 2010; Liu et al. 2010a), 

The Smn2B/- mouse model (Figure 3.3 A) begins to display neuromuscular pathology, as 

evidenced by an observable physical weakness, tremors and ambulating abnormalities at 

approximately two weeks of age. This is emphasized by a significant arrest in weight-gain 

observed in these mice at P17 and onwards (Figure 3.3 B) and a median life expectancy of 28 

days (Figure 3.3 C).  The Smn2B/- mice also display the SMA pathological hallmark of motor 

neuron loss in the brain stem and ventral horn region of the lumbar spinal cord (L1-L2) (Figure 

3.3 D, E).  

Interestingly, a small cohort of Smn2B/- mice survives beyond 60 days, although still 

displaying the characteristic neuromuscular pathology. The reasons for these outliers remain 

unclear, however we suggest it is at least partly attributable to Smn-independent disease 

modifiers and/or intrinsic genetic background differences (Oprea et al. 2008).  
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Figure 3.3. The Smn2B/- mice display an intermediate SMA phenotype. A) Representative image 

of a wild type (WT) and a Smn2B/- mouse at three weeks of age. B) Weight curve of WT, Smn2B/+ 

and Smn2B/-  mice from post-natal day (P) 0 to 21. Up until P10, the weight of Smn2B/- mice is 
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comparable to that of WT mice. Afterwards, at P17 and P21, the Smn2B/- mice are significantly 

smaller than WT mice. The weight of Smn2B/+ mice was comparable to that of WT mice. (*P = 

0.03 and **P = 8E-15; n = 5/15/8 mice per WT/Smn2B/+/Smn2B/2B; Data are mean +/- S.D). C) The 

Kaplan-Meier survival curve shows that the lifespan of Smn2B/- mice is significantly decreased 

compared to WT and Smn2B/+ mice (P = 0.0007), with median life expectancy of 28 days. D) 

Representative images of hematoxylin and eosin stained sections from the brain stem and the 

ventral horn root region of the lumbar spinal cord of WT and Smn2B/- mice. A typical large motor 

neuron cell body is indicated by an arrowhead.  Scale bar = 100 µm.  E)  Representative images 

of HB9 (red) staining of brain stem and the ventral horn root region of the lumbar spinal cord of 

WT and Smn2B/- mice.  Arrowhead depicts a typical large motor neuron body.  Scale bar = 50 µm. 

F) There is a significant loss of motor neurons in the brain stem and the spinal cord of Smn2B/- 

mice when compared to WT mice (*P = 0.04 and *P = 0.002, respectively).  
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The Smn2B/- mouse model has a critical reduction of Smn mRNA and protein  

We next analyzed Smn mRNA and protein levels in the brains and spinal cords of the 

Smn2B/- mice at one month of age, a time point at which all mice display a severe motor 

phenotype. Whilst one month old wild type mice predominantly produced FL Smn transcript, 

RT-PCR analysis shows that both the brains and the spinal cords of Smn2B/- mice predominantly 

produce the Smn∆7 transcript (Figure 3.4 A). This is further supported by their significantly 

reduced FL Smn transcript/Smn∆7 transcript ratios when compared to Smn2B/+ mice (Figure 3.4 

B; P = 0.02 (brain) and 0.01 (spinal cord)).  

 

The observed decrease in FL Smn transcript is accompanied by a dramatic decrease in 

Smn protein in both the brains and spinal cords of Smn2B/- mice when compared to Smn2B/+ and 

wild type littermates (Figure 3.4 C). To better quantify the decrease in Smn protein, we 

performed immunoblot analysis on tissue lysate from 5 mice of each genotype using the Odyssey 

system (see Methods). The results are summarized in Table 3.1. When compared to the Smn2B/+ 

and Smn2B/2B mice, the brains and spinal cords of Smn2B/- contained significantly less Smn protein, 

with an approximate 10% and 25% residual FL Smn protein, respectively (Table 3.1; P = 0.005 

and 0.03, respectively). Interestingly, there is only an approximately 15% (brain) and a 10% 

(spinal cord) difference between the phenotypically normal Smn2B/2B mice and the SMA Smn2B/- 

mouse model. 
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Figure 3.4. The Smn2B/- mice have increased SmnΔ7 transcript and decreased FL Smn protein 

levels. A) Nested RT-PCR shows that the brains and spinal cords of Smn2B/- mice predominantly 

express the SmnΔ7 transcript compared to Smn2B/+ and wild type (WT) mice. B) Quantification 

of FL Smn transcript/SmnΔ7 transcript ratios shows that Smn2B/- mice (n = 3) mice express 

significantly more SmnΔ7 transcript than Smn2B/+ mice (n = 4) in both the brain and spinal cord 

(*P = 0.02 and *P = 0.01, respectively; n = 4/3 mice per Smn2B/+/Smn2B/-; data are mean +/- S.D). 

C) Immunoblot analysis shows that the Smn2B/- brains and spinal cords have decreased FL Smn 

protein levels compared to Smn2B/+ and WT mice. Representative images were chosen based on 

the saturation of the highest amounts of protein.  For quantification (see Table 3.1), both 

maximal and minimal exposure times were used to ensure accurate measurements. 
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The Smn2B/- mice display neuromuscular defects 

Gait analysis was used to assess signs of neuromuscular dysfunction in the Smn2B/- mice 

(Burgess et al. 2010). For this experiment, an in-house gait box (Supplementary Figure 3.1) 

was used. Stride length, step length and stride width were all significantly shorter in Smn2B/- mice 

when compared to wild type and Smn2B/+ littermates (Figure 3.5 A, B). To eliminate the 

possibility that the difference in these measurements is simply due to the overall smaller size of 

the Smn2B/- mice, we compared the stride length/stride width ratios and this analysis revealed a 

significant decrease in Smn2B/- mice (Figure 3.5 C). Therefore, whilst smaller body size is likely 

to have an impact upon stride size, neuromuscular dysfunction is also a significant contributing 

factor to this phenotype.  

 

We next used the pen-test (see Methods) as a gross assessment of the balance and 

strength of the Smn2B/- mice at P12, 14, 17 and 21. Both wild type and Smn2B/+ mice were able to 

stay on the pen longer and were statistically indistinguishable from each other (Figure 3.5 D). 

On the other hand, at P14, 17 and 21, Smn2B/- mice showed a significantly poorer performance, 

never being able to balance or hold themselves on the pen (Figure 3.5 D; P = 0.0002, 0.004 and 

1.75E-05, respectively). This, in combination with the arrest in weight gain observed in these 

mice, suggests that the Smn2B/- mice are significantly weaker than their Smn2B/+ and wild type 

littermates.  

 

 



  91 

 

Figure 3.5. The Smn2B/- mice display locomotor defects. A) Representative examples of wild type 

(WT), Smn2B/+ and Smn2B/- mouse paw prints used for gait analysis (red = front paws, blue = back 

paws). The stride length was defined as the distance from the right heel strike to next right heel 

strike, step length as the distance from right heel strike to left heel strike and stride width as the 

perpendicular distance between back paws. B) Quantification shows that stride length, step 
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length and stride width of Smn2B/- mice  are significantly shorter than WT mice (*P = 0.002, *P = 

0.005 and *P = 0.001, respectively). Smn2B/+ mice were similar to WT. (n = 3 mice per genotype; 

data are mean +/- S.D). C) The stride length/stride width ratio of Smn2B/- mice is significantly 

smaller than that of Smn2B/+ and WT mice (*P = 0.008). D) Performance of wild type (WT), 

Smn2B/+ and Smn2B/- mice on the pen-tests at post-natal days (P) 12, 14, 17 and 21. At P14, P17 

and P21, Smn2B/- mice are significantly weaker than WT mice, effectively unable to balance 

and/or grip to remain on the suspended pen (**P = 0.0002, **P = 0.0004 and ***P = 1.75E-05, 

respectively). 
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Axonal loss and degeneration in Smn2B/- mice 

It has been suggested that SMA pathology occurs in a distal to proximal manner, with 

synapses and axons being affected prior to overt motor neuron loss (Murray et al. 2008).  We 

thus examined motor neurons distally through the electron microscopic analysis of the tibial 

nerve, which innervates the distal portion of the hind limb and foot, including the deep lumbrical 

muscles.  Most Smn2B/- axons appeared healthy with organized microtubules, intact mitochondria 

and compact myelin sheaths  (Figure 3.6 A).  However, a subset of axons displayed a 

degenerative morphology, as evidenced by unraveling of the myelin sheath and associated 

shrinkage of the axon within (Figure 3.6 A).  Quantification of the number of degenerating 

axons revealed a trend towards an increase in Smn2B/- nerves compared to Smn2B/+ controls 

(Figure 3.6 B). As expected, due to the loss of motor neuron cell bodies, Smn2B/- nerves revealed 

a statistically significant decrease in the number of axons per nerve (Figure 3.6 C).  Together, 

this data suggest that increased axonal degeneration leads to a reduction in axons number in the 

Smn2B/- mouse model.   
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Figure 3.6.  Axonal loss and degeneration in the tibial nerve of Smn2B/- mice.  A) Representative 

electron micrographs from Smn2B/+ and Smn2B/- tibial nerves at post-natal (P) day 21.  In Smn2B/+ 

mice, axons generally appeared healthy with intact mitochondria (arrow) and compact myelin 

sheathes (arrowhead) while Smn2B/- mice displayed some degenerating axons, as evidenced by 

unravelling of the myelin sheath and degeneration of the associated axon.  B) Quantification of 

the percentage of degenerating axons revealed an increase in the Smn2B/- tibial nerve, although 

this number failed to reach statistical significance.  (n = 3 nerves/mice per genotype;  data are 

mean +/- SD.  C) Quantification of the number of axons revealed a significant reduction in the 

tibial nerve of Smn2B/- mice compared to Smn2B/+ (*P = 0.0454; n = 3 nerves/mice per genotype;   

data are mean +/- SD).   
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Neuromuscular junction pathology in Smn2B/- mice 

Previous work on more severe mouse models of SMA indicates that neuromuscular 

junctions (NMJs) are early and important pathological targets (Kariya et al. 2008; Murray et al. 

2008; Kong et al. 2009; Murray et al. 2010c). We therefore assessed NMJ connectivity and 

morphology in a range of thin or small muscles positioned throughout the body, allowing a 

comprehensive analysis of NMJ pathology. In addition to their useful anatomical features, these 

muscles were also selected as they have been extensively characterized in both the Smn-/-

;SMN2/SMN2 and Smn-/-;SMN2/SMN2;SMNΔ7/SMNΔ7 mouse models (Murray et al. 2008; 

Murray et al. 2010a; Murray et al. 2010b). This therefore allows direct comparison of the 

features of NMJ pathology in distinct muscle groups between different mouse models. Here, 

Smn2B/- mice were compared to Smn2B/+ littermates, as the latter displayed NMJ morphology 

indistinguishable from wild type mice. 

In accordance with previous reports on the severe SMA mouse models, we observed 

NMJ loss in Smn2B/- mice, although the extent of denervation varied between different muscles 

(Figure 3.7 A, B). Consistent with previous reports in the more severe SMA mouse models 

(Murray et al. 2008), the muscle most severely affected was the transversus abdominis (TVA) 

(Figure 3.7 B). Conversely, contrary to the previously described selective vulnerability of the 

Levator Auris Longus caudal band (LALc) (Murray et al. 2008), here we show the selective 

vulnerability of the LAL rostral band (LALr) (Figure 3.7 B).  
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In addition to denervation, we observed significant accumulation of neurofilament (NF) 

at the NMJ, as evidenced by large swellings within the pre-synaptic terminal, which were absent 

in control littermates (Figure 3.7 C). Although the significance of these swellings is unclear, this 

observation is again consistent with reports from other mouse models of SMA (Cifuentes-Diaz et 

al. 2002; Kariya et al. 2008; Murray et al. 2008). 
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Figure 3.7. Denervation and neurofilament accumulation at the pre-synaptic terminal of Smn2B/- 

mice. A) Representative confocal micrographs showing neuromuscular junctions from P21 

control Smn2B/+ and Smn2B/- mice from the transversus abdominis (TVA) and Levator Auris 

Longus (LAL) muscle (green/lower left: neurofilament/synaptic vesicle protein 2; red/lower 

right: rhodamine-conjugated bungarotoxin). Note the presence of completely (arrow) and 

partially denervated (arrowhead) motor endplates in the TVA muscle as evidenced by AChR 

labelling in the absence of a pre-synaptic terminal. Scale bar = 20 µm. B) Quantification of the 
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percentage of fully occupied endplates in a range of muscles situated throughout the body (TVA, 

transversus abdominis; LALr, Levator Auris Longus rostral band; LALc, Levator Auris Longus 

caudal band; AAL, Adductor Auris Longus, AS, Auricularis Superior; Lum, Deep Lumbricals) 

compared to the TVA muscle in Smn2B/+ (2B/+) mice. Significant denervation was observed in 

TVA, LALr and Lumbricals (**P = 0.0002, *P = 0.0027, **P = 0.0003 respectively), whilst 

LALc, AS and AAL remain spared. (n =3/5 Smn2B/+/Smn2B/- mice respectively;  data are mean +/- 

S.D.). C) Confocal micrographs showing neuromuscular junctions from P21 control Smn2B/+ and 

Smn2B/- mice from the Levator Auris Longus (LAL) muscle (green/lower panel: neurofilament 

165; red: rhodamine-conjugated bungarotoxin). Neurofilament accumulations are present 

throughout the pre-synaptic terminal in Smn2B/- mice, which are absent in control littermates 

(Smn2B/+). Scale bar = 20 µm.  
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We also observed post-synaptic changes including shrinkage of the motor endplate area 

(Figure 3.8 A, B) and immature endplate morphology, where the endplates of Smn2B/- mice did 

not take on the adult pretzel-like appearance (Figure 3.8 A, C). Endplates were morphologically 

classified as: perforated (adult morphology), bright bands (presence of bright lines of AChRs but 

absence of perforations), or disorganized (random dispersal of AChRs). Characterization of 

endplates within the LAL muscle of Smn2B/- mice revealed that they have significantly less 

perforated endplates (<15%) compared to Smn2B/+ control littermates (>80%) (Figure 3.8 C). 
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Figure 3.8. Post-synaptic shrinkage and maturations defects in the motor endplate of Smn2B/- 

mice. A) Representative confocal micrographs showing endplates (EP) labelled with rhodamine 

conjugated bungarotoxin (BTX) from P21 control Smn2B/+ and Smn2B/- mice from the LAL 

muscle. Compared to the characteristic perforated adult morphology (arrowhead in Smn2B/+ 

panel), the endplates of Smn2B/- mice appear less mature displaying either bright bands of AChR 

without any perforations (arrowhead in Smn2B/- panel) or disorganized AChRs (arrow in Smn2B/- 

panel). Scale bar = 20 µm. B) Scatterplot showing endplate areas in Smn2B/+ and Smn2B/- in the 

TVA and LAL muscles. There is a significant decrease in endplate area in Smn2B/- mice (P < 

0.0001; n = 3 mice per genotype). C) Percentage of endplates with each of the described 

morphologies (see panel A) in Smn2B/+ and Smn2B/- LAL and TVA muscles. (n = 3 mice per 

genotype; data are mean +/- S.D.)  
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The individual contributions of the motor neuron and the muscle to the origin and 

progression of SMA pathology is currently unclear. To address this question, we investigated the 

correlation, if any, between pre- and post-synaptic pathology in Smn2B/- mice (Figure 3.9). 

Endplates were categorized as described above (perforated, bright lines, disorganized), while 

pre-synaptic classification was based on the degree of NF accumulation (Figure 3.9 A, B). Our 

first observation was that neither endplate morphology nor pre-synaptic pathology impact the 

size of the endplate (Figure 3.9 C, D). This is consistent with previous findings in more severe 

mouse models of SMA (Murray et al. 2008) and suggests that the endplate shrinkage may be 

linked to the overall smaller size of the mouse rather than with pathology. Conversely, we find 

that there is a trend for increased NF accumulation to be associated with morphologically 

abnormal endplates, and vice versa (Figure 3.9 E, F). This suggests that there is a potential 

association between pre- and post-synaptic pathology. Further work dedicated to elucidating the 

developmental time course of pre- and post-synaptic abnormalities will be key in identifying the 

primary contributor to SMA pathology.  
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Figure 3.9. Correlation of neurofilament accumulation and endplate morphology, but not 

endplate size in Smn2B/- mice. A) Representative confocal micrographs displaying endplates (EP) 

with perforated, bright bands or disorganised phenotype (see Fig. 8a). B) Representative 

confocal micrographs (green/lower panel: neurofilament 165; red: rhodamine-conjugated 

bungarotoxin) displaying NMJs with a varying degree of neurofilament accumulation (0, no 

evidence of neurofilament accumulation; +, thickening of terminal arborisations; ++, spheroids 
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of neurofilament accumulation covering whole terminal). C and D) Scatterplots of endplate area 

in Smn2B/- LAL muscles sorted by EP morphology (C) or level of neurofilament accumulation 

(D). Endplate atrophy is not associated with endplate morphology or pre-synaptic accumulations 

of neurofilament (n = 3 muscles). E and F) Endplates of Smn2B/- LAL muscles show a trend 

towards an association of increased neurofilament accumulation with a less developed 

morphology (E) and a trend towards an association of less developed endplates with increased 

levels of neurofilament accumulation (F) (n = 3 muscles). 
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DISCUSSION 

In the present work, we have utilized a recently introduced intermediate SMA mouse 

model, termed Smn2B/- (Bowerman et al. 2009; Bowerman et al. 2010; Liu et al. 2010a), to gain a 

better understanding of pathology associated with decreased Smn protein levels. This model has 

an observable SMA phenotype that arises after two weeks of life and has a median life 

expectancy of 28 days. In agreement with the more severe mouse models of SMA, these mice 

display significant reduction in body weight, abnormalities in locomotion and gait, and a 

significant reduction in the number of motor neuron cell bodies and axonal loss. In depth 

analysis of NMJ pathology reveals significant denervation and pre-synaptic accumulation of 

neurofilaments, alongside post-synaptic shrinkage and abnormal morphology. 

 

Threshold requirement for Smn protein 

  It is interesting to note that a 15% and a 10% difference of residual FL Smn protein in the 

brains and spinal cords, respectively, between Smn2B/2B and Smn2B/- mice dictates absence or 

presence of an SMA phenotype. This is in agreement with previous studies reporting that the 

insertion of 3 or 4 copies of the human SMN2 transgene onto the Smn-/- background is sufficient 

to rescue the phenotype of the severe Smn-/-;SMN2/SMN2 model that contains only two copies of 

SMN2 transgene (Hsieh-Li et al. 2000; Monani et al. 2000b).  However, we cannot exclude the 

beneficial effect of an increased production of the Smn∆7 protein in the Smn2B/2B mouse, as Le et 

al. have previously shown that the truncated protein can extend the lifespan of the severe SMA 

mouse model (Le et al. 2005).     
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It is also important to note the possibility that the sequence change in the Smn2B allele 

may alter the function of the resulting full-length Smn protein.  This could influence the 

efficiency of the protein and dictate the required Smn threshold identified in our study.  

However, the only full-length Smn protein expressed in the phenotypically normal Smn2B/2B 

mouse contains the sequence change, suggesting that the mutation creating the Smn2B allele does 

not negatively affect the function of the ensuing protein.  

 

Nevertheless, the observations presented here are encouraging for therapeutic strategies 

aimed at increasing the levels of SMN protein and/or mRNA, as it appears, at least in mice, that 

only a small increase above the threshold limit is required for a normal phenotype and lifespan. 

This is also important in our understanding of the role of Smn in cellular development and 

maintenance. 

 

Comparison of NMJ pathology in Smn2B/- mice to other SMA models 

Previous analyses of more severe mouse models of SMA have revealed that NMJs are 

both early and significant pathological targets (Kariya et al. 2008; Murray et al. 2008; Kong et al. 

2009). The present study represents the first description of NMJ pathology in an intermediate 

mouse model that lives beyond two weeks of age. Since NMJ vulnerability can change 

drastically after the first two post-natal weeks (Murray et al. 2011), the Smn2B/- mouse model has 

allowed for a better understanding of NMJ pathology in SMA.  

 



  106 

The analysis of NMJ pathology described here was performed in a range of differentially 

vulnerable muscles that have previously been extensively described in more severe SMA mouse 

models (Murray et al. 2008; Murray et al. 2010a). This has allowed us to directly compare NMJ 

vulnerability between models. We reveal significant denervation of the TVA muscle, a slow 

twitch postural muscle. This is consistent with reports from other mouse models in which this 

muscle was severely affected (Murray et al. 2008). Interestingly, we did not note the same 

selective vulnerabilities previously described within the cranial muscles groups. As this selective 

vulnerability may be due to differential developmental phenotypes (Murray et al. 2008), the later 

onset of the SMA phenotype in the Smn2B/- mouse model may therefore be responsible for 

altering the vulnerability of the cranial muscle NMJs.  

 

In the present study, we noted significant accumulations of neurofilaments (NFs) at the 

NMJ and shrinkage of the motor endplate area, features observed in both severe mouse models 

and human patients (Cifuentes-Diaz et al. 2002; Kariya et al. 2008; Murray et al. 2008). 

Although NF accumulation is not necessarily detrimental to the NMJ, they might be indicative of 

pathological molecular defects in the motor neuron. However, since we show a correlation 

between NF accumulation and abnormal post-synaptic morphology, NF accumulation may 

suggest a functionally defective NMJ. As for the endplates, their shrinkage was not associated 

with pre-synaptic pathology, suggesting that this characteristic is more likely attributable to the 

overall smaller size of the mouse. 
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Future uses of the Smn2B/- mouse model 

We propose that, due to its later symptomatic onset and prolonged disease progression, 

the Smn2B/- mouse model will help us gain a better understanding of SMA pathology. 

Furthermore, these same characteristics will help in the development and identification of SMN2-

independent therapies that are to begin after birth. The Smn2B/- mice have already allowed for a 

better understanding of the effect of Smn depletion on eye development, profilin IIa expression 

and plastin 3 expression (Bowerman et al. 2009; Liu et al. 2010a). Furthermore, they have been 

used to show that rho-kinase inhibition is a potential therapeutic strategy for SMA (Bowerman et 

al. 2010).  
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SUPPLEMENTARY FIGURES 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3.1. In-house gait analysis box. A) Inside view of the gait analysis box. 

Mouse paws were inked red (front) and blue (back), and animals made to walk from the “funnel” 

end of the box toward the other end (direction as depicted by the red arrow), leaving imprints on 

the white piece of paper. A flashlight was placed in the hole in the “funnel” end to entice the 

mice to walk towards the other end. B) Closed-view of the gait analysis box, as used in the 

experimental analysis of gait and locomotion. The red arrow depicts the directionality of the 

walking mouse. 
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CHAPTER 4: Genetic interaction between Smn, profilin IIa and plastin 3 
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ABSTRACT 

Spinal muscular atrophy (SMA) is the most common human genetic disease resulting in infant 

mortality. SMA is caused by mutations or deletions in the ubiquitously expressed survival motor 

neuron 1 (SMN1) gene.  Why SMA specifically affects motor neurons remains poorly 

understood. We have shown that Smn deficient PC12 cells have increased levels of the neuronal 

profilin IIa protein, leading to an inappropriate activation of the RhoA/ROCK pathway.  This 

suggests that misregulation of neuronal actin dynamics is central to SMA pathogenesis.  Here, 

we demonstrate an increase in profilin IIa and a decrease in plastin 3 protein levels in a SMA 

mouse model.  Furthermore, knock-out of profilin II upregulates plastin 3 expression in a Smn-

dependent manner. However, the depletion of profilin II and the restoration of plastin 3 are not 

sufficient to rescue the SMA phenotype. Our study suggests that additional regulators of actin 

dynamics must also contribute to SMA pathogenesis.  
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INTRODUCTION 

Spinal muscular atrophy (SMA) is the number one genetic killer of children under two 

years of age, affecting approximately 1 in 10,000 live births (Pearn 1978b; Crawford et al. 1996).  

It is an autosomal recessive disorder defined by severe loss of α-motor neurons in the spinal cord 

(Crawford et al. 1996).  The motor neuron degeneration subsequently causes muscular atrophy of 

the limbs and trunk, which leads to paralysis and in severe cases, death (Crawford et al. 1996). 

SMA is caused by homozygous deletions or mutations of the ubiquitously expressed survival 

motor neuron 1 (SMN1) gene (Lefebvre et al. 1995). The SMN gene is highly conserved and 

although all eukaryotic organisms studied to date have only one copy of the gene, humans have 

two (Lefebvre et al. 1995; DiDonato et al. 1997). The telomeric copy, SMN1, produces the full-

length protein while the duplicated centromeric copy, SMN2, expresses a truncated isoform with 

a deletion of the C terminal exon 7, termed Δ7SMN (Lefebvre et al. 1995). The excision of exon 

7 is caused by a C to T substitution in the SMN2 gene at position 6 of exon 7 (Lorson et al. 

1999).  This leads to the loss of an exon splicing enhancer and/or the gain of a exon splicing 

silencer, which promotes exon 7 skipping of the SMN gene (Cartegni et al. 2002; Kashima et al. 

2003).  Since the SMN2 gene produces a small amount of functional full-length protein, it can 

modulate the severity of SMA in a copy number-dependent manner (Lefebvre et al. 1995).  

 

The 38 kDa SMN protein is part of a multiprotein complex, composed of self-

oligomerized SMN, Gemin2-8, Unrip and Sm proteins (Paushkin et al. 2002; Carissimi et al. 

2006; Gabanella et al. 2007).  This complex is responsible for the assembly of small nuclear 

ribonucleoproteins (snRNPs) and thus, regulates the processing of most pre-mRNAs and 
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ribosomal RNAs (Paushkin et al. 2002; Carissimi et al. 2006; Gabanella et al. 2007). 

Consequently, many investigations have focused on the housekeeping role of SMN in mRNA 

splicing and its relevance in SMA pathogenesis. A correlation between snRNP assembly activity 

in the spinal cord of SMA mice and severity of the disease has been demonstrated (Gabanella et 

al. 2007). Also, Smn deficiency causes tissue-specific pre-mRNA splicing defects in the spinal 

cord, brain and kidney in a SMA mouse model, suggesting that SMA is a general splicing 

disease (Zhang et al. 2008). However, no causal link has yet been made between the identified 

aberrantly spliced targets and SMA pathogenesis. Thus, the question of motor neuron specific 

death in SMA remains unresolved and suggests additional mechanisms outside of pre-mRNA 

processing are involved. 

Other studies propose a specific role for Smn in neuronal cells. Work in P19 cells, 

zebrafish, and neurosphere-derived neural stem cells of severe SMA mice show a role for Smn in 

neurite outgrowth, neuronal differentiation, axonal pathfinding and neuromuscular maturation 

(Fan et al. 2002; McWhorter et al. 2003; Shafey et al. 2008). Motor neurons isolated from severe 

SMA mouse models have normal survival but reduced axonal growth. β-actin mRNA and 

protein staining is reduced in distal axons and growth cones (Rossoll et al. 2003). Interestingly, 

Smn interacts and co-localizes in the cytoplasm, in neurite-like extensions, and in nuclear gems 

with the neuronal specific protein profilin II, a small actin-binding protein and key regulator of 

actin dynamics (Giesemann et al. 1999; Sharma et al. 2005). More recently, Smn has been 

attributed a role in neuromuscular junction (NMJ) development (Kariya et al. 2008; McGovern et 

al. 2008; Kong et al. 2009). Indeed, pre-synaptic defects such as poor terminal arborization, 

intermediate filament aggregates, denervation, and impaired synaptic vesicle release have been 
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identified in SMA mouse models (Kariya et al. 2008; McGovern et al. 2008; Kong et al. 2009). 

All of these observations therefore suggest a role for Smn in neurodevelopment and/or 

neuromaintenance. In fact, during the maturation of the human central nervous system, there is a 

progressive shift from nuclear to cytoplasmic and then to axonal localization of SMN (Giavazzi 

et al. 2006).  

We have shown that Smn knockdown in PC12 neuronal cells leads to defects in 

neuritogenesis caused by alterations in cytoskeletal integrity (Bowerman et al. 2007). 

Furthermore, we have provided evidence that these defects are mediated via an increased 

expression of profilin IIa and an inappropriate activation of the RhoA/ROCK pathway. In the 

present study, we characterize profilin IIa expression in an intermediate SMA mouse model as 

well as evaluate the effect of profilin II knock-out on the SMA phenotype. We provide evidence 

for modulation of actin-binding and actin-regulating proteins in a Smn-dependent manner, 

highlighting the perturbed actin cytoskeletal pathway as an important player in SMA 

pathogenesis.  
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RESULTS 

Profilin IIa expression in an intermediate SMA mouse model 

Our previous findings indicate that there is increased profilin IIa mRNA and protein in 

Smn-depleted PC12 cells (Bowerman et al. 2007). This in turn had a negative impact on 

neuronal outgrowth and neurite formation. To extend this analysis to an in vivo context, we 

wanted to assess profilin IIa protein levels in an intermediate SMA mouse model, termed Smn2B/- 

(unpublished data, (DiDonato 2007)). This knock-in transgenic mouse line has a recombined 

allele harboring mutations within exon 7 of the endogenous Smn gene. The 2B allele has 3 

nucleotides substituted within the exon splicing enhancer (ESE) of exon 7. This change leads to 

the alternative splicing of the Smn transcript in a predominant manner, resulting in the 

production of Δ7Smn mRNA (DiDonato et al. 2001). By comparison, the normal wild type 

mouse Smn gene is never alternatively spliced. The Smn2B/- mice have a phenotype that arises 

shortly after two weeks of age and at three weeks of age they are significantly smaller than their 

wild type littermates. The lifespan of Smn2B/- mice is shorter than its wild type littermates with the 

majority dying by one month of age. RNA analysis shows a significantly smaller ratio of full-

length Smn/Δ7Smn transcript while Smn protein expression is significantly reduced in all 

tissues, with only approximately 15% of the full-length protein still present. The Smn2B/- mice 

also exhibit a reduction in the number of motor neurons in the brain stem and spinal cord at P21 

(close to the end stage of disease), concordant with existing SMA mouse models (Hsieh-Li et al. 

2000; Jablonka et al. 2000; Monani et al. 2000a). Therefore, these mice represent an intermediate 
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SMA mouse model that can be used to investigate potential pathogenic molecular pathways prior 

to and at the onset of disease. 

 We performed immunohistochemistry to get an appreciation of profilin IIa levels within 

the spinal cord and brain stem of SMA mice.  SMI32, an antibody specific for phosphorylated 

neurofilaments of axonal bodies, was used to specifically identify neuronal cells (Figure 4.1 A).  

Upon quantitative analysis, we observed a significant reduction in the number of neurons 

(SMI32-positive) in the brain stem and spinal cord of Smn2B/- mice (Figure 4.1 B). However, 

interestingly, we only observed a decrease in the number of profilin IIa-positive cells in the brain 

stem but not in the spinal cord of Smn2B/- mice (Figure 4.1 B).  Further quantification indicates 

that there is no change in the percentage of profilin IIa-positive motor neurons (identified 

morphologically by size and shape) (Figure 4.1 C).  This suggests that the motor neuron pool is 

not specifically affected by the observed changes in the number of profilin IIa-positive neurons.  

Qualitative assessment initially suggested an increase in profilin IIa signal intensity in the 

SMI32-positive cells in both brain stem and spinal cord of the Smn2B/- mice (Figure 4.1 A).  

However, quantitative measurement of profilin IIa immunofluorescence shows that SMI32-

positive motor neurons (identified morphologically by size and shape) in the spinal cord but not 

the brain stem of Smn2B/- mice have a greater signal intensity compared to wild-type and Smn2B/+ 

mice (Figure 4.1 D) (refer to Materials and Methods for quantitative assays).   Immunoblot 

analysis shows that there is no difference in profilin IIa protein levels in the brain and spinal cord 

of Smn2B/- mice when compared to wild type mice (Figure 4.1 D).   This suggests that within the 

spinal cord of our SMA mouse model, the increase in profilin IIa expression is cell-autonomous 

and not a general event in the entire tissue.  Since SMA mice are characterized by a significant 
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loss of spinal cord motor neurons, a cell-specific increase in profilin IIa expression may thus be 

muted in whole tissue lysate composed of more than one cell type. As previously mentioned, 

overexpression of profilin IIa in hippocampal neurons has been shown to negatively regulate 

neuritogenesis (Da Silva et al. 2003). In addition, it has been proposed that interaction of Smn 

with profilin IIa could regulate actin dynamics by modulating the inhibitory effect of profilin IIa 

(Sharma et al. 2005). As such, the increase in profilin IIa in the motor neurons within the spinal 

cord of Smn2B/- mice might be having an overall negative effect on these neurons. 
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Figure 4.1. Immunohistochemistry and immunoblot analysis of profilin IIa protein levels in 

brain and spinal cord of wild type (WT), Smn2B/+ and Smn2B/- mice at 3 weeks of age. A) 

Representative examples of profilin IIa (green) and SMI32 (red) staining in brain stem and spinal 

cord.  B) Quantification of SMI32-positive, profilin-IIa positive and SMI32-negative/profilin IIa-
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positive cells in brain stem and spinal cord. There are significantly fewer SMI32- and profilin 

IIa-positive cells in the brain stem of Smn2B/- mice when compared to WT. In the spinal cord 

however, only SMI32-positive cells in Smn2B/- mice are reduced in number when compared to 

WT. C) Quantification of profilin IIa-positive motor neurons in the brain stem and spinal cord.  

The motor neuron pool of the Smn2B/- mice are not specifically affected by the changes observed 

in profilin IIa-positive neurons.  D)  Quantification of profilin IIa staining intensity within the 

cell body of motor neurons.  Profilin IIa signal is increased in the spinal cord motor neurons of 

the Smn2B/- mice but not in the brain stem motor neurons.  E)  Immunoblot analysis of whole 

tissue lysates indicates no apparent difference in profilin IIa levels in the brain or spinal cord of 

Smn2B/- mice. (Data are mean +/- S.E., scale bar: 50 μm) 
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Plastin 3 levels are decreased in the brain and spinal cord of SMA mice 

Plastin 3, also known as T-plastin and T-fimbrin, is expressed in solid tissues, including 

the spinal cord (Bretscher 1981; Lin et al. 1988). It is an actin-bundling protein that organizes 

actin filaments into complex networks but also has an independent role in actin stabilization 

(Bretscher 1981; Gimona et al. 2002; Giganti et al. 2005). Furthermore, plastin 3 has recently 

been identified as a protective gender-specific modifier of SMA, forming a large complex with 

SMN and actin (Oprea et al. 2008).  In the latter study, it was reported that female patients 

missing the SMN1 gene were asymptomatic and exhibited significantly higher levels of 

expression of plastin 3 in lymphoblast cells when compared to their SMA-affected siblings 

(Oprea et al. 2008). Furthermore, it was demonstrated that plastin 3 is important for 

axonogenesis since its overexpression rescued the axon length and outgrowth defects associated 

with Smn-depletion in motor neurons derived from SMA mouse embryos and in zebrafish 

(Oprea et al. 2008). Here, we assessed plastin 3 levels within the brain and spinal cord of the 

Smn2B/- mice compared to their wild type littermates. Upon immunoblot analysis of mice at the 

phenotype stage (P21), we found that plastin 3 levels were reduced in the brain and spinal cord 

of Smn2B/- mice (Figure 4.2 A).  Densitometric analysis shows that the ratio of plastin 3 over 

actin is significantly greater in both the brain and spinal cord of wild type mice compared to 

Smn2B/- mice (Figure 4.2 B).  Plastin 3 expression was also assessed qualitatively by 

immunohistochemistry (Figure 4.2 C).  Quantitative measurement of plastin 3 

immunofluorescence in SMI32-positive motor neurons (identified morphologically by size and 

shape) indicates a significant decrease in plastin 3 signal intensity in both the brain stem and 

spinal cord of Smn2B/- mice (Figure 4.2 D) (refer to Materials and Methods for quantitative 
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assays). Since both plastin 3 and profilin II have been identified as Smn and actin interactors, we 

next investigated the effect of profilin II knock-out on the expression of plastin 3 and on the 

phenotype of the SMA mouse model (Giesemann et al. 1999; Sharma et al. 2005; Oprea et al. 

2008).  
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Figure 4.2. Immunohistochemistry and immunoblot analysis of plastin 3 protein levels in brain 

and spinal cord of wild type (WT) and Smn2B/- mice at 3 weeks of age. A) Immunoblot analysis 

shows reduced expression of plastin 3 in both the brain and spinal cord of Smn2B/- mice.  B) 

Quantitative analysis shows that plastin 3/actin ratios are significantly higher in both the brain 

and spinal cord of WT mice.  C) Representative examples of plastin 3 (green) and SMI32 (red) 

staining in brain stem and spinal cord.  D) Quantification of plastin 3 staining intensity within the 
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cell body of motor neurons.  Plastin 3 signal is decreased in both the spinal cord motor and brain 

stem neurons of the Smn2B/- mice. (Data are mean +/- S.E., scale bar: 50 μm) 
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Profilin IIa modulates plastin 3 in a Smn-dependent manner 

A recent study showed an increase in the fraction of F-actin and a subsequent decrease in 

the fraction of G-actin in Smn-depleted PC12 cells (van Bergeijk et al. 2007). In addition, a C-

terminal fragment of SMN (SMN235-294-EGFP) rescued the neuronal outgrowth defects in the 

Smn-depleted PC12 cells (van Bergeijk et al. 2007). This fragment contains part of the proline-

rich motif responsible for profilin binding, suggesting that the rescue may be due to the decrease 

in available profilin IIa. To test whether reducing the available profilin levels would impact on 

plastin 3 levels and/or have a beneficial effect on SMA mice, we crossed the Smn2B/- mice with a 

profilin II (pfn2) knockout mouse model (Pilo Boyl et al. 2007). The pfn2-/- mice are completely 

viable and are characterized by a block in synaptic actin polymerization and increased synaptic 

excitability (Pilo Boyl et al. 2007). Although the profilin II knock-out mouse targets both profilin 

IIa and IIb isoforms, profilin IIa is the predominant isoform within the CNS (Lambrechts et al. 

2000).  

Heterozygous or homozygous knock-out of profilin II in the Smn2B/- mouse background 

led to the restoration of plastin 3 levels in both the brain and spinal cord, suggesting a 

modulation of plastin 3 by profilin IIa (Figure 4.3 A). To determine if this modulation was 

dependent on the reduction of Smn, we compared plastin 3 levels in mice that were wild type for 

the Smn gene. In this case, heterozygous or homozygous knock-out of profilin II did not 

upregulate plastin 3 levels (Figure 4.3 B).  In fact, it seems that in presence of the wild type Smn 

allele, knock-out of profilin II led to a slight reduction in plastin 3 levels.  Thus, the modulation 

of plastin 3 by profilin IIa is dependent on the levels of the Smn protein. Further, analysis of 
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mice at pre-phenotype age (P10) also reveals a drop in the levels of plastin 3 in brain and spinal 

cord of Smn2B/-;pfn2+/+ mice (Figure 4.3 C). At this stage, subsequent restoration of plastin 3 

upon heterozygous or homozygous profilin II knock-out was only observed in the spinal cord 

(Figure 3C).  However, this observed upregulation of plastin 3 expression in P10 mice is more 

variable and less dramatic that what was observed at P21 (Figure 4.3 A, C)  Our 

immunohistochemistry results indicate that the number of profilin IIa positive neuronal cells was 

reduced in the brain stem of Smn2B/- mice while it was unchanged within the spinal cord (Figure 

4.1 B).  Furthermore, there is a significant increase in profilin IIa signal intensity within the 

motor neurons of the spinal cord but not the brain stem of the Smn2B/- mice (Figure 4.1 D). Thus, 

the neurons within the spinal cord might be more sensitive and/or responsive to a decrease in 

profilin IIa levels. That plastin 3 and profilin IIa expression are affected prior to onset of disease 

suggests that the deregulation of profilin IIa and plastin 3 is not simply a secondary effect of 

motor neuron degeneration, and that it is contributory to SMA pathogenesis. 
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Figure 4.3. Immunoblot analysis of Smn and plastin 3 protein levels in brain and spinal cord of 

wild type (WT) and SMA mice at phenotype (P21) and pre-phenotype (P10) stages. A) In the 

brain and spinal cord of P21 Smn2B/-;pfn2+/+ mice, there is a dramatic decrease in plastin 3 levels 

when compared to wild type mice. Plastin 3 levels are restored after the heterozygous or 

homozygous knock-out of profilin II. B) When Smn alleles are wild type, profilin II knock-out 

does not upregulate plastin 3 expression.  Instead, there seems to be a slight decrease of plastin 3 

expression. C) In both brain and spinal cord of P10 Smn2B/-;pfn2+/+ mice, plastin 3 expression is 
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reduced when compared to wild type mice. In the brain, plastin 3 expression is not affected by 

profilin II knock-out while it appears to be restored in the spinal cord.  
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Downregulation of profilin II and upregulation of plastin 3 do not rescue the SMA phenotype 

Heterozygous or homozygous knock-out of the profilin II allele, which resulted in the 

restoration of plastin 3 levels in the brain and spinal cord of Smn2B/- mice, had no negative or 

positive effect on the phenotype of these mice. Indeed, weight at 3 weeks of age and survival 

curve are not significantly different from the Smn2B/- mice harboring normal levels of profilin II 

(Figure 4.4 A, B). Since the Smn2B/- mice and other SMA mouse models are characterized by 

motor neuron loss within the brain stem and spinal cord, we performed histological analysis to 

determine if profilin II reduction had any effect on this pathology. As expected from the absence 

of any phenotypic rescue, there were significantly fewer motor neurons in the brain stem and 

spinal cord of Smn2B/-;pfn2+/- mice compared to wild type littermates (Figure 4.5) (refer to 

Materials and Methods for quantitative assay).  Indeed, the weight loss, survival rate and overt 

neuromuscular phenotype observed in these mice suggest that motor neuron degeneration is not 

prevented through depletion of profilin II.  

Although most of the Smn2B/- mice die around 4 weeks of age, we occasionally observe 

mice that survive well beyond that time point (Figure 4.4 B).  However, while these mice 

survive longer, they still show signs of neurodegeneration such as gross phenotype (weight, 

hind-limb weakness, curvature of the spine and abnormal gait) as well as loss of brain stem and 

spinal cord motor neurons (unpublished observations). The fact that a few littermates of the same 

genotype exhibit an improved survival suggests the existence of beneficial genetic modifiers. 

This hypothesis is further supported by the identification of siblings of affected SMA patients 
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that carry identical SMN1 mutation and SMN2 copy number that are asymptomatic for the 

disease (Cobben et al. 1995; Hahnen et al. 1995). 

Thus, although we have observed a cell-autonomous increase in profilin IIa protein levels 

and a decrease in plastin 3 levels in SMA mice, motor neuron degeneration still occurs when 

profilin IIa is reduced.  This suggests that there might be additional contributing factors, possibly 

other regulators of actin dynamics, to the loss of motor neurons. 
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Figure 4.4. Weight and survival analysis of the effect of profilin II knock-out in Smn2B/- mice. A) 

Weight analysis at 3 weeks of age indicates that neither heterozygous nor homozygous knock-

out of profilin II rescues the growth defect in Smn2B/- mice (Data are mean +/- S.E.). B) Kaplan-

Meier survival curves of Smn2B/-;pfn2+/+  (n = 8), Smn2B/-;pfn2+/- (n = 8), Smn2B/-;pfn2-/- (n = 7) and 

wild type (WT) (n = 10) mice.  Survival analysis shows no improvement in the lifespan of 

Smn2B/- mice when profilin II is knocked out (P = 0.88, log-rank test). 
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Figure 4.5. Hematoxylin and eosin staining of sections from the spinal cord and brain stem of 3 

week old wild type (WT) and Smn2B/-;pfn2+/- mice. A) Representative examples of motor neuron 

staining (arrowheads) in the brain stem and spinal cord. B) Quantification of the number of 

motor neurons per defined area shows a significant difference between wild type and Smn2B/-

;pfn2+/- mice in the brain stem and the spinal cord. (Data are mean +/- S.E., scale bar: 50 μm) 
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DISCUSSION 

 In the present work, we have shown a cell-autonomous increase in the level of profilin IIa 

within neuronal cells of the spinal cord of an intermediate SMA mouse model. Accompanying 

this was a decrease in the level of plastin 3 in the brain and the spinal cord. These results suggest 

that disruption of actin cytoskeletal dynamics is a central event in SMA pathogenesis. Also of 

interest was that heterozygous or homozygous knock-out of the profilin II gene restored plastin 3 

levels in a Smn-dependent fashion. This occurred prior to and at the onset of disease in our SMA 

mouse model. However, this was not sufficient for the rescue of the SMA phenotype in these 

mice suggesting that additional factors are likely to be involved in the pathogenesis of SMA.  

 Recent studies have suggested that Smn plays a crucial role in neuromaintenance. Indeed, 

although axonal outgrowth and pathfinding are completely unperturbed in a severe SMA mouse 

model, there is evidence for subsequent loss of axonal occupation of the neuromuscular junction 

(NMJ), impairment of the maturation of acetylcholine receptors, improper terminal arborization, 

accumulation of intermediate filament aggregates, and a reduction in vesicle release (Kariya et 

al. 2008; McGovern et al. 2008; Kong et al. 2009). Interestingly, actin is the most abundant 

cytoskeletal protein found within the synapses of mature neurons (Matus et al. 1982; Hirokawa 

et al. 1989). At the pre-synaptic terminal, actin has been implicated in the maintenance and 

regulation of synaptic vesicle pools, the mobility of vesicles, neurotransmitter release, and 

axonal vesicle trafficking (Cole et al. 2000; Sakaba et al. 2003; Dillon et al. 2005; Jordan et al. 

2005; Shtrahman et al. 2005; Darcy et al. 2006). Thus, the exquisite regulation of actin dynamics 

at the synapse by a multitude of actin-binding and actin-regulating proteins is necessary for 
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adequate NMJ maturation and function. In cultured motor neurons of a severe SMA mouse 

model, β-actin mRNA and protein levels are dramatically reduced in distal axons and growth 

cones (Rossoll et al. 2003). This perturbation in the actin cytoskeleton could in itself explain the 

eventual degeneration of NMJs in the severe SMA mice (Kariya et al. 2008; McGovern et al. 

2008).  

Nevertheless, other important regulators of actin dynamics at the synapse could also 

contribute to the synaptic defects observed at the NMJs of the severe SMA mice (Kariya et al. 

2008; McGovern et al. 2008). The profilin II knock-out mouse is characterized by a block in 

synaptic actin polymerization and an increase in neurotransmitter release, suggesting a role for 

profilin IIa in the regulation of the actin-mediated vesicle exocytosis and neuronal excitability 

(Pilo Boyl et al. 2007). It could therefore be hypothesized that an increase of profilin IIa would 

have the opposite effect, that is, an inhibition of neurotransmitter release which would 

consequently lead to motor neuron degeneration and loss of NMJs. Interestingly, Kong et al. 

(Kong et al. 2009) have recently provided evidence for perturbed synaptic transmission in a 

severe SMA mouse model.  Since synaptic transmission was not assessed in our profilin II 

knock-out mice, we can only hypothesize that increased profilin IIa levels in the spinal cord 

neurons of SMA mice contributes to the impairment of vesicle release at the NMJ.  Nevertheless, 

it is clear that a simple reduction of profilin II in our intermediate SMA mouse model is not 

sufficient to rescue the SMA phenotype.  It is therefore possible that other regulators of actin 

dynamics are affected in SMA neuronal cells. 
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Analysis of brain and spinal cord tissue revealed a relative decrease of plastin 3 levels in 

the intermediate SMA mouse model. Surprisingly, plastin 3 levels were restored after 

heterozygous or homozygous deletion of profilin II. Furthermore, plastin 3 expression appeared 

to decrease rather than increase when profilin II knock-out occurred in the presence of the wild 

type Smn gene. This suggests that profilin IIa modulates plastin 3 expression in a Smn-dependent 

manner.  Upon overexpression of plastin 3 in Smn-depleted PC12 cells or motor neurons from 

E13.5 SMA embryos, a significant rescue of axon length has been reported, suggesting that a 

similar overexpression of plastin 3 in vivo might ameliorate the SMA phenotype (Oprea et al. 

2008). However, at least in the context of our model, an increase in plastin 3 levels does not 

ameliorate the SMA phenotype. It is possible that the positive impact of plastin 3 in cellular 

models may not translate to an improvement of the pathology of SMA mice since it has been 

suggested that the NMJs are properly formed, followed by subsequent motor neuron 

degeneration (Kariya et al. 2008; McGovern et al. 2008). On the other hand, our results indicate 

that prior to disease onset, the modulation of plastin 3 expression by profilin IIa only occurs in 

the spinal cord. Thus, there might be an early requirement during development for plastin 3 and 

the late upregulation observed here is not sufficient to rescue the SMA phenotype. To assess the 

importance and relevance of plastin 3, future experiments should address the effects of early 

upregulation on SMA pathogenesis.  

We have provided evidence for modulation of actin-binding and actin-regulating proteins 

in a Smn-dependent manner, highlighting the perturbed actin cytoskeletal pathway as an 

important player in SMA pathogenesis (see model in Figure 4.6). However, we have to assume 

that in addition to profilin IIa and plastin 3, other components of actin dynamics are also affected 
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in SMA, which would explain why the simple downregulation of profilin IIa or upregulation of 

plastin 3 is not sufficient on its own to ameliorate the SMA phenotype. In this regard, we have 

shown an increase in active RhoA and a decrease in active Cdc42 in Smn-depleted PC12 cells, 

resulting in altered cytoskeletal integrity (Bowerman et al. 2007). Interestingly, both profilin IIa 

and plastin 3 are downstream effectors of RhoA and Cdc42 (Dutartre et al. 1996; Gertler et al. 

1996; Nakagawa et al. 1996; Suetsugu et al. 1998; Yang et al. 2000; Da Silva et al. 2003; Giganti 

et al. 2005; Shao et al. 2008). Considering the continuous and vast amount of crosstalk that 

occurs between pathways involved in actin dynamics, we hypothesize that other actin-binding 

and actin-regulating proteins will also be affected by Smn depletion. It would therefore be of 

value to assess if major upstream regulators of actin dynamics are perturbed in the SMA mouse 

model. Also, it is not clear if the expression of profilin IIa and plastin 3 are primarily affected by 

the loss of their interacting partner, Smn, by the localized disruption of actin dynamics, or by 

both (Giesemann et al. 1999; Sharma et al. 2005; Oprea et al. 2008).  
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Figure 4.6. Simplified model of how SMN depletion impacts the regulators of actin cytoskeletal 

dynamics and thereby resulting in motor neuron degeneration.  
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A question debated in the SMA field is whether SMN has a distinct and unique role in 

neurons, thereby explaining why motor neurons are predominantly affected in SMA (Briese et al. 

2005). We believe that SMN plays a crucial role in neuronal cells by regulating actin dynamics 

and that motor neurons are especially sensitive to the deregulation of this process. It has been 

suggested that the properties of a particular synapse might determine the importance of actin 

dynamics and activity of actin-regulating proteins within it (Reviewed in (Dillon et al. 2005; 

Cingolani et al. 2008). Indeed, perturbation of actin cytoskeletal dynamics at central synapses 

inhibits neurotransmitter release while small synapses are not affected by a disruption of actin 

dynamics (Cole et al. 2000; Schnell et al. 2001; Sakaba et al. 2003).  Our present results indicate 

that there are intrinsic differences between neuronal cells of the brain and spinal cord, 

influencing how they are affected by modulation of actin-regulating proteins. Thus, the increased 

sensitivity of the large synapses of motor neurons to the tight control of actin cytoskeletal 

dynamics could explain why they are primarily affected in SMA.  
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MATERIALS AND METHODS 

Antibodies  

 The mouse monoclonal primary antibodies used were as follows: anti-actin (1:800; 

Fitzgerald), anti-SMI32 (1:1000; Cedar Lane Laboratories), and anti-Smn (1:5000; Transduction 

Laboratories). The rabbit polyclonal primary antibodies used were as follows: anti-plastin 3 

(1:200 (IB). 1:50 (IF); Santa Cruz Laboratories) and anti-profilin IIa (1:10,000 (IB), 1:500 (IF)) 

as described (Di Nardo et al. 2000).  

 The secondary antibodies used were as follows: horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (1:5000; Bio-Rad), HRP-conjugated goat anti-rabbit IgG 

(1:5000), Cy3-conjugated goat anti-mouse IgG + IgM (1:200; Jackson ImmunoResearch 

Laboratories), and Alexa Fluor 488 goat anti-rabbit IgG (1:100; Molecular Probes). 

Animal models 

The Smn2B/- mice were established in our laboratory and maintained in our animal facility 

on a C57BL/6 x CD1 hybrid background (unpublished data, (DiDonato 2007)). The 2B mutation 

consists of a substitution of 3 nucleotides in the exon splicing enhancer of exon 7 (DiDonato et 

al. 2001). The Smn knock-out allele was previously described by Schrank et al. (Schrank et al. 

1997) and Smn+/- mice were obtained from The Jackson Laboratory. The profilin 2 knock-out 

mice have been described previously (Pilo Boyl et al. 2007) and are on a C57Bl/6 background. 

All animal procedures were performed in accordance with institutional guidelines. 
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Immunohistochemistry 

 Brain stems and spinal cords of mice (P21) were quickly dissected and placed in a 4% 

paraformaldehyde solution overnight at 4oC, followed by a second overnight incubation at 4oC in 

a 30% sucrose solution. Finally, samples were frozen over liquid nitrogen in a 1:1 solution of 

OCT (Tissue Tek) and 30% sucrose, and stored at -80oC until they were sectioned at 10 μm 

thickness using a cryostat.  

Immunohistochemistry was performed by incubating sections for 2 hours at room 

temperature (RT) in blocking solution (TBLS (10% NaN3), 20% goat serum, 0.3% Triton X-100 

(Sigma-Aldrich)). This was followed by an overnight incubation at 4oC with the first primary 

antibody. Subsequently, sections were washed 3 times with PBS, incubated 1 hour at RT with the 

secondary antibody and washed 3 times with PBS. These steps were then repeated for the second 

primary antibody. After the last PBS wash, sections were incubated 5 minutes with Hoechst 

(1:10,000) and then washed a final 3 times in PBS before being mounted in Fluorescent 

Mounting Medium (Dako).  

Images were taken with a Zeiss Axioplan microscope, with a 20X objective, equipped 

with filters suitable for FITC/Cy3/Hoechst fluorescence. To ensure an unbiased approach to our 

qualitative and quantitative assessments, all images were taken at the same exposure time and 

chosen based on SMI32/Cy3 immunofluorescence.    

Quantitative assays were performed on 3 mice of each genotype and 5 sections per 

mouse.  Analyzed sections were at least 30 µm apart.  SMI32-, profilin IIa- and plastin 3-positive 

cells were counted in the entire section of the brain stem and in the ventral horn of the spinal 
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cord and were divided over the total of Hoechst-positive nuclei.  SMI32-positive motor neurons 

were identified morphologically by size and shape. Profilin IIa and plastin 3 signal intensity 

analysis of these same sections was performed using the Image J software.  An area surrounding 

the cell body of motor neurons was a given a densitometry value of arbitrary fluorescence units 

followed by background subtraction.  

Hematoxylin and eosin staining 

 Brain and spinal cord sections of P21 mice were first deparaffinized in xylene and then 

fixed in 100% ethanol. Following a rinse in water, they were stained in hematoxylin (Fisher) for 

3 minutes, rinsed in water, dipped 40 times in a solution of 0.02% HCl in 70% ethanol and rinsed 

in water again. The sections were next stained in a 1% eosin solution (BDH) for 1 minute, 

dehydrated in ethanol, cleared in xylene and mounted with Permount (Fisher). Images were 

taken with a Zeiss Axioplan2 microscope, with a 20X objective.  

Quantitative assays were performed on 3 mice for each genotype and 5 sections per 

mouse.  Analyzed sections were at least 30 µm apart.  Motor neurons were identified by their 

shape and size in the same designated area of the brain stem sections and in the ventral horn of 

the spinal cord sections. 

Immunoblot analysis 

Equal amounts of brain and spinal cord samples of P21 and P10 mice were separated by 

electrophoresis on 10% SDS-polyacrylamide gels and blotted onto a PVDF membrane 

(Millipore). The membranes were blocked in 5% nonfat milk in TBST (10 mM Tris-HCl pH 8.0, 

150 mM NaCl, and 0.1% Tween 20 (Sigma)), incubated overnight at 4oC with the first primary 



  143 

antibody, rinsed in TBST and incubated again overnight at 4oC with the second primary 

antibody. Then, membranes were incubated at room temperature with the secondary antibodies, 

1 hour for each one, with TBST washes in between. Signals were visualized using the ECL or 

the ECL plus detection kit (Amersham).  

Ratios of plastin 3 over actin were performed using the Image J software on 4 different 

samples per genotype.  Each band was given a densitometry value followed by background 

subtraction.  

Statistical methods 

 Student’s t test for paired variables was used to test for differences between samples and 

data were considered significantly different at p< 0.05.  For the Kaplan-Meier survival analysis, 

the log-rank test was used and survival curves were considered significantly different at p<0.05. 
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CHAPTER 5: Targeting the RhoA pathway via the Y-27632 ROCK inhibitor as a 

therapeutic strategy for SMA 
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ABSTRACT 

Spinal muscular atrophy (SMA) is an inherited disease resulting in the highest mortality of 

children under the age of two.  SMA is caused by mutations or deletions in the survival motor 

neuron 1 (SMN1) gene, leading to aberrant neuromuscular junction development and the loss of 

spinal cord α-motor neurons.  Here, we show that Smn depletion leads to increased activation of 

RhoA, a major regulator of actin dynamics, in the spinal cord of an intermediate SMA mouse 

model. Treating these mice with Y-27632, which inhibits ROCK, a direct downstream effector of 

RhoA, dramatically improves their survival. This lifespan rescue is independent of Smn 

expression and is accompanied by an improvement in the maturation of the neuromuscular 

junctions and an increase in muscle fiber size in the SMA mice.  Our study presents evidence 

linking disruption of actin cytoskeletal dynamics to SMA pathogenesis and for the first time, 

identifies RhoA effectors as viable targets for therapeutic intervention in the disease.  
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INTRODUCTION 

Spinal muscular atrophy (SMA) is an autosomal recessive disease caused by homozygous 

mutations and or deletions of the survival of motor neuron 1 (SMN1) gene (Pearn 1978b; 

Lefebvre et al. 1995).  Affecting 1:10 000 live births, it is the number one inherited killer of 

children below the age of two (Pearn 1978b; Crawford et al. 1996).  The depletion of the SMN 

protein results in the loss of α-motor neurons in the spinal cord, muscular atrophy of the limbs 

and trunk, paralysis and, in the most severe cases, fatality (Crawford et al. 1996).  Recent studies 

in SMA mouse models suggest that the loss of motor neurons and muscular atrophy of SMA 

patients is preceded by and may be due to defects in neuromuscular junction (NMJ) maturation 

and function (Kariya et al. 2008; McGovern et al. 2008; Kong et al. 2009).  Indeed, analysis of 

myotubes from SMA type I (severe) patients shows an absence of nicotinic acetylcholine 

receptor aggregation, an essential initial step for proper NMJ formation (Arnold et al. 2004).    

While the SMN gene is evolutionarily conserved and all eukaryotic organisms have only 

one copy of the gene, humans have two copies (Lefebvre et al. 1995; DiDonato et al. 1997).  

SMN1 is the telomeric copy while SMN2 is a duplicated centromeric copy on chromosome 5q 

(Lefebvre et al. 1995).  The critical difference within the SMN2 gene is a C to T substitution at 

position 6 of exon 7 (Lorson et al. 1999).  This substitution results in the loss of an exon splicing 

enhancer and/or the gain of an exon splicing silencer, which promotes exon 7 skipping and 

production of an unstable truncated protein, termed Δ7SMN (Lefebvre et al. 1995; Cartegni et al. 

2002; Kashima et al. 2003).  Although, the Δ7SMN protein is the major product of the SMN2 

gene, a small amount of full-length SMN protein (~ 10%) is still produced (Lefebvre et al. 1995).  
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Thus, the number of SMN2 copies present in SMA patients can modulate the severity of the 

disease (Lefebvre et al. 1995).  

Therapeutic approaches to SMA have included neuronal cell replacement and increasing 

SMN expression via gene therapy (Azzouz et al. 2004; Corti et al. 2008).   Alternatively, others 

have attempted to alter the splicing pattern and/or the transcription of the SMN2 gene to produce 

more full-length SMN mRNA and ultimately protein (Riessland et al. 2006; van Bergeijk et al. 

2006; Avila et al. 2007; Mattis et al. 2008; Williams et al. 2009).  While these approaches have 

resulted in improvement in weight, motor function and motor neuron loss in SMA mouse 

models, the increase in survival have to date been modest (Azzouz et al. 2004; Avila et al. 2007; 

Corti et al. 2008; Williams et al. 2009).  More importantly, although encouraging, most of these 

approaches are still a long way from clinical translation.  

To date no SMA therapeutic strategy has addressed the cellular and molecular pathways 

that are dysregulated as a result of the infraphysiologic levels of SMN observed in the disorder.  

We have previously shown that Smn depletion in PC12 cells is characterized by an increase in 

profilin IIa (small actin binding protein) (Carlsson et al. 1977) availability, and an increase in 

total and active RhoA (Luo et al. 1997; Bowerman et al. 2007).  The defects in these cells 

include perturbation of neuronal differentiation and integrity (Bowerman et al. 2007).  

Furthermore, we have also identified a cell-autonomous increase in profilin IIa and a decrease in 

plastin 3 (actin-bundling protein) (Bretscher 1981) levels in neuronal cells of an intermediate 

SMA mouse model (Bowerman et al. 2009).  While knocking out profilin II restored plastin 3 

levels, it neither improved survival and weight, nor did it reduce motor neuron degeneration in 
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these SMA mice (Bowerman et al. 2009).  One explanation for the failure of profilin IIa and 

plastin 3 reconstitution to ameliorate the SMA phenotype may be because they are end-point 

effectors of the actin cytoskeletal dynamics signaling pathways.  It is indeed possible that more 

upstream regulators of actin dynamics are misregulated due to Smn depletion, and other targets 

in addition to profilin IIa and plastin 3 would therefore also be affected. 

In the present study, we investigate the effect of Smn depletion on upstream regulators of 

actin dynamics in the Smn2B/- intermediate SMA mouse model (Bowerman et al. 2007; 

Bowerman et al. 2009).  We show an increased activation of RhoA, a major regulator of actin 

dynamics, in the spinal cord of this SMA mouse model.  More importantly, we demonstrate that 

the pharmacological inhibition of Rho-kinase, a direct downstream effector of active RhoA, 

dramatically increases the survival and neuromuscular junction maturation in these mice.  This is 

the greatest increase in lifespan of an SMA mouse model reported to date; the fact that it was 

achieved through the use of a synthetic compound that modulates the RhoA pathway highlights 

the importance of the regulation of actin cytoskeletal dynamics in SMA pathogenesis.  Our study 

thus holds significant promise for a novel therapeutic approach for this incurable disorder.        
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RESULTS 

Abnormal RhoA activation in the Smn2B/- SMA mouse model 

We have previously reported that Smn-depleted PC12 cells have increased total and 

active RhoA, a critical regulator of actin cytoskeletal dynamics (Luo et al. 1997; Bowerman et al. 

2007).  To determine if a similar effect was observed in vivo, we took advantage of an 

intermediate SMA mouse model that we have recently described (Bowerman et al. 2009). 

Briefly, this line has a three nucleotide substitution mutation within exon 7 of the endogenous 

mouse Smn gene. This change leads to the alternative splicing of Smn, resulting in a marked shift 

from full length SMN mRNA to Δ7Smn mRNA (DiDonato et al. 2001). This new allele is 

termed Smn2B. Smn2B/- mice (which have ~15% Smn protein levels) present features of SMA after 

the second week of life.  Upon disease onset, they become significantly smaller than their wild 

type littermates and exhibit motor neuron loss in the ventral horn region of the spinal cord. The 

majority of Smn2B/- mice die by one month of age.  

Here, we analyzed spinal cord extracts of wild type and Smn2B/- mice at three stages. 

Postnatal days (P) 0 and 10 were considered to be pre-phenotype stage as Smn2B/- mice were 

indistinguishable from their wild type littermates, while P21 was considered to be phenotype 

stage. Total RhoA levels in the spinal cords of the Smn2B/- mice did not show significant changes 

when compared to wild type, however there was sample to sample variability, particularly at P21 

(Figure 5.1 A, B).  In contrast, while at P0, the active RhoA levels are unchanged (1.68% +/- 

15%), we observe a consistent increase of RhoA-GTP in the spinal cords of Smn2B/- mice at P10 

(82% +/- 10%) and P21 (84% +/- 3%) (Figure 5.1 A, B).  This is of importance since it is the 
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GTP-bound RhoA that dictates its effects and the activated signaling pathways within the cell.  

These results suggest that RhoA activity in the spinal cord is altered when Smn is depleted.  

Indeed, whereas RhoA-GTP levels in the spinal cord of Smn2B/- mice are unchanged at birth, they 

consistently increase prior to and at onset of disease.  

 

 

 

 

 

 

 

 

 

 

 

 

 



  154 

 

Figure 5.1.  Total and active RhoA in spinal cords of wild type (WT) and Smn2B/- mice.  A)  The 

spinal cords of Smn2B/- mice at pre-phenotype (P10) and phenotype (P21) stages have an increase 

in RhoA-GTP (active) levels compared to WT mice.  B)  RhoA-GTP/actin ratios of Smn2B/- mice 

(n = 3) were compared to WT (n = 3).  RhoA-GTP levels are increased in the spinal cords of 

Smn2B/- mice at P10 and P21 while total RhoA levels are more variable and not significant (data 

are mean +/- S.E).   
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Y-27632 administration improves survival of Smn2B/- mice 

As a therapeutic strategy, we decided to target the signaling pathway of active RhoA in 

the spinal cord of the Smn2B/- mice.  Y-27632 is a synthetic compound that inhibits Rho-kinase 

(ROCK) (Uehata et al. 1997), a direct downstream effector of RhoA-GTP (Amano et al. 1996), 

by competing with its ATP binding site (Ishizaki et al. 2000).  We have previously demonstrated 

that Y-27632 partially rescues the neuronal differentiation defects in Smn-depleted PC12 cells 

(Bowerman et al. 2007).  We thus set out to assess if the increased activation of RhoA in the 

spinal cord of the Smn2B/- mice could contribute to the observed SMA phenotype and reduced 

lifespan of this mouse model.  The Y-27632 compound was administered to wild type, Smn2B/+ 

(normal littermates) and Smn2B/- mice at a concentration of 1 mg/kg twice daily or 30 mg/kg once 

daily starting at P3 and ending at P21.  Control groups were given the peptide vehicle (water).  

Neither treatment regime prevented the weight loss of the Smn2B/- mice that occurs at about P10 

and beyond (Figure 5.2 A). Concordantly, treatment of Smn2B/- mice with the lower dose did not 

improve their lifespan although the trend was towards improvement (Figure 5.2 B, P = 0.2981). 

Remarkably, Smn2B/- mice treated with the higher dose exhibited a dramatic rescue in survival 

(Figure 5.2 B, P = 0.018).  Indeed, the mice survived far beyond their normal lifespan and 

expired between 14 and 33 weeks of age.  These mice move about the cage, albeit with a slight 

neurological phenotype (see movie in Supplementary Figure 5.1 A). In contrast, vehicle-treated 

Smn2B/- mice display a much more severe neurological phenotype and refrain from moving about 

the cage (see movie in Supplementary Figure 5.1 B). Finally, Y-27632 administration did not 

negatively impact weight or survival of Smn2B/+ littermates (Figure 5.2 A, B).  Overall, these 
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results show that treatment of Smn2B/- mice with the higher dose of Y-27632 significantly 

increases their lifespan.     
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Figure 5.2.  Weight and survival analysis of wild type (WT), Smn2B/+ and Smn2B/- mice treated 

with low and high doses of Y-27632 or vehicle (water).  The different groups analyzed were:  

untreated WT mice (n = 9), vehicle-treated Smn2B/+ mice (n = 24), 1 mg/kg Y-27632-treated 

Smn2B/+ mice (n = 12), 30 mg/kg Y-27632-treated Smn2B/+ mice (n = 10), vehicle-treated Smn2B/- 

mice (n = 12), 1 mg/kg Y-27632-treated Smn2B/- mice (n = 8) and 30 mg/kg Y-27632-treated 

Smn2B/- mice (n = 10).  A)  Administration of 1 mg/kg or 30 mg/kg of Y-27632 does not attenuate 

the weight loss observed in vehicle-treated Smn2B/- mice (data are mean +/- S.E.).  B)  Treatment 
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of Smn2B/- mice with 30 mg/kg Y-27632 dramatically improves lifespan compared to vehicle-

treated Smn2B/- mice (P = 0.018).   
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To determine if the Y-27632 compound had a similar effect on a severe SMA mouse 

model, we administered the compound to the Smn-/-;SMN2 mice that die within the first postnatal 

week (Monani et al. 2000b).  Pregnant females were administered either 30 mg/kg of Y-27632 or 

vehicle starting at gestational day E14.  Once born, pups were administered Y-27632 by gavage 

daily starting at P3.  We observed no significant improvement in the lifespan of Smn-/-;SMN2 

mice treated with the Y-27632 compound (Figure 5.3, P = 0.42), perhaps because the severity of 

the disease in this mouse model was too extreme to benefit from the treatment. 
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Figure 5.3.  Administration of Y-27632 (30 mg/kg) to a severe SMA mouse model (Smn-/-

;SMN2) does not improve lifespan.  The different age-matched groups analyzed were: vehicle-

treated Smn-/-;SMN2 (n = 3) and Y-27632-treated Smn-/-;SMN2 (n = 3).  There was no significant 

difference between the survival curves of both groups (P = 0.42). 
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Y-27632 inhibits ROCK activity but does not alter Smn expression in the spinal cord of Smn2B/- 

mice 

 To ensure that Y-27632 was present and active following gavage, we analyzed 

downstream effectors of ROCK within spinal cord protein extracts of treated animals.  Activated 

ROCK phosphorylates LIM kinase (LIMK), which subsequently leads to the phosphorylation of 

cofilin (Maekawa et al. 1999; Sumi et al. 1999).  The spinal cords of P10 Smn2B/- mice treated 

with 30 mg/kg of Y-27632 for one week (P3 to P10) show a decrease in both phosphorylated 

LIMK and phosphorylated cofilin compared to untreated Smn2B/- mice (Figure 5.4 A).  Total 

LIMK and cofilin protein, however, were unchanged (Figure 5.4 A).  We can thus conclude that 

the Y-27632 compound reaches the spinal cord and appropriately inhibits ROCK activity.   

 One possible explanation for the observed improvement in survival of the Smn2B/- mice is 

that Y-27632 increases Smn protein or mRNA levels.  However, our analysis shows that Smn 

protein levels did not change in the spinal cords of Smn2B/- mice treated with 30 mg/kg of Y-

27632 compared to untreated Smn2B/- mice (Figure 5.4 B).  Additionally, administration of Y-

27632 (30 mg/kg) did not alter the ratio of full-length Smn to Δ7Smn mRNAs (P = 0.56; Figure 

5.4 C, D).  These results suggest that the increased lifespan of Smn2B/- mice treated with 30 mg/kg 

of Y-27632 is due to its direct effect on ROCK inhibition and not because of an unanticipated 

increase in Smn expression. 
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Figure 5.4. Y-27632 inhibits ROCK activity but does not alter Smn expression in spinal cords of 

Smn2B/- mice. A) Spinal cords of Smn2B/- mice treated with 30 mg/kg of Y-27632 show decreased 

levels of phospho-LIMK and phospho-cofilin compared to vehicle-treated Smn2B/- mice.  LIMK 

and cofilin are usually phosphorylated by ROCK, the Y-27632 target.  Total levels of LIMK and 

cofilin were unchanged between both treated and untreated Smn2B/- mice.  B) The spinal cords of 

Smn2B/- mice treated with 30 mg/kg of Y-27632 did not show increased expression of Smn protein 

when compared to vehicle-treated Smn2B/- mice.  C) The spinal cords of Smn2B/- mice treated with 

30 mg/kg of Y-27632 did not show an increase in full-length (FL) Smn mRNA when compared 

to vehicle-treated Smn2B/- mice.  D) Quantification of FL Smn mRNA/Δ7 Smn mRNA ratios 
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shows no significant differences between vehicle- and Y-27632-treated Smn2B/- mice (P = 0.56) 

(data are mean +/- S.E) 
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Y-27632 improves neuromuscular junction maturation in Smn2B/- mice 

Recent studies have identified a role for Smn in the maturation of neuromuscular 

junctions (NMJs) with poor terminal arborization, denervation, impaired synaptic vesicle release 

and decreased NMJ size all observed in SMA mouse models.  We thus elected to examine the 

impact of Y-27632 treatment on this structure, comparing NMJs in the tibialis anterior (TA) 

muscle of P21 wild type (untreated) and Smn2B/- mice (untreated and treated).  Alpha-

bungarotoxin was used to identify NMJs, and SV2 and SMI312 antibodies were used to identify 

the synaptic vesicles and neurons, respectively.  Although the NMJs of Smn2B/- mice treated with 

30 mg/kg of Y-27632 were smaller than those of wild type mice (Figure 5.5 A, B, P = 0.027), 

they were significantly larger than those observed in untreated Smn2B/- mice (Figure 5.5 A, B, P = 

0.015).  The percentage of NMJs with mature terminals was next quantified using sophisticated 

folds and perforations as criteria for NMJ maturity (Sanes et al. 2001).  Specifically, only the 

terminals in which SV2 and SMI312 staining showed full endplate occupancy as well as multiple 

perforations and folds were considered as being mature NMJs.  Once again, although not 

equivalent to that observed in wild type (Figure 5.5 A, C, P = 0.0054), NMJ maturation is 

markedly improved in treated Smn2B/- mice when compared to untreated mice (Figure 5.5 A, C, P 

= 0.018).   The improvement in NMJ maturation is in accordance with other studies implicating 

Y-27632 in axonal sprouting and regeneration (Hirose et al. 1998; Fournier et al. 2003; Chan et 

al. 2005).  Our results suggest that the beneficial effect of Y-27632 on the lifespan of Smn2B/- 

mice is due to a direct improvement in NMJ maturation.  
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Figure 5.5.  Analysis of neuromuscular junction (NMJ) maturity in the tibialis anterior (TA) 

muscle of postnatal day 21 (P21) wild type and Smn2B/- mice.  The different age-matched groups 

analyzed were:  untreated WT (n = 4), vehicle-treated Smn2B/- mice (n = 3) and 30 mg/kg Y-

27632-treated Smn2B/- mice (n = 5).  A)  Representative images showing the NMJs of WT and 

untreated and treated Smn2B/- mice.  NMJs were stained with alpha-bungarotoxin (red), the axons 

with SMI312 (green) and the synaptic vesicles with SV2 (green) (scale bar, 50 μm). B) 

Quantification of NMJ size.  The NMJs of Smn2B/- mice treated with 30 mg/kg of Y-27632 are 
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significantly larger compared to vehicle-treated Smn2B/- mice (P = 0.015).  However, the NMJs of 

treated Smn2B/- mice are still significantly smaller than WT NMJs (P = 0.027) (data are mean +/- 

S.E.).   C)  The percentage of NMJs with mature terminals is significantly greater in Smn2B/- mice 

treated with 30 mg/kg Y-27632 than with the vehicle (P = 0.018).  However, NMJs of treated 

Smn2B/- mice still remain more immature than WT NMJs (P = 0.0054) (data are mean +/- S.E.).       
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Y-27632 increases muscle fiber size 

To complement the weight and NMJ analyses, we investigated the effect of Y-27632 on 

the muscle fiber size of the tibialis anterior (TA) of P21 mice.  The muscle fibers of Smn2B/- mice 

were significantly smaller than their WT littermates (Figure 5.6 A, B, P = 0.0021).  Surprisingly, 

while the vehicle- and Y-27632-treated Smn2B/- mice did not differ in weight (Figure 5.2 A), mice 

that were administered the Y-27632 compound displayed a significant increase in muscle fiber 

size (Figure 5.6 A, B, P = 0.0007).  The percentage of centrally located nuclei of vehicle-treated 

Smn2B/- mice was not significantly different from WT or Y-27632-treated Smn2B/- mice (Figure 

5.6 C, P = 0.37 and 0.8, respectively).  
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Figure 5.6.  Treatment of Smn2B/- mice with Y-27632 (30 mg/kg) increases fiber diameter in 

tibialis anterior (TA) muscle.  The different age-matched groups analyzed were: untreated wild 

type (WT) (n = 3), vehicle-treated Smn2B/- mice (n = 3) and Y-27632-treated Smn2B/- mice (n = 3).  

A) Representative images showing hematoxylin and eosin staining of muscle fibers within a 

designated area of the TA muscle.  (scale bar, 10 μm).  B)  Quantification of the cross-sectional 

area of TA muscle fibers.  Vehicle-treated Smn2B/- mice have significantly smaller muscle fibers 

than their WT littermates (P = 0.0021).  Administration of the Y-27632 compound significantly 

increased the muscle fiber size of Smn2B/- mice (P = 0.0007).  C)  Quantification of the percentage 

of muscle fibers displaying a centrally located nuclei.  There was no significant difference (NS) 

between WT and vehicle-treated Smn2B/- mice (P = 0.37) or between vehicle- and Y-27632-

treated Smn2B/- mice (P = 0.8).  



  169 

Y-27632 does not increase the number of motor neurons in the ventral horn region of the spinal 

cord 

 Since the Smn2B/- mice are characterized by a loss of spinal cord motor neurons 

(Bowerman et al. 2009), we wanted to assess if an improvement in NMJ maturation translated to 

a protection of these neurons from degeneration.  Wild type mice had significantly more motor 

neurons than vehicle-treated Smn2B/- mice (Figure 5.7 A, B, P = 0.002).  Treatment with the Y-

27632 compound did not prevent the loss of motor neurons in the Smn2B/- mice (Figure 5.7 A, B, 

P = 0.12).  This inability of the Y-27632 treatment to rescue such a pathological feature of SMA 

is most likely due to the fact that the Y-27632 is acting via an Smn-independent pathway.  Thus, 

neuronal degeneration and/or denervation may still occur through other intrinsic pathways 

directly affected by the loss of the Smn protein.  Indeed, administration of the Y-27632 may only 

strengthen the remaining NMJs and thus, enable the treated mice to survive longer.    
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Figure 5.7.  Y-27632 (30 mg/kg) administration does not protect from motor neuron loss in 

Smn2B/- mice.  The different groups analyzed were: untreated wild type (n = 3), vehicle-treated 

Smn2B/- (n = 3) and Y-27632-treated Smn2B/- mice (n = 3).   A) Representative images showing 

hematoxylin and eosin staining of the motor neurons in the ventral horn region of the spinal cord 

for each group (scale bar, 50 μm).  B) Quantification of the number of motor neurons within the 

ventral horn region of the spinal cord.  While untreated Smn2B/- mice show significantly fewer 

motor neurons than their WT littermates (P = 0.002), treatment of the SMA mice with Y-27632 

did not have a positive impact on the number of motor neurons (P = 0.12) (data are mean +/- 

S.E.). 
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DISCUSSION 

 In this study, we show that the level of active RhoA (RhoA-GTP) is increased in the 

spinal cords of the Smn2B/- intermediate SMA mouse model.  Inactivation of ROCK, a direct 

downstream effector of RhoA-GTP (Amano et al. 1996), via administration of Y-27632 (30 

mg/kg), results in the most significant increase in the lifespan of SMA mice reported to date.  

Significantly, treatment with Y-27632 did not increase Smn RNA or protein levels suggesting 

the modulation of an event or events downstream of SMN depletion.  Importantly, Smn2B/- mice 

treated with Y-27632 displayed larger NMJs and a greater percentage of mature NMJ terminals 

when compared to untreated Smn2B/- mice.  Recent work in mouse models has suggested that 

SMA could be a motor neuron synaptopathy (Kariya et al. 2008; McGovern et al. 2008; Kong et 

al. 2009). As well, perturbed NMJ formation has been reported in myotubes from severe SMA 

patients (Arnold et al. 2004). Consistent with these observations, we propose that disrupted 

RhoA regulation in an SMN depleted neuron contributes to a failure of the NMJs to fully mature.  

The correcting of RhoA/ROCK signaling with Y-27632 represents one promising means of 

ameliorating NMJ formation and function, with a consequent improvement in lifespan.  

 RhoA is a small GTPase that plays an important role in the regulation of actin 

cytoskeletal dynamics (Luo et al. 1997).  By signaling through various pathways, RhoA mediates 

neuronal growth, formation, polarization, regeneration, branching, pathfinding, guidance and 

retraction (reviewed in (Govek et al. 2005; Luo et al. 2005)).  Furthermore, dysregulation of 

RhoA has been implicated in mental retardation, amyotrophic lateral sclerosis and lissencephaly 

(Boettner et al. 2002; Ramakers 2002; Kholmanskikh et al. 2003).  The depletion of Smn in 
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motor neurons leads to defects in β-actin mRNA and protein localization (Rossoll et al. 2003).  

This defect may then result in anomalous signaling between the actin cytoskeletal signaling 

pathways and RhoA.  Furthermore, an abnormal upregulation of RhoA-GTP also results in 

defects in actin localization (Yamaguchi et al. 2001).  Previous studies have shown that the Y-

27632 compound leads to actin rearrangements through the decreased phosphorylation of cofilin 

(Wang et al. 2009), promoting the advancement and enlargement of the neuronal growth cone  

and increasing (Rosner et al. 2007; Schaefer et al. 2008) the activity of voltage-gated calcium 

channels (Piccoli et al. 2004).  The effects of the RhoA/ROCK inhibitor on the actin dynamics in 

neurons have thus been well characterized. 

RhoA-GTP activates ROCK through phosphorylation (Amano et al. 1996), which in turn 

leads to the activation and phosphorylation of LIMK (Maekawa et al. 1999).  Interestingly, in 

Drosophila, LIMK normally functions as a suppressor of synaptic sprouting and growth at the 

NMJ (Ang et al. 2006). Thus, increased RhoA activation in the spinal cord motor neurons of the 

Smn2B/- mice and a subsequent increase in LIMK activity may explain the smaller NMJs and the 

fewer mature terminals observed in these mice (Figure 5.8).  The inactivation of ROCK through 

the administration of Y-27632 decreased the levels of phosphorylated LIMK.  This reduction in 

phosphorylated LIMK would therefore suppress its inhibitory effect on growth and sprouting at 

the NMJ.  A critical improvement in NMJ maturation and function, would thus lead to a 

subsequent enhancement in the lifespan of SMA mice.  Studies attempting to alleviate the 

phenotype and lethality of rodent models of SMA and amyotrophic lateral sclerosis, another fatal 

neurodegenerative disease, also show that improvement of NMJ innervation is associated with 

increased survival (Gifondorwa et al. 2007; Suzuki et al. 2008; Tsai et al. 2008).     
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Figure 5.8.  A model of how SMN depletion may affect RhoA activity in spinal cords and 

neuromuscular junction (NMJ) maturation.  In SMA patients, a depletion in SMN results in 

abnormal localization and distribution of actin, which alters regulation of the actin cytoskeletal 

signaling pathways.  A major upstream regulator of actin dynamics, RhoA, is thus misregulated, 

and its activity increases in the spinal cord.  RhoA-GTP phosphorylates and activates ROCK, 

which in turn phosphorylates and activates cofilin and LIMK.  An abnormal increase in p-LIMK 

suppresses synaptic sprouting and growth at the NMJ.  This would eventually lead to the 

denervation and or/degeneration of the motor neurons within the ventral horn region of the spinal 

cord.     
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Interestingly, while Y-27632 administration dramatically ameliorates the survival of the 

Smn2B/- mice, it does not fully rescue the neurological phenotype.  Indeed, we observed no 

improvement in the weight loss phenotype or age of onset of the disease in these mice.  Further, 

the motor neuron loss in the ventral horn region of the spinal cord was not prevented.  Given that 

the Y-27632 compound acts via an Smn-independent pathway, loss of the Smn protein itself 

might have residual pathogenic effects.  Indeed, Smn has been shown to have roles in mRNA 

splicing and axonal transport (Paushkin et al. 2002; Rossoll et al. 2003).  These functions might 

still be perturbed due to the persistent Smn depletion in the Y-27632-treated SMA mice.  An 

alternative explanation for the inability of the Y-27632 to completely rescue the phenotype of the 

Smn2B/- mice is its simple incapacity to fully restore the maturity of NMJs.  Indeed, although the 

NMJs of treated Smn2B/- mice are significantly larger and more mature than those of untreated 

Smn2B/- mice, they still remain significantly smaller and less mature than wild type NMJs.  The 

improvement in NMJ maturation without a concomitant rescue in motor neuron and muscle fiber 

pathology therefore suggests that the Y-27632 treatment improves the functionality of the 

remaining NMJs without preventing motor neuron denervation and/or degeneration.  

 Surprisingly, Smn2B/- mice that received the Y-27632 compound displayed larger TA 

muscle fibers than their vehicle-treated counterparts.  An increase in muscle fiber cross-sectional 

area without being accompanied by an increase in strength can occur, such as in instances of 

sarcoplasmic hypertrophy (Kraemer 2006). Why this occurs in the TA muscles of treated Smn2B/- 

mice is most likely due to the secondary effects of the systemically delivered Y-27632 

compound.  Indeed, activated ROCK has been shown to negatively impact the differentiation and 

fusion of skeletal myoblasts (Castellani et al. 2006) (Nishiyama et al. 2004; Fortier et al. 2008).  
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More importantly, the ROCK inactivation in skeletal myoblasts through Y-27632 administration 

results in enhanced differentiation, myoblast fusion, and an increase in myotube size (Nishiyama 

et al. 2004; Castellani et al. 2006).  Thus, in addition to the effects observed in the spinal cord 

and NMJs of the Smn2B/- mice, the Y-27632 compound may also act on inactivating ROCK in 

skeletal muscle thereby enhancing differentiation and fusion, resulting in an increase in muscle 

fiber size.  Whether this is consequential in the improved survival observed in the Y-27632-

treated mice remains uncertain due to the absence of a concomitant increase in weight.                

While administration of the Y-27632 compound significantly improved the survival of 

the Smn2B/- mice, an intermediate SMA mouse model, it had no beneficial effect on the most 

severe SMA mouse model, Smn-/-;SMN2 (Monani et al. 2000b).  We have shown that the Y-

27632 compound acts via an Smn-independent pathway, most likely by improving NMJ 

maturity.  The rodent NMJ undergoes dramatic physical and molecular changes during the first 

two postnatal weeks (reviewed in (Sanes et al. 1999)).  As the Smn-/-;SMN2 mice expire within 

the first week of life, the beneficial effect of the Y-27632 compound on NMJ maturation and size 

likely does not have time to occur in this severe SMA mouse model. Severe and intermediate 

mouse models of SMA, akin to human SMA types I, II and III, are very different in phenotype 

and severity of disease. In the present case in particular, the beneficial effect of Y-27632 in our 

intermediate mouse model is not due to “Smn” rescue but rather due to a “biological” rescue, 

bypassing the Smn defect altogether.   These findings highlight the fact that treatment modalities 

for the different severities of SMA will have to be different.  Indeed, it is most likely that for 

SMA, the “one size fits all” approach will not be tenable.              
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Although we have identified RhoA as a major player in the disruption of actin 

cytoskeletal dynamics in the Smn2B/- mouse model, we cannot exclude the involvement of other 

actin regulators.  Indeed, our work in Smn-depleted PC12 cells shows a decrease in total and 

active Cdc42, another small Rho GTPase (Luo et al. 1997; Bowerman et al. 2007).  Investigation 

of the in vivo effects of Smn depletion on Cdc42 expression would help elucidate if SMA 

pathogenesis is due to a more general disruption of actin cytoskeletal dynamics. Nevertheless, 

we show that abnormal activation of the RhoA pathway in the spinal cord of an intermediate 

SMA mouse model leads to some of the hallmarks of SMA pathogenesis.  We are the first to 

provide evidence that the modulation of disrupted actin cytoskeletal dynamics dramatically 

improves the survival of SMA mice.  The present work provides novel avenues for therapeutic 

approaches to treat this devastating disease. 
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MATERIALS AND METHODS 

Antibodies  

 The mouse monoclonal primary antibodies used were as follows: anti-actin (1:800; 

Fitzgerald), anti-SMI312 (1:1000; Covance), anti-SV2 (1:100; Developmental Studies 

Hybridoma Bank), anti-RhoA (1:200 (IB), 1:5 (IF); Santa Cruz), and anti-Smn (1:5000; 

Transduction Laboratories). The rabbit polyclonal primary antibodies used were as follows: anti-

LIMK (1:500; Cell Signaling), anti-phospho-LIMK (1:250; Cell Signaling), anti-cofilin (1:500; 

Chemicon); anti-phospho-cofilin (1:250; Chemicon) and anti NF (N4142) (1:200; Sigma).  

The secondary antibodies used were as follows: horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (1:5000; Bio-Rad), HRP-conjugated goat anti-rabbit IgG 

(1:5000), Alexa Fluor 555 goat anti-mouse (1:100; Molecular Probes) and Alexa Fluor 488 goat 

anti-rabbit IgG (1:100; Molecular Probes).   

The alpha-bungarotoxin Alexa Fluor 555 conjugate (1:10) was from Invitrogen. 

Animal models 

The Smn2B/- mice were established in our laboratory and maintained in our animal facility 

on a C57BL/6 x CD1 hybrid background (Bowerman et al. 2009).  The 2B mutation consists of a 

substitution of 3 nucleotides in the exon splicing enhancer of exon 7 (DiDonato et al. 2001).  The 

Smn knock-out allele was previously described by Schrank et al. (Schrank et al. 1997) and Smn+/- 

mice were obtained from The Jackson Laboratory.  The Smn-/-;SMN2 mice (Monani et al. 2000b) 

are maintained on a FVB/N background and were obtained from The Jackson Laboratory.  All 
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animal procedures were performed in accordance with institutional guidelines (Animal Care and 

Veterinary Services and Ethics, University of Ottawa). 

Y-27632 experimental procedure 

 The Y-27632 compound (Calbiochem) was diluted in water and administered by a 

modified oral gavage procedure (Butchbach et al. 2007) to Smn2B/- and Smn2B/+ mice from P3 to 

P21.  The Smn-/-;SMN2 mice were given the compound by administering it by gavage to pregnant 

females at gestational day E14 and by reinstating gavage to the pups at P3.  Smn2B/- and Smn2B/+ 

animals received low (1 mg/kg, twice daily) or high (30 mg/kg, once daily) doses of Y-27632 

while vehicle-treated animals received water.  Smn-/-;SMN2 pups and their mothers received only 

the higher dose (30 mg/kg).   Survival and weight were monitored daily.   

Immunoblot analysis 

Equal amounts of spinal cord samples of P0, P10 and P21 mice were separated by 

electrophoresis on 10% SDS-polyacrylamide gels and blotted onto a PVDF membrane 

(Millipore). The membranes were blocked in 5% nonfat milk in TBST (10 mM Tris-HCl pH 8.0, 

150 mM NaCl, and 0.1% Tween 20 (Sigma)), incubated overnight at 4oC with the first primary 

antibody, rinsed in TBST and incubated again overnight at 4oC with the second primary 

antibody. Then, membranes were incubated at room temperature with the secondary antibodies, 

1 hour for each one, with TBST washes in between. Signals were visualized using the ECL or 

the ECL plus detection kit (Amersham).  
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RhoA activity assay 

 Rhotekin-Rho-GTP binding domain GST (GST-RBD) beads were from Cytoskeleton.  

Thirty µg of GST-RBD beads was added to one hundred μg of spinal cord lysates. After a 1 hour 

incubation at 4oC, beads were washed three times with lysis buffer B (50 mM Tris pH 7.6, 150 

mM NaCl, 1% Triton X-100, and 0.5 mM MgCl2) supplemented with 1 mM PMSF, 0.01 mg/ml 

leupeptin and 0.01 mg/ml aprotinin. The bound RhoA-GTP was detected by immunoblot 

analysis using an anti-RhoA antibody.  The average increase or decrease of total and active 

RhoA was quantified by densitometry comparisons of the RhoA-GTP/actin and total RhoA/actin 

ratios of 3 mice per genotype using the Image J software. 

RT-PCR 

 RNA from spinal cords was extracted with the TRIzol Reagent (Gibco) according to the 

manufacturer’s instructions.  Reverse transcription was performed using 0.5 µg of total RNA.  

The following primers were used for RT-PCR analysis: Smn forward (5’ GCA CAG CCA GAA 

GAA AAC CT 3’), Smn reverse (5’ CGA CAC GCA CAC TCC ACT 3’), actin forward (5’ 

CCG TCA GGC AGC TCA TAG CTC TTC 3’) and actin reverse (5’ CTG AAC CCT AAG 

GCC AAC CGT 3’).  FL Smn mRNA/Δ7 Smn mRNA ratios were determined by densitometry 

using the Image J software. 

Immunohistochemistry of neuromuscular junctions  

 Dissected whole tibialis anterior (TA) muscles of P21 mice were dissected and fixed in 

4% paraformaldehyde (PFA).  Following the removal of connective tissue, the TA muscles were 
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incubated with alpha-bungarotoxin Alexa Fluor 555 conjugate for 20 min at room temperature 

(RT).  The TA muscles were then incubated in methanol at -20oC for 5 min, followed by an 

overnight incubation at 4oC with the SV2 and SMI312 antibodies.  Incubation with the secondary 

antibodies was performed the following day at RT for 1 hour.  Finally, two to three thin filets per 

stained TA were cut and mounted in Fluorescent Mounting Medium (Dako).  All filets were 

single sections of the surface of the TA muscle.  Images were taken with a Zeiss confocal 

microscope, with a 20X objective, equipped with filters suitable for FITC/Cy3/fluorescence.  For 

the blind quantification analysis, a minimum of 90 NMJs were analyzed for each 

genotype/treatment group.  The Zeiss AxioVision software was used to calculate the area of 

NMJs.  Maturity of the NMJs was determined by the sophisticated complexity of folds displayed 

by the terminals. 

Hematoxylin and eosin staining 

 Spinal cord sections and TA muscle sections were first deparaffinized in xylene and then 

fixed in 100% ethanol. Following a rinse in water, samples were stained in hematoxylin (Fisher) 

for 3 minutes, rinsed in water, dipped 40 times in a solution of 0.02% HCl in 70% ethanol and 

rinsed in water again. The sections were next stained in a 1% eosin solution (BDH) for 1 minute, 

dehydrated in ethanol, cleared in xylene and mounted with Permount (Fisher). Images were 

taken with a Zeiss Axioplan2 microscope, with a 20X objective.  

Quantitative assays were performed on 3 mice for each genotype and 5 sections per 

mouse.  Analyzed sections were at least 10 µm apart.  Motor neurons were identified by their 

shape and size in the same designated area of the ventral horn region of the spinal cord sections. 



  181 

The area of muscle fiber within designated regions of the TA muscle sections was measured 

using the Zeiss AxioVision software. 

Statistical methods 

 For the Kaplan-Meier survival analysis, the log-rank test was used and survival curves 

were considered significantly different at p<0.05. 

For the remaining statistical analyses, the Student’s two-tail t test for paired variables was 

used to test for differences between samples and data were considered significantly different at 

p< 0.05.   
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SUPPLEMENTARY DATA 

Supplementary Figure 5.1.  Smn2B/- mice treated with 30 mg/kg of Y-27632 show improved 

gait and movement. A)  A movie of four treated Smn2B/- mice (four months of age) displaying the 

agility and ability to freely walk and move around the cage while still displaying a minor 

neurological phenotype. B)  A movie of an untreated Smn2B/- mouse at three weeks of age 

(endpoint) displaying a severe neurological phenotype and reduced motor functions.  Alongside 

it can be seen a Smn2B/+ littermate displaying a normal gait and phenotype. 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CHAPTER 6: Targeting the RhoA pathway via the clinically approved ROCK inhibitor 

Fasudil as a therapeutic strategy for SMA 
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ABSTRACT 

Background: Spinal muscular atrophy (SMA) is the leading genetic cause of infant death. It is 

caused by mutations/deletions of the survival motor neuron 1 (SMN1) gene and is typified by the 

loss of spinal cord motor neurons, muscular atrophy, and in severe cases, death. The SMN 

protein is ubiquitously expressed and various cellular- and tissue-specific functions have been 

investigated to explain the specific motor neuron loss in SMA. We have previously shown that 

the RhoA/Rho kinase (ROCK) pathway is misregulated in cellular and animal SMA models, and 

that inhibition of ROCK with the chemical Y-27632 significantly increased the lifespan of a 

mouse model of SMA.  In the present study, we evaluated the therapeutic potential of the 

clinically approved ROCK inhibitor Fasudil.  Methods:  Fasudil was administered by oral 

gavage from post-natal day 3 to 21 at a concentration of 30 mg/kg twice daily.  The effects of 

Fasudil on lifespan and SMA pathological hallmarks of the SMA mice were assessed and 

compared to vehicle-treated mice.   For the Kaplan-Meier survival analysis, the log-rank test was 

used and survival curves were considered significantly different at p<0.05.  For the remaining 

analyses, the Student’s two-tail t test for paired variables and one-way ANOVA were used to test 

for differences between samples and data were considered significantly different at p< 0.05.  

Results:  Fasudil significantly improves survival of SMA mice. This dramatic phenotypic 

improvement is not mediated by an up-regulation of Smn protein or via preservation of motor 

neurons.  However, Fasudil administration results in a significant increase in muscle fiber and 

postsynaptic endplate size, and restores normal expression of markers of skeletal muscle 

development, suggesting that the beneficial effects of Fasudil could be muscle-specific.  

Conclusions:  Our work underscores the importance of muscle as a therapeutic target in SMA 
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and highlights the beneficial potential of ROCK inhibitors as a therapeutic strategy for SMA and 

for other degenerative diseases characterized by muscular atrophy and postsynaptic immaturity. 
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INTRODUCTION 

 As the leading genetic cause of infant deaths, spinal muscular atrophy (SMA) is a 

devastating and incurable neuromuscular disorder (Pearn 1978a; Crawford et al. 1996). SMA 

affects 1 in 6,000-10,000 births and results from deletions or mutations in the survival motor 

neuron 1 (SMN1) gene (Pearn 1978a; Lefebvre et al. 1995; Crawford et al. 1996). The primary 

pathological hallmark of SMA is the loss of lower motor neurons from the spinal cord and 

corresponding muscular atrophy with subsequent paralysis and in most severe cases, death 

(Pearn 1978a; Crawford et al. 1996). 

 The complete loss of the SMN protein is embryonic lethal (Jablonka et al. 2000). In 

humans however, a recent duplication event in chromosome 5 has given rise to the centromeric 

SMN2 gene (Lefebvre et al. 1995). While both SMN1 and SMN2 genes differ by only a few 

nucleotides, a critical C to T substitution lies within position 6 of SMN2 exon 7 (Lorson et al. 

1999; Monani et al. 1999a). This silent mutation results in the aberrant splicing of exon 7, giving 

rise to the biologically unstable SMN∆7 protein (Lefebvre et al. 1995; Lorson et al. 1999). 

Although the SMN2 gene produces predominantly the SMN∆7 protein, a small amount of full-

length SMN is still produced (Lefebvre et al. 1995). Thus, the number of SMN2 gene copies in 

SMA patients is a key modifier of disease severity (Lefebvre et al. 1995; Coovert et al. 1997; 

Lefebvre et al. 1997).  

 One of the major hurdles in SMA is to understand how the loss of a ubiquitously 

expressed protein leads to the specific loss of spinal cord motor neurons. Work from various 

research groups has identified distinct roles for SMN in neurodevelopment, neuromaintenance, 
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RNA metabolism, at the neuromuscular junction (NMJ) and in skeletal muscle (reviewed in 

(Boyer et al. 2010)). As of yet however, none of these various functions of the SMN protein 

have been recognized as being solely responsible for SMA pathogenesis.  

Work from our laboratory has shown that Smn depletion in cellular and mouse models 

results in altered expression and localization of a number of regulators of actin cytoskeletal 

dynamics (Bowerman et al. 2007; Bowerman et al. 2009; Bowerman et al. 2010). Indeed, 

analysis of spinal cords from SMA mice revealed a significant increase in active RhoA (RhoA-

GTP) (Bowerman et al. 2010), a major upstream regulator of the actin cytoskeleton (Luo et al. 

1997). RhoA-GTP signaling in neuronal cells modulates various cellular functions such as 

growth, neurite formation, polarization, regeneration, branching, pathfinding, guidance and 

retraction (reviewed in (Govek et al. 2005; Luo et al. 2005)). Our previous work demonstrated 

that administration of the ROCK inhibitor Y-27632 (Amano et al. 1996), lead to dramatic 

increase in survival in a mouse model of intermediate SMA (Bowerman et al. 2010). Recently 

Nölle et al. demonstrated that knockdown of Smn in PC12 cells affects the phosphorylation state 

of downstream effectors of ROCK, supporting the value of the ROCK pathway as a therapeutic 

target for SMA pathogenesis (Nolle et al. 2011).  

In the present work, we have treated SMA mice with Fasudil, a ROCK inhibitor approved 

for U.S. clinical trials. We show that Fasudil dramatically improves the lifespan and increases 

muscle fiber size in Smn2B/- SMA mice. Furthermore, we report for the first time that ROCK 

inhibition restores normal expression of markers of skeletal muscle development in SMA mice. 

Our study highlights the beneficial effects of ROCK inhibition not only for SMA pathogenesis 
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but also for any degenerative disease that has NMJ and skeletal muscle development defects. 

Importantly, as Fasudil is currently used in U.S. FDA-approved clinical trials for other disorders, 

re-purposing it is an exciting, and feasible therapeutic approach for the treatment of SMA. 
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MATERIALS AND METHODS 

Animal models 

The Smn2B/- mice were established in our laboratory and maintained in our animal facility on a 

C57BL/6 x CD1 hybrid background. The 2B mutation consists of a substitution of 3 nucleotides 

in the exon splicing enhancer of exon 7 (DiDonato et al. 2001; Hammond et al. 2010). The Smn 

knock-out allele was previously described by Schrank et al. (Schrank et al. 1997)  and Smn+/- 

mice were obtained from The Jackson Laboratory. All animal procedures were performed in 

accordance with institutional guidelines (Animal Care and Veterinary Services, University of 

Ottawa). 

 

Fasudil administration 

Fasudil (LC Laboratories) was diluted in water and administered by a modified oral gavage 

procedure (Butchbach et al. 2007) to Smn2B/- and Smn2B/+ mice from P3 to P21. The three Fasudil 

dosage regimens were as follows: low dose (30 mg/kg once daily), medium dose (30 mg/kg 

twice daily), and high dose (30 mg/kg twice daily from P3-P6; 50 mg/kg twice daily from P7-

P13; 75 mg/kg twice daily from P14-P21). Vehicle-treated animals received water. Survival and 

weight were monitored daily. 

 

Antibodies 

The primary antibodies used were as follows: mouse anti-actin (1:800; Fitzgerald), mouse anti-

Smn (1:5000; BD Transduction Laboratories), rabbit anti-phosphorylated cofilin (1:250; 
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Chemicon), rabbit anti-cofilin (1:500; Millipore), rabbit anti-phosphorylated cofilin 2 (1:500; 

Cell Signaling), rabbit anti-cofilin 2 (1:500; Millipore), mouse anti-myogenin (1:250; BD 

Transduction Laboratories), rabbit anti-HB9 (1:50; Abcam), mouse anti-2H3 (1:250; 

Developmental Studies Hybridoma Bank) and mouse anti-SV2 (1:250; Developmental Studies 

Hybridoma Bank). The secondary antibodies used were as follows: horseradish peroxidase 

(HRP)-conjugated goat anti-mouse IgG (1:5000; Bio-Rad), HRP-conjugated goat anti-rabbit IgG 

(1:5000; Bio-Rad), DyLight goat anti-mouse (1:250; Jackson), goat anti-rabbit biotin-SP-

conjugated (1:200; Dako), streptavidin-Cy3-conjugated (1:600; Jackson Immuno Research) and 

Alexa Fluor 680 goat anti-mouse (1:5000; Molecular Probes). The α-bungarotoxin (BTX) 

conjugated to tetramethylrhodamine isothiocyanate was from Molecular Probes (5 µg/mL). 

 

Immunoblot analysis 

Equal amounts of spinal cord and tibialis anterior (TA) muscle tissue extracts were separated by 

electrophoresis on 10% SDS-polyacrylamide gels and blotted onto nitrocellulose membranes 

(Amersham). The membranes were blocked in 5% non-fat milk in TBST (10 mM Tris-HCl pH 

8.0, 150 mM NaCl, and 0.1% Tween 20 (Sigma)). Membranes were incubated overnight at 4oC 

with primary antibody, followed by a 1 hour incubation with the secondary antibody. All washes 

were performed with TBST. Signals were visualized using the ECL or the ECL plus detection kit 

(Amersham). Exposure times were chosen based on the saturation of the highest amounts of 

protein. 
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Hematoxylin and eosin staining 

Spinal cord (L1-L2 lumbar regions) and TA muscle sections (5 µm) were deparaffinized in 

xylene and fixed in 100% ethanol. Following a rinse in water, samples were stained in 

hematoxylin (Fisher) for 3 minutes, rinsed in water, dipped 40 times in a solution of 0.02% HCl 

in 70% ethanol and rinsed in water again. The sections were stained in a 1% eosin solution 

(BDH) for 1 minute, dehydrated in ethanol, cleared in xylene and mounted with Permount 

(Fisher). Images were taken with a Zeiss Axioplan2 microscope, with a 20X objective.  

 

Quantitative assays were performed on 3 mice for each genotype and 5 sections per mouse. 

Motor neurons were identified by their shape and size (> 10 μm in diameter) in the same 

designated area of the ventral horn region of the spinal cord. Every 5th section was analyzed and 

the subsequent totals were multiplied by 5 to give an estimate of total motor neuron number. 

Only motor neurons with visible nuclei were counted so as to prevent double-counting. For TA 

quantitative assays, the area of muscle fiber within designated regions of the TA muscle sections 

was measured using the Zeiss AxioVision software. 

 

Immunohistochemistry 

For immunohistochemistry, spinal cord sections were first deparaffinized in xylene (3 x 10 min), 

fixed in 100% ethanol (2 x 10 min), rehydrated in 95% and 75% ethanol (5 sec each) and placed 

5 min in 1 M Tris-HCl pH 7.5. Sections were then placed in boiling sodium citrate antigen 

retrieval buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 20 minutes in the 
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microwave. The sections were then rinsed 10 minutes under running cold tap water and 

incubated for 2 hours at room temperature (RT) in blocking solution (TBLS (10% NaN3), 20% 

goat serum, 0.3% Triton X-100). This was followed by an overnight incubation at 4oC with the 

primary antibody. Subsequently, sections were incubated 1 hour at RT with the biotinylated 

rabbit antibody followed by a 1 hour incubation at RT with streptavidin-Cy3. All washes were 

done with PBS. Hoechst (1:1000) was added to the last PBS wash followed by the slides being 

mounted in Fluorescent Mounting Medium (Dako). Images were taken with a Zeiss confocal 

microscope, with a 20X objective, equipped with filters suitable for Cy3/Hoechst fluorescence. 

 

Neuromuscular junction immunohistochemistry 

 
TVA and TA muscle sections were labeled by immunohistochemistry to allow quantification of 

neuromuscular innervation as described previously (Murray et al. 2008; Bowerman et al. 2010). 

Briefly, TVA muscles were immediately dissected from recently sacrificed mice and fixed in 4% 

paraformaldehyde (Electron Microscopy Science) in PBS for 15 minutes. Post-synaptic 

acetylcholine receptors were labeled with αBTX for 10 min. Muscles were then permeabilized in 

2% TritonX for 30 minutes and blocked in 4% bovine serum albumin/1% TritonX in PBS for 30 

min before incubation overnight in primary antibodies and visualized with DyLight-conjugated 

secondary antibodies. Whole TA muscles were dissected and fixed in 4% paraformaldehyde. 

Following the removal of connective tissue, the TA muscles were incubated with αBTX Alexa 

Fluor 555 conjugate for 20 min at RT. Whole TVA muscle and a thin filet of TA muscle were 

mounted in Dako Fluorescent mounting media. Images were taken with a Zeiss confocal 
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microscope equipped with filters suitable for FITC/Cy3/fluorescence. Categorization of pre- and 

postsynaptic morphologies was performed as previously reported (Bowerman et al. 2012a). 

 

Pen test 

Balance and strength were assessed using the pen test as described (Willmann et al. 2011). Mice 

were placed on a suspended pen at different time-points (P12, 14, 17 and 21). The latency to fall 

from the pen was measured with a plateau of 30 seconds. At each time-point, individual mice 

were assessed three consecutive times. 

 

Statistical Methods 

All statistical analyses were performed using the GraphPad Prism software. For the Kaplan-

Meier survival analysis, the log-rank test was used and survival curves were considered 

significantly different at p<0.05. When appropriate, the Student’s two-tail t test for paired 

variables and one-way ANOVA were used to test for differences between samples and data were 

considered significantly different at p< 0.05. 
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RESULTS 

Fasudil increases lifespan of Smn2B/- mice  

The Smn2B allele harbors a sequence change in the exon splicing enhancer of exon 7 of 

the murine Smn gene, leading to the predominant production of the Smn∆7 protein (DiDonato et 

al. 2001; Hammond et al. 2010). The Smn2B allele in combination with the knockout allele results 

in an intermediate SMA mouse model (Smn2B/-) with a median lifespan of 30 days that displays 

motor neuron loss, neuromuscular defects and immature NMJs (Bowerman et al. 2012a). We 

have previously shown that the ROCK inhibitor Y-27632 dramatically improved the lifespan of 

Smn2B/- mice (Bowerman et al. 2010). Since Y-27632 has not been approved for clinical use, we 

set out to determine if the ROCK inhibitor, Fasudil, which has been approved for U.S clinical 

trials (Yamaguchi et al. 2006), would have similar beneficial effects on the Smn2B/- mice.  

Treating the Smn2B/- mice by gavage twice daily (30 mg/kg dose) from post-natal day (P) 

3 to P21 lead to a significant increase in lifespan when compared to vehicle-treated Smn2B/- mice 

(Figure 1A).  Indeed, 57% of Fasudil-treated Smn2B/- mice survived over 300 days while the 

median survival of vehicle-treated Smn2B/- mice is 30.5 days (Figure 6.1 A). A lower dose of 

Fasudil had no effect while a higher dose was accompanied by a non-negligible toxicity 

(Supplementary Figure 6.1). Interestingly, both vehicle- and Fasudil-treated Smn2B/- mice 

showed a similar arrest in weight gain after P10 (Figure 6.1 B). When assessing strength and 

balance via the pen test (Willmann et al. 2011), both vehicle- and Fasudil-treated Smn2B/ - mice 

had short latencies to fall from the pen (Figure 6.1 C). Thus, while Fasudil significantly 

increased the lifespan of the Smn2B/- mice, it did not influence the weight loss or the 
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neuromuscular weakness that typifies this SMA mouse model (Bowerman et al. 2012a). 

However, when comparing mice past weaning age, we find that Fasudil-treated Smn2B/- mice are 

better groomed, move about more freely in the cage and display a less severe neurological 

phenotype than vehicle-treated Smn2B/- mice (Supplementary Figure 2).  Additionally, despite 

their initial compromised body size and neuromuscular function, surviving Fasudil-treated 

Smn2B/- females are able to reproduce, as exemplified by a female that was euthanized because of 

dystocia (Figure 6.1 A).  The dystocia-linked death, however, highlights the breeding limitations 

in these aging Fasudil-treated mice that still exhibit an SMA neuromuscular phenotype. 
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Figure 6.1. Fasudil increases lifespan of Smn2B/- mice, independent of weight gain and pen test 

performance. Fasudil (30 mg/kg twice daily) or vehicle (water) was administered by gavage from 

post-natal (P) day 3 to P21. The different groups analyzed were: untreated wild type (WT) (n = 

10), vehicle-treated Smn2B/+ (n = 8), Fasudil-treated Smn2B/+ (n = 9), vehicle-treated Smn2B/- (n = 

16) and Fasudil-treated Smn2B/- (n = 7). A) Fasudil significantly increases lifespan of Smn2B/- mice 

when compared to vehicle-treated Smn2B/- mice (*P = 0.0251; # indicates death due to dystocia). 
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Administration of Fasudil does not have adverse effects on the lifespan of normal littermates. B) 

Fasudil does not prevent the arrest in weight gain that occurs in vehicle-treated Smn2B/- mice 

onwards of P10. C) Fasudil does not improve the performance of Smn2B/- mice on the pen test 

when compared to vehicle-treated Smn2B/- mice. 
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Fasudil activity in the spinal cord does not prevent motor neuron loss in Smn2B/- mice  

 The main goal of using Fasudil as a therapeutic strategy is to compensate for the 

increased levels of RhoA-GTP in the spinal cords of the Smn2B/- mice (Bowerman et al. 2010).  In 

order to investigate the mechanisms by which Fasudil exerts its beneficial effects, we 

investigated its activity and impact on motor neuron loss in the spinal cord.  Spinal cord extracts 

from P21 Fasudil-treated Smn2B/- mice showed a reduction in phosphorylated cofilin, a 

downstream effector of ROCK (Maekawa et al. 1999; Sumi et al. 1999), when compared to 

vehicle-treated SMA mice (Figure 6.2 A), demonstrating that oral administration of Fasudil 

efficiently delivers the drug to the CNS and leads to an efficient inhibition of ROCK activity.  

 To investigate if the beneficial effects of Fasudil administration are mediated through an 

increase in Smn expression, we compared Smn protein levels in P21 spinal cords of wild type, 

vehicle-treated and Fasudil-treated Smn2B/- mice. This comparison shows that Fasudil does not 

lead to a significant upregulation of Smn expression (Figure 6.2 B) and further suggests that 

Fasudil acts via an Smn-independent pathway to improve the survival of Smn2B/- mice.  

As a major hallmark of SMA is loss of lower motor neuron cell bodies from the spinal 

cord, we assessed the effect of Fasudil on the motor neuron loss previously characterized in the 

Smn2B/- mouse model (Bowerman et al. 2009; Bowerman et al. 2012a). Quantification of the 

number of motor neuron cell bodies in the ventral horn region of L1-L2 lumbar spinal cord 

sections revealed similar significant reductions in both vehicle- and Fasudil-treated Smn2B/- mice 

compared to wild type controls (Figure 6.2 C, D). This implies that the beneficial effects 

observed following Fasudil administration are not mediated via a preservation of motor neuron 
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cell bodies. It is therefore possible that Fasudil acts on other SMA-afflicted tissues and/or 

compartments that subsequently influence the functionality of the surviving motor neurons.  
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Figure 6.2. Fasudil activity in the spinal cord is Smn-independent and does not prevent motor 

neuron loss in the ventral horn region.  A and B) Spinal cords were obtained from P21 untreated 

wild type (WT), vehicle-treated Smn2B/- and Fasudil-treated Smn2B/- mice. A) Immunoblot analysis 

shows that spinal cords treated with the rho-kinase (ROCK) inhibitor Fasudil have decreased 

levels of p-cofilin, a known substrate of ROCK. B) Immunoblot analysis shows that Fasudil does 

not increase Smn protein levels in the spinal cords of Smn2B/- mice.  C and D) Spinal cord 

sections were analyzed from P21 untreated wild type (WT) (n = 3), vehicle-treated Smn2B/- (n = 

3) and Fasudil-treated Smn2B/- (n = 3) mice. C) Representative images of hematoxylin and esoin 

(H&E)- and HB9-stained spinal cord sections. Arrowhead depicts a typical large motor neuron. 

Scale bar = 50 µm. D) Quantification of motor neurons within the ventral horn region of the 
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spinal cord shows that Fasudil does not prevent the motor neuron loss that occurs in vehicle-

treated Smn2B/- mice (*P < 0.05; **P < 0.01; NS = not significant; data are mean +/- s.d.). 
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Fasudil increases skeletal muscle fiber size 

 In addition to motor neuron degeneration, SMA is also typified by muscular atrophy 

(Pearn 1978a; Crawford et al. 1996).  In recent years, several intrinsic pathologies and defective 

molecular pathways have been reported in SMA muscle ((Walker et al. 2008; Martinez-

Hernandez et al. 2009; Mutsaers et al. 2011) and JGB, unpublished data). Furthermore, we have 

previously demonstrated that the ROCK inhibitor Y-27632 lead to an increase in the TA 

myofiber size of Smn2B/- mice (Bowerman et al. 2010).  We thus investigated the effect of Fasudil 

on skeletal muscle and show that TA muscles from Fasudil-treated P21 Smn2B/- mice display 

significantly larger myofibers than vehicle-treated Smn2B/- mice (Figure 6.3 A, B). Indeed, both 

wild type and Fasudil-treated Smn2B/- mice show similar myofiber sizes (Figure 6.3 A, B). To 

determine whether this increase in muscle fiber size was SMA-dependent, we also compared TA 

muscles of vehicle- and Fasudil-treated Smn2B/+ phenotypically normal littermates. This revealed 

no significant difference in myofiber size (Figure 6.3 C, D), thus suggesting that Fasudil acts on 

muscle-specific molecular pathways that are distinctly perturbed in the SMA mice. 
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Figure 6.3. Fasudil increases tibialis anterior (TA) myofiber size. TA muscles were isolated 

from P21 untreated wild type (WT) (n = 3), vehicle-treated Smn2B/+ (n = 3), Fasudil-treated 

Smn2B/+ (n = 3), vehicle-treated Smn2B/- (n = 6) and Fasudil-treated Smn2B/- (n = 6) mice. A) 

Representative images of cross-sections of WT, or vehicle- and Fasudil-treated Smn2B/- TA 

muscles stained with hematoxylin and eosin. Scale bar = 50 μm. B) Quantification shows that 

Fasudil-treated Smn2B/- TA muscles display significantly larger myofibers than vehicle-treated 

Smn2B/- mice. (**P < 0.01; ***P < 0.001; NS = not significant; data are mean +/- s.d.). C) 

Representative images of cross-sections of vehicle- and Fasudil-treated Smn2B/+ TA muscles 

stained with hematoxylin and eosin. Scale bar = 50 μm. D) Quantification shows that Fasudil 

does not significantly increase the myofiber size of Smn2B/+ normal mice (NS = not significant; 

data are mean +/- s.d.). 
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Fasudil-treated muscles display restored myogenin expression  

 To assess if Fasudil was active in skeletal muscle, we examined factors downstream of 

ROCK signaling.  Cofilin 2 is a skeletal muscle-specific actin-regulating protein and downstream 

effector of activated ROCK (Ono et al. 1994; Arber et al. 1998). We thus determined the impact 

of administrating Fasudil by gavage on skeletal muscle by evaluating p-cofilin 2 levels in 

vehicle- and Fasudil-treated TA muscles from P21 mice. Interestingly, the TA muscles from 

Smn2B/- mice have significantly higher levels of p-cofilin 2 protein than wild type muscles 

(Figure 6.4 A, B), suggesting that the RhoA/ROCK pathway is also misregulated in skeletal 

muscle. Fasudil decreases p-cofilin 2 levels in Smn2B/- muscle to wild type levels, indicating that 

it is active in the TA muscle and restores the normal ROCK/p-cofilin 2 levels (Figure 6.4 A, B). 

We also show that Fasudil does not upregulate Smn expression in the TA muscles of Smn2B/- 

mice (Figure 6.4 C). Thus, consistent with the spinal cord analysis (Figure 6.2 B), it appears 

that the beneficial effects of Fasudil in skeletal muscle are most likely Smn-independent. 

Recent work from our laboratory suggests that hindlimb muscles from P21 Smn2B/- mice 

display defects in muscle development, as evidenced by the misregulation of myogenin (JGB, 

unpublished data), a transcription factor that plays a well-characterized role in myogenesis 

(Hasty et al. 1993). We thus investigated whether Fasudil had any impact on myogenin levels. 

Analysis of TA muscles from P21 mice confirms the increased levels of myogenin in skeletal 

muscle of Smn2B/- mice compared to wild type controls (Figure 6.4 D, E). Importantly, Fasudil 

administration leads to a significant decrease in myogenin levels in Smn2B/- mice (Figure 6.4 D, 

E). In fact, myogenin levels in Fasudil-treated TA muscles are restored to wild type levels. Thus, 
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Fasudil can restore the normal level of myogenin and suggests that it may increase muscle size 

by restoring the normal development of skeletal muscle. 
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Figure 6.4. Fasudil administration inhibits ROCK in skeletal muscle and restores normal 

myogenin expression levels. Tibialis anterior (TA) muscles were isolated from P21 untreated 

wild type (WT) (n = 4), vehicle-treated Smn2B/- (n = 4) and Fasudil-treated Smn2B/- (n = 4) mice. 

A) Immunoblot analysis of p-cofilin 2, a muscle-specific downstream substrate of ROCK, shows 

that its levels are increased in the TA muscles of Smn2B/- mice compared with wild type. 

Furthermore, this experiment shows that Fasudil inhibits ROCK in the TA muscle of Smn2B/- 

mice, and reduces the p-cofilin 2 levels to wild type levels. B) Quantification shows that wild 
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type TA muscles have significantly less p-cofilin 2 than vehicle-treated Smn2B/- TA muscles, and 

that Fasudil is active in skeletal muscle and restores p-cofilin 2 to normal levels. (*P < 0.05; NS 

= not significant; data are mean +/- s.d.). C) Immunoblot analysis shows that Fasudil does not 

increase Smn protein levels in the TA muscles of Smn2B/- mice. D) Immunoblot analysis shows 

that Fasudil results in a decrease in myogenin protein levels in Fasudil-treated Smn2B/- TA 

muscles when compared to vehicle-treated Smn2B/- mice. E) Wild type muscle has significantly 

less myogenin than vehicle-treated Smn2B/- TA muscles. Fasudil administration to Smn2B/- mice 

restores myogenin to normal levels (*P < 0.05; NS = not significant; data are mean +/- s.d.).  
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Fasudil does not ameliorate the pre-synaptic phenotype of NMJs from Smn2B/- mice 

 We have previously identified pre-synaptic pathology at the NMJ in the transversus 

abdominis (TVA) of the Smn2B/- mice, as evidenced by a loss of pre-synaptic inputs and 

accumulation of neurofilaments (Bowerman et al. 2012a). To determine if the reduction in 

muscle pathology observed following Fasudil administration could be secondary to reduced 

pathology at the NMJ, we performed an in-depth analysis. This analysis was performed on P21 

late-symptomatic mice in the TVA muscle, which has previously been shown to display marked 

NMJ loss and pre-synaptic abnormalities at this time point (Bowerman et al. 2012a). The degree 

of pre-synaptic swelling, identified by neurofilament (NF) and synaptic vesicle 2 (SV2) staining, 

was classified into four categories based on morphology (type 1: normal, no pre-synaptic 

swelling observed; type 2: swollen, pre-synaptic terminal arborization is thickened compared to 

type 1; type 3: spheroid accumulations, spherical swellings accumulate over the NMJ; type 4: 

spheroid covers endplate (EP), spherical accumulations obscure the entire endplate) (Figure 6.5 

A). While over 80% of wild type terminals displayed a ‘normal’ pre-synaptic morphology, in 

both vehicle- and Fasudil-treated Smn2B/- mice we observed a high level of pre-synaptic swelling, 

with over 50% of EPs displaying morphologies classified as types 2-4 (Figure 6.5 B). 

Quantification of the number of fully innervated NMJs shows a significant decrease in both 

vehicle- and Fasudil-treated Smn2B/- mice when compared to wild type, with no significant 

difference observed between vehicle- and Fasudil-treated SMA mice (Figure 6.5 C). Thus, it 

appears, at least in P21 animals, that Fasudil does not ameliorate the pre-synaptic phenotype 

observed in Smn2B/- mice.  This suggests that the improvement in muscle pathology we observe 
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after Fasudil administration is unlikely to be mediated through the NMJ, and that it likely is 

having a direct affect on the muscle. 
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Figure 6.5. Fasudil does not improve pre-synaptic NMJ phenotype of Smn2B/- mice. Pre-synaptic 

morphology was analyzed in the transversus abdominis (TVA) muscle of P21 untreated normal 

littermates (n = 3), vehicle-treated Smn2B/- (n = 6) and Fasudil-treated Smn2B/- (n = 4) mice. A) 

Representative images of NMJs depicting the pre-synaptic morphology categories: normal (type 

1), swollen (type 2), spheroid accumulation (type 3) and spheroids covers the endplate (EP) (type 

4). (Neurofilament (NF) and synaptic vesicle protein 2 (SV2): green; EP: red (BTX)). B) 

Quantification of the pre-synaptic morphology shows that normal littermates have significantly 

more ‘normal’ (type 1) NMJs than both vehicle- and Fasudil-treated Smn2B/- mice (**P < 0.01; 
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***P < 0.001; NS = not significant; data are mean +/- s.d.). C) Quantification of the fully 

innervated NMJs shows that both vehicle- and Fasudil-treated Smn2B/- muscles display 

significantly fewer fully innervated NMJs than normal littermates, with no significant difference 

between vehicle or Fasudil treated Smn2B/- mice (*P <0.05; ***P < 0.001; NS = not significant; 

data are mean +/- s.d.). 
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Fasudil increases endplate area of Smn2B/- NMJs  

 We have previously shown that Y-27632 administration significantly increases the 

endplate area of NMJs within the tibialis anterior (TA) skeletal muscle (Bowerman et al. 2010). 

We thus assessed the effect of Fasudil on endplate size in both the TA and the TVA of P21 mice. 

Fasudil-treated Smn2B/- mice had significantly larger TA and TVA endplate areas than vehicle-

treated Smn2B/- mice (Figure 6.6). Interestingly, this increase in endplate area was weight-

independent, since both vehicle- and Fasudil-treated Smn2B/- mice display similar weight curves 

(Figure 6.1 B). Our results suggest that while Fasudil does not ameliorate the pathology evident 

at the pre-synaptic compartment of P21 Smn2B/- NMJs (Figure 6.5), there is a dramatic increase in 

the size of the post-synaptic compartment of NMJs within both muscles investigated (Figure 

6.6).  Together, these results are consistent with the beneficial effects of Fasudil being primarily 

mediated by the muscle and not the motor neuron 
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Figure 6.6. Fasudil increases endplate (EP) area in the tibialis anterior (TA) and transversus 

abdominis (TVA) muscles. Muscles were isolated from P21 untreated wild type (WT) (n = 3), 

untreated normal littermates (n = 3), vehicle–treated Smn2B/- (n = 4) and Fasudil-treated Smn2B/- 

mice (n = 3). A) Representative images of TA and TVA EPs stained with α-bungarotoxin 

(BTX). Scale bars = 25 μm (TA) and 30 μm (TVA). B) Quantification of EP area shows that 

Fasudil-treated Smn2B/- TA and TVA muscles display significantly larger EPs when compared to 

vehicle-treated Smn2B/- muscles. (***P < 0.001; ****P < 0.0001; data are mean +/- s.d.). 
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Increased NMJ maturation is observed in aging Fasudil-treated Smn2B/- mice  

 Although we saw no improvement in pre-synaptic NMJ pathology in P21 Smn2B/- mice, 

we wanted to evaluate the effect of Fasudil over time on NMJ pathology. NMJs from the TVA 

muscle of P21 Fasudil-treated Smn2B/- mice were compared to those of 6 month old Fasudil-

treated Smn2B/- mice. Interestingly, we observed a marked decrease in pre-synaptic pathology in 6 

month old mice compared to P21 mice, as evidenced by an increase in the percentage of fully 

occupied endplates (Figure 6.7 A, B). This was accompanied by a dramatic increase in endplate 

maturation (Figure 6.7 C, D). We therefore suggest that although there was no initial 

improvement in the morphological aspects on NMJ pathology, given sufficient time, Fasudil 

administration allows for the improved maturation of NMJs in Smn2B/- mice.     
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Figure 6.7. Aging Fasudil-treated Smn2B/- mice display mature NMJs. Transversus abdominis 

(TVA) muscles were isolated from P21 (n = 6) and 6 month old (n = 4) Fasudil–treated Smn2B/- 
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mice. A) Representative images of TVA muscles from P21 and 6 month old Fasudil-treated 

Smn2B/- mice. (Neurofilament (NF) and synaptic vesicle protein 2 (SV2): green; EP: red (BTX)). 

Scale bar = 30 μm. B) Type of EP occupation were categorized and quantified as fully occupied 

(where the pre-synaptic terminal completely covers the EP), partial (where the pre-synaptic 

terminal partially covers the EP), or vacant (where no pre-synaptic terminal is present at an EP). 

Surviving 6 month old Fasudil-treated Smn2B/- mice display significantly more fully occupied EPs 

than P21 Fasudil-treated Smn2B/- mice (**P = 0.0096; data are mean +/- s.d.). C) Representative 

images of EP morphology categorization from mature to immature: pretzel, perforated, bright 

lines and uniform. EPs are visualized with BTX. D) Quantification shows that 6 month old 

Fasudil-treated Smn2B/- mice display significantly more mature pretzel-shaped EPs than P21 

Fasudil-treated Smn2B/- mice (****P < 0.0001); data are mean +/- s.d.). 
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DISCUSSION 

 Previous work has implicated the RhoA/ROCK pathway in SMA pathogenesis 

(Bowerman et al. 2007; Bowerman et al. 2010; Nolle et al. 2011). In the present study, we 

demonstrate that targeting the ROCK pathway with the inhibitor Fasudil significantly increases 

the lifespan of the Smn2B/- SMA mice. The increased survival is independent of Smn expression, 

weight gain, pen test performance and pre-synaptic NMJ phenotype. We find however, that 

Fasudil benefits post-synaptic pathology and muscle development. Importantly, the results 

obtained from other Fasudil clinical trials, are proof-of-principle of its feasibility and availability 

as a therapeutic approach for the treatment of SMA. Future SMA clinical endeavors should 

therefore consider assessing the beneficial potential of ROCK inhibitors.  

 

 Smn protein levels remained significantly low in both Fasudil-treated spinal cord and 

muscle samples of SMA mice. These findings are important when considering therapeutic 

avenues for SMA. There are presently many strategies being developed to increase the 

expression of SMN, such as gene therapy, modulation of transcription and splicing of SMN2, and 

the use of various histone deacetylase (HDAC) inhibitors (reviewed in (Chuang et al. 2009; 

Shababi et al. 2010b; Passini et al. 2011)). Although these therapeutic approaches show 

promising results, they remain in pre-clinical stages and may not be as efficient if administered 

to mid to late symptomatic patients (Le et al. 2011). It is therefore crucial to understand the 

pathological molecular pathways that are affected upon SMN loss and how these can be 

modulated to attenuate their degenerative effects. Along with other research groups, we have 

shown that the RhoA/ROCK pathway is indeed perturbed in SMA cellular and animal models 
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and that its targeting leads to a significant beneficial outcome (Bowerman et al. 2007; Bowerman 

et al. 2010; Nolle et al. 2011).  

  

We had previously identified the upregulation of RhoA-GTP in the spinal cords of Smn2B/- 

mice (Bowerman et al. 2010). The misregulated RhoA/ROCK pathway in the spinal cord was 

therefore the primary target of our Fasudil therapeutic strategy (Bowerman et al. 2010). 

Interestingly, we have observed that Fasudil does not prevent the motor neuron loss that occurs 

in the Smn2B/- mice. In fact, the most apparent effects of Fasudil appear to be the restoration of 

normal skeletal muscle growth and development, as well as increased postsynaptic endplate area. 

A number of recent reports suggest that the SMN protein may have a muscle-intrinsic role that 

influences SMA pathology ((Walker et al. 2008; Martinez-Hernandez et al. 2009; Mutsaers et al. 

2011)  and JGB, unpublished data). Active RhoA has previously been shown to positively 

regulate the expression of myogenin (Takano et al. 1998; Dhawan et al. 2004). Furthermore, 

work performed in avian and murine myoblasts shows that inhibition of ROCK promotes exit 

from the cell cycle and subsequent terminal differentiation (Castellani et al. 2006). Indeed, 

myoblasts treated with the ROCK inhibitor Y-27632 display increased differentiation, cell fusion 

and myotube formation (Castellani et al. 2006). Fasudil’s inhibition of the RhoA/ROCK pathway 

most likely restores the normal skeletal muscle developmental program of Smn2B/- mice via 

modulation of myoblast differentiation and fusion, as well as myogenin expression. The Fasudil-

dependent increase in myofiber size could lead to the subsequent increase in endplate size. 

Indeed, a positive correlation has previously been established between myofiber size and motor 

endplate size (Waerhaug et al. 1974). Furthermore, various reports suggest that postsynaptic 
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differentiation and formation is initially muscle-dependent and motor axon-independent (Lin et 

al. 2001; Yang et al. 2001). Our study therefore highlights two important points. Firstly, 

therapeutic strategies that improve skeletal muscle and endplate growth should be considered 

when developing therapies for SMA. Secondly, ROCK inhibition may have positive outcomes in 

other pre-clinical disease models characterized by muscle atrophy and NMJ pathology.  

 

 Intriguingly, the dramatic increase in skeletal muscle myofiber size of Fasudil-treated 

Smn2B/- mice is not accompanied by changes in weight or strength, when compared to vehicle 

treated Smn2B/- mice.  Previous studies have reported this phenomenon, providing a variety of 

potential explanations.  In cases of sarcoplasmic hypertrophy, the non-contractile myofiber 

components expand while muscular strength remains unchanged (Kraemer 2006).  Further, the 

characterization of a postnatal myogenin knockout mouse model revealed normal skeletal muscle 

size albeit with a 30% weight loss compared to control littermates (Knapp et al. 2006).  The 

authors suggest that this phenotype is caused by a slower growth rate and perturbed energy 

homeostasis (Knapp et al. 2006).  Finally, Rehfeldt et al. showed that mice homozygous for the 

Compact myostatin mutation (C/C) display muscular hyperplasia and increased muscle weight 

but with a reduction in overall body weight (Rehfeldt et al. 2005).  The authors also identify a 

reduction in the number of capillaries per muscle in the C/C mice, subsequently impacting 

oxidative metabolism (Rehfeldt et al. 2005).  Interestingly, recent work in the severe SMA 

mouse model demonstrated a significant decrease in the capillary bed density within skeletal 

muscle (Somers et al. 2011).  Thus, the findings mentioned above highlight the fact that an 

increase in muscle size and or weight does not necessarily positively correlate with an increase in 
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body weight.  Regardless, the restoration of myofiber growth and skeletal muscle development 

by Fasudil, in the absence of weight gain, appears to be sufficient to providing therapeutic 

benefits to the Smn2B/- mice. 

  

In recent years, it has been postulated that SMA may be a die-back neuropathy, where the 

motor axons initially reach the endplate but subsequently retract as disease progresses (Kariya et 

al. 2008; Murray et al. 2009; Ling et al. 2011). This hypothesis suggests that synapses are 

selectively vulnerable in SMA, with synapse loss preceding cell body degeneration. In addition, 

it has been suggested that neurons undergo compartmental degeneration, where the soma, axons 

and synapses of neurons possess specific and compartmentalized mechanisms of degeneration 

(Gillingwater et al. 2001; Gillingwater et al. 2003; Coleman 2005). It therefore follows that 

therapeutics which target distal compartments of the cell, such as the synapse or axon, can be 

protective to the cell body. In our study, we show that while Fasudil administration has little 

impact upon the initial loss of motor neurons, it dramatically increases myofiber and endplate 

size in SMA mice. We therefore suggest that this improvement in postsynaptic parameters 

stabilizes the synaptic connections and subsequently protects the remaining motor neurons. 

Consistent with this observation, the surviving synapses constitute NMJs that will eventually 

develop and mature normally. Given the tight correlation between endplate maturation and 

neuromuscular activity (reviewed in (Sanes et al. 1999)), Fasudil may indirectly improve NMJ 

transmission, subsequently ameliorating motor endplate maturation.  Alternatively, considering 

the crucial role of the actin cytoskeleton in the redistribution of AChRs during postsynaptic 

remodeling (Dobbins et al. 2006; Cartaud et al. 2011), Fasudil’s modulation of actin dynamics 
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could directly restore normal AChR clustering.  Clearly, the understanding and identification of 

Fasudil’s influence on NMJ maturation in SMA mice requires further investigation.  

Nevertheless, our work highlights the applicability of the compartmental degeneration 

hypothesis to SMA pathogenesis and the potential of therapies aimed at preventing synaptic 

degeneration.  

 

ROCK has evolved as an important therapeutic target in various models of cardiovascular 

disease, spinal cord injury and glaucoma (reviewed in (Wierzbowska et al. 2010; Cadotte et al. 

2011; Satoh et al. 2011)). Furthermore, the approved in U.S. clinical trials ROCK inhibitor 

Fasudil has shown beneficial effects in patients with vasospastic angina (Masumoto et al. 2002), 

stable effort angina (Shimokawa et al. 2002),  general heart failure (Kishi et al. 2005),  and 

pulmonary hypertension (Fukumoto et al. 2005). It has now become evident that the pathogenic 

misregulation of the RhoA/ROCK pathway in various Smn-depleted cellular and animal models 

can also be modulated by the ROCK inhibitors Y-27632 and Fasudil, leading to significant 

positive outcomes (Bowerman et al. 2007; Bowerman et al. 2010; Nolle et al. 2011).  
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CONCLUSIONS 

The administration of Fasudil to SMA mice significantly increases their lifespan without an 

obvious increase in Smn expression and preservation of spinal cord motor neurons.  In fact, 

Fasudil improves postsynaptic and skeletal muscle development. Our work underscores the 

importance of muscle as a therapeutic target in SMA and highlights the beneficial potential of 

ROCK inhibitors as a therapeutic strategy for SMA and for other degenerative diseases 

characterized by muscular atrophy and postsynaptic immaturity. 
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SUPPLEMENTARY DATA 

Supplementary Figure 6.1. Effect of low and high doses of Fasudil. A low dose of Fasudil (30 

mg/kg once daily), a high dose of Fasudil (30 mg/kg twice daily from P3-P6; 50 mg/kg twice 

daily from P7-P13; 75 mg/kg twice daily from P14-P21), or vehicle (water) was administered by 

gavage. The different groups analyzed were: untreated wild type (WT) (n = 10), Fasudil (high 

dose)-treated Smn2B/+ (n = 16), vehicle-treated Smn2B/- (n = 16), Fasudil (low dose)-treated Smn2B/- 

(n = 6) and Fasudil (high dose)-treated Smn2B/- (n = 10) mice. A) Survival curves show that the 

low Fasudil dosage regimen had no effect while the high Fasudil dosage regimen significantly 

increases the lifespan of Smn2B/- mice when compared to vehicle-treated Smn2B/- mice (*P = 0.03; 

# indicates death due to malocclusion of the teeth). B) Survival curve shows that the high Fasudil 

dosage regimen has non-negligible toxic effects on both Smn2B/- mice and the normal Smn2B/+ 

littermates. 
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Supplementary Figure 6.2. Smn2B/- mice treated with Fasudil show improved gait and 

movement. A movie of aging Fasudil- (left mouse) and vehicle-treated (right mouse) Smn2B/- 

mice (two months of age). The Fasudil-treated mouse displays the agility and ability to freely 

walk and move around the cage while still displaying a minor neurological phenotype. The 

vehicle-treated Smn2B/- mouse displays a severe neurological phenotype and reduced motor 

functions.  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CHAPTER 7: SMA is associated with defects in glucose metabolism  

and pancreatic development 
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FOREWORD 

 During the course of our investigation on the role of SMN in the regulation of actin 

dynamics, we encountered several anecdotal observations pointing to a possible function for 

SMN in glucose metabolism.  The first one was during the establishment of the Smn2B/- mouse 

model, where we had a subset of mice that had reduced levels of Smn without displaying an 

SMA phenotype.  During an aging study to determine if these mice would eventually develop 

SMA symptoms, we were informed that all of them had become diabetic.  At the time, as we 

were more interested in a neuromuscular phenotype, we did not pursue this surprising 

observance.  A few years later, based on their own hypotheses, Drs. John Woulfe and Fraser W. 

Scott performed preliminary experiments on the pancreas of the Smn2B/- mice and detected 

morphological abnormalities.  While they did communicate their findings with us, neither them 

nor us went further with this line of investigation.  Finally, we recently attempted to modulate the 

misregulated Cdc42 pathway by administering resveratrol to our mice (Su et al. 2005; Azios et 

al. 2007).  Instead of providing any benefits, resveratrol significantly decreased the lifespan of 

the Smn2B/- mice, suggesting that this natural compound may be exacerbating an underlying 

phenotype.  Seeing that resveratrol is frequently used in metabolic studies due to its effect on 

glucose metabolism (Szkudelski et al. 2011), we concluded that it was time for us to finally 

undertake an in-depth assessment of glucose homeostasis in our SMA mice.  Hence the 

following study. 
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ABSTRACT 

Objective: Spinal muscular atrophy (SMA) is the number one genetic killer of young 

children.  It is caused by mutation or deletion of the survival motor neuron 1 (SMN1) gene.  

While SMA is primarily a motor neuron disease, metabolism abnormalities such as metabolic 

acidosis, abnormal fatty acid metabolism, hyperlipidemia and hyperglycemia have been reported 

in SMA patients. We thus initiated an in-depth analysis of glucose metabolism in SMA.  

Methods: Glucose metabolism and pancreas development was investigated in the Smn2B/- 

intermediate SMA mouse model and type 1 SMA patients.  Results: Here, we demonstrate in an 

SMA mouse model a dramatic cell fate imbalance within pancreatic islets, with a predominance 

of glucagon-producing α cells at the expense of insulin-producing β cells. These SMA mice 

display fasting hyperglycemia, hyperglucagonemia and glucose resistance. We demonstrate 

similar abnormalities in pancreatic islets from deceased children with the severe infantile form of 

SMA in association with supportive evidence of glucose intolerance in at least a subset of such 

children.  Interpretation: Our results indicate that defects in glucose metabolism may play an 

important contributory role in SMA pathogenesis. 
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INTRODUCTION 

Spinal muscular atrophy (SMA) is a neuromuscular disorder affecting 1 in 6,000-10,000 

live births. SMA is a leading inherited cause of death in children under two years of age (Pearn 

1978b; Crawford et al. 1996).  Homozygous deletions and/or mutations of the survival motor 

neuron 1 (SMN1) gene are responsible for over 95% of cases of this devastating autosomal 

recessive disease (Pearn 1978b; Lefebvre et al. 1995). Pathological and clinical manifestations of 

SMA are largely due to loss of motor neurons in the spinal cord and brainstem, resulting in 

generalized muscular atrophy, weakness, respiratory insufficiency, and in more than 50% of 

cases, death in infancy or early childhood (Crawford et al. 1996).  

The SMN gene is essential for survival and a complete depletion of the protein results in 

early developmental lethality (Jablonka et al. 2000).   In humans, the loss of the telomeric SMN1 

gene is compensated by the presence of the duplicated centromeric SMN2 gene (Lefebvre et al. 

1995).  While the two genes differ by several nucleotides, the functional difference lies within a 

C to T substitution at position 6 of exon 7 in SMN2 (Lorson et al. 1999).  This silent mutation 

causes aberrant splicing of the SMN2 gene and the production of an unstable protein, termed 

SMNΔ7, due to the excision and loss of exon 7 (Lefebvre et al. 1995; Lorson et al. 1999).  This 

alteration in splicing most likely results from the loss of an exon splice enhancer and/or the gain 

of an exon splice silencer (Lefebvre et al. 1995; Cartegni et al. 2002; Kashima et al. 2003).   

While the major product of the SMN2 gene is the SMNΔ7 protein, the full-length SMN protein is 

still produced in small quantities (~10%) (Lefebvre et al. 1995).  As such, SMA severity is 
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heavily modulated by the number of SMN2 copies present in patients (Lefebvre et al. 1995; 

Lefebvre et al. 1997). 

While the pathological hallmark of SMA is motor neuron loss, recent reports have 

identified additional defects in the muscle (Walker et al. 2008), at the neuromuscular junction 

(Murray et al. 2008) and in the heart (Bevan et al. 2010; Heier et al. 2010; Shababi et al. 2010a).  

In the present work, we report for the first time glucose metabolism and pancreatic 

developmental defects in an SMA mouse model and human SMA patients. Our results 

demonstrate a progressive loss of the insulin-producing β cells and a corresponding increase in 

the number of the glucagon-producing α cells in pancreatic islets. This altered cell fate is 

accompanied by glucose clearance defects in the SMA mice during fasting and following an 

acute glucose tolerance test. In addition, pathology specimens from human SMA type I infants 

demonstrates similar abnormalities in pancreatic islet cell morphology and distribution.  These 

observations in the SMA mouse model, and the corresponding parallels in human tissues, 

indicate that these findings may indeed be relevant to the human condition. 

These novel findings have two major implications.  Firstly, the observed defects in 

glucose metabolism and pancreatic development may be contributing additional stressors, which 

impact motor neuron loss, muscle function and survival in SMA.  Secondly, as SMA patients are 

living longer due to improved assistive technology, further studies to assess the metabolic 

consequences of impaired glucose metabolism and its potential impact on their clinical course 

will be of utmost importance.       
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MATERIALS AND METHODS 

Antibodies  

 The primary antibodies used were as follows: guinea pig anti-insulin (1:50; Dako), mouse 

anti-glucagon (1:200; Abcam), rabbit anti-Ki67 (1:50; Leica Microsystems), rabbit anti-phospho-

AKT (Ser 473) (1:500; Cell Signaling) and rabbit anti-AKT (1:500; Cell Signaling).  The 

secondary antibodies used were as follows:  donkey anti-guinea pig biotin-SP-conjugated (1:200; 

Jackson Immuno Research), streptavidin-Cy3-conjugated (1:600; Jackson Immuno Research), 

Alexa Fluor 488 goat anti-mouse (1:500; Molecular Probes), Alexa Fluor 555 goat anti-rabbit 

(1:500; Molecular Probes) and HRP-conjugated goat anti-rabbit IgG (1:5000; Bio-Rad).  

 

Animal models 

The Smn2B/- mice were established in our laboratory and maintained in our animal facility 

on a C57BL/6 x CD1 hybrid background (Bowerman et al. 2009).  The 2B mutation consists of a 

substitution of 3 nucleotides in the exon splicing enhancer of exon 7 (DiDonato et al. 2001).  The 

Smn knock-out allele was previously described by Schrank et al. (Schrank et al. 1997) and Smn+/- 

mice were obtained from The Jackson Laboratory.  All animal procedures were performed in 

accordance with institutional guidelines (Animal Care and Veterinary Services and Ethics, 

University of Ottawa). 

 

Human samples 

Pediatric control pancreatic samples were collected by KJS and KM in a de-identified fashion 

from children who died for reasons other than SMA.  For the type I SMA pancreatic samples, 
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informed consent was obtained from the parents of the patients to perform a research autopsy 

under IRB 8751, reviewed and approved by the University of Utah Institutional Review Board.  

The autopsies were performed in collaboration with pathologists at each of the USA institutions 

involved (Primary Children’s Medical Center and the Medical Examiner’s Office, Salt Lake 

City, Utah; Cook Children’s Medical Center, Ft Worth, Texas; Children’s Hospital of Atlanta 

Scottish Rite, Atlanta, Georgia). Ages for the human pancreatic samples were as follows: 4, 5, 15 

and 36 months for the controls samples and 18 (#177), 35 (#195), 28 (#206), 33 (#217), 15 

(#251) and 7 months (#351) for the SMA samples. 

 

Immunohistochemistry of pancreas sections 

Whole pancreas were dissected out of P7, P10, P15 and P21 mice and placed overnight in 

4% paraformaldehyde.  Tissues were embedded in paraffin and cut at a thickness of 4 μm.  For 

immunohistochemistry, pancreas sections were first deparaffinized in xylene (3 x 10 min), fixed 

in 100% ethanol (2 x 10 min), rehydrated in 95% and 75% ethanol (5 sec each) and placed 5 min 

in 1 M Tris-HCl pH 7.5.  The pancreas sections were then incubated for 2 hours at room 

temperature (RT) in blocking solution (TBLS (10% NaN3), 20% goat serum, 0.3% Triton X-

100).  This was followed by an overnight incubation at 4oC with the primary antibodies.  

Subsequently, sections were washed 3 times with PBS, incubated 1 hour at RT with the 

secondary antibodies and then washed 3 times with PBS.  Hoechst (1:1000) was added to the last 

PBS wash followed by the slides being mounted in Fluorescent Mounting Medium (Dako). 

Images were taken with a Zeiss confocal microscope, with a 20X objective, equipped with filters 

suitable for FITC/Cy3/Hoechst fluorescence. 
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Immunoblot analysis 

Equal amounts of protein extracts from liver samples of random-fed P21 mice were 

separated by electrophoresis on 10% SDS-polyacrylamide gels and blotted onto a PVDF 

membrane (Millipore). The membranes were blocked in 5% nonfat milk in TBST (10 mM Tris-

HCl pH 8.0, 150 mM NaCl, and 0.1% Tween 20 (Sigma)), and incubated overnight at 4oC with 

the first primary antibody.  The membranes were then incubated at room temperature with the 

secondary antibody for 1 hour, followed by three TBST washes. Signals were visualized using 

the ECL or the ECL plus detection kit (Amersham).  

 

TUNEL assay 

Whole pancreas were removed from P10 mice and immediately flash frozen over liquid 

nitrogen in a 1:1 solution of OCT (Tissue Tek) and 30% sucrose, and stored at -80oC until they 

were sectioned at 10 μm thickness using a cryostat.  Sections were processed for cell death 

detection terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL, 

Roche), following manufacturer’s instructions.  After co-staining for insulin, the slides were 

mounted in Fluorescent Mounting Medium (Dako) and images were taken with a Zeiss confocal 

microscope, with a 20X objective, equipped with filters suitable for FITC/Cy3/Hoechst 

fluorescence. 

 

Glucose tests 

All blood glucose readings were done using the OneTouch®Ultra2® glucometer. 

Random fed P7, P15 and P21 mice were evaluated at the same time of day for non-fasting 
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glucose levels.   For fasting glucose levels, P7, P15 and P21 mice were fasted for 6 hours, at 

which point glucose levels were read. A maximum of 6 hours was allowed for fasting either due 

to the age of the mice (P7 and P15) or to the severe diseased state of the SMA mice (P21). 

The intraperitoneal glucose tolerance test (IPGTT) was performed on P15 and P21 mice 

fasted for 6 hours.  They were then administered a 20% glucose solution (2 g glucose/kg body 

weight) through IP-injection.  Glucose levels were measured at 0, 15, 30, 90 and 120 min in 

blood samples collected from the tail vein.    

 

Measurement of insulin and glucagon serum levels 

 Serum was collected from random-fed P7, P15, and P21 mice as well as P21 mice 30 min 

post-IPGTT.  Insulin and glucagon levels were measured using the mouse Bio-Plex Pro™ 

diabetes magnetic bead-based immunoassay (Bio-Rad) following manufacturer’s instructions.  

Data acquisition and analysis were done using the Bio-Plex 200 Luminex-based reader and the 

accompanying Bio-Plex Manager software.    

 

Pancreatic islet isolation 

Islets were isolated from anaesthetized P15 mice by perfusion of the pancreatic bile duct 

with collagenase XI (Sigma).  The islets were then purified by two rounds of manual selection 

using a dissecting microscope, and cultured in RPMI + 11 mM glucose as described in Fu, A. et 

al (Fu et al. 2009). 
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RT-PCR 

RNA extraction from P15 islets was done using the RNeasy® Mini Kit and 

QIAshredder™ (Qiagen), following the manufacturer’s instructions. Reverse transcription was 

performed using equal amounts of total RNA. The following primers were used for RT-PCR 

analysis: Pdx1 forward (5’ AGG TCA CCG CAC AAT CTT GCT 3’), Pdx1 reverse (5’ CTT 

TCC CGA ATG GAA CCG A 3’), Pax6 forward (5’ AAC AAC CTG CCT ATG CAA CC 3’), 

Pax6 reverse (5’ ACT TGG ACG GGA ACT GAC AC 3’), NeuroD forward (5’ GTC CCA GCC 

CAC TAC CAA TT 3’), NeuroD reverse (5’ CGG CAC CGG AAG AGA AGA TT 3’), Islet1 

forward (5’ ATG ATG GTG GTT TAC AGG CTA AC 3’), Islet1 reverse (5’ TCG ATG CTA 

CTT CAC TGC CAG 3’), Insulin forward (5’ CGA GGC TTC TTC TAC ACA CC  3’), Insulin 

reverse (5’ GAG GGA GCA GAT GCT GGT 3’), Glucagon forward (5’ CCA CTC ACA GGG 

CAC ATT CA 3’), Glucagon reverse (5’ GTC CCT GGT GGC AAG ATT GT 3’), Actin 

forward (5’ CCG TCA GGC AGC TCA TAG CTC TTC 3’) and Actin reverse (5’ CTG AAC 

CCT AAG GCC AAC CGT 3’). 

 

Statistical analysis 

All statistical analyses were done with the Graphpad Prism software.  When appropriate, a 

Student’s two-tail t test or a two-way ANOVA followed by a Bonferroni multiple comparison 

test was used.  Data were considered significantly different at P< 0.05. 
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RESULTS 

Over the years, published data indicates that SMA patients can display a host of 

metabolic abnormalities, particularly in the setting of a catabolic state (Quarfordt et al. 1970; 

Dahl et al. 1975; Tein et al. 1995; Crawford et al. 1999). However, in addition to previously 

reported abnormalities including metabolic acidosis, abnormal fatty acid metabolism and 

hyperlipidemia, we have noted significant hyperglycemia on several occasions when our SMA 

patients received an infusion of intravenous glucose or underwent prolonged fasting, particularly 

during a catabolic state associated with illness (unpublished observations, KJS and KM). This 

encouraged us to initiate a collaboration to perform an in-depth analysis of glucose metabolism 

in a previously characterized intermediate SMA mouse model, Smn2B/- (Bowerman et al. 2009).  

These mice express approximately 15% residual full-length Smn protein, display the 

characteristic motor neuron loss, neuromuscular junction defects and muscular atrophy of SMA 

resulting in a median lifespan of 1 month (Bowerman et al. 2009; Bowerman et al. 2010).  

Additionally, we looked for evidence in support of such abnormalities in human subjects 

participating in an ongoing clinical study. 

SMA mice are glucose intolerant  

We first compared random-fed (non-fasting) and fasting glucose levels of wild type (WT) 

and Smn2B/- mice at three different time points: post-natal (P) day 7, 15 and 21.  These time points 

represent pre-phenotype (P7), early phenotype (P15) and late phenotype (P21) stages of SMA in 

this mouse model.  At P7 and P15, both WT and Smn2B/- mice have normal glycemia in non-

fasting states (Figure 7.1 A, B).  As would be expected, the glucose levels in WT mice are 
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significantly decreased following a six hour fast (Figure 7.1 A, B).  However, fasting Smn2B/- 

mice are hyperglycemic (Figure 7.1 A, B), suggesting an inability to properly metabolize 

glucose.  At P21, the glucose metabolism defects are amplified by a subpopulation of Smn2B/- 

mice with higher fasting than non-fasting glucose levels (Figure 7.1 C), suggesting a 

combination of hypoglycemia in the random fed state and an inability to metabolize glucose.  

Interestingly, the more severe SMNΔ7 SMA mouse model, also displays hypoglycemia upon 

reaching end stage of the disease (Butchbach et al. 2010).  At P21, although reduced, the WT 

fasting glucose levels are not significantly decreased compared to non-fasting levels (Figure 7.1 

C), probably due to an insufficient fasting period.  However, due to the severe diseased state of 

the SMA mice at P21, a longer fasting period was neither possible nor allowable. 

To determine the ability of fasting Smn2B/- mice to metabolize glucose in an acute setting, 

we performed an intraperitoneal glucose tolerance test (IPGTT).  At P15, the glucose clearance 

curve of the Smn2B/- mice is similar to that of WT mice (Figure 7.1 D).  Further, the area under 

the curves (AUCs) of WT and Smn2B/- mice is not significantly different (Figure 7.1 E), 

suggesting that there is no change in the overall glucose tolerance of P15 SMA mice.  However, 

when IPGTT curves are individually recorded, some irregularities become apparent in P15 

Smn2B/- mice.  For instance, a precipitous drop in glucose levels followed by a slow increase was 

observed in one animal (Figure 7.1 F), while another followed the normal WT curve until the 

glucose levels began to rise in the later stages of the IPGTT (Figure 7.1 F). When quantifying 

the change in glucose levels from 60 to 90 minutes and 60 to 120 minutes, we find that Smn2B/- 

mice display an increase while the WT mice show a decrease (Figure 7.1 G).  The IPGTT was 

next repeated in P21 Smn2B/- and control mice. At this time point, the Smn2B/- mice show signs of 
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glucose intolerance with glucose levels significantly higher than WT levels at 30 and 60 minutes 

following the glucose IP (Figure 7.1 H). Importantly, the AUCs of Smn2B/- mice are significantly 

greater than those of WT mice (Figure 7.1 I).  Thus, it appears that at an early age SMA mice 

have fasting glucose clearance defects, which progressively develops into glucose intolerance.  
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Figure 7.1.  Glucose intolerance in Smn2B/- mice. A, B and C) Serum glucose levels in post-natal 

day (P) 7, P15 and P21 random-fed and fasted wild type (WT) (n = 4 (P7), 5 (P15) and 5 (P21)) 

and Smn2B/- mice (n = 3 (P7), 5 (P15) and 11 (P21)).  At all time points, fasted WT mice show 

reduced glucose levels while fasted Smn2B/- mice are hyperglycemic.  At P21, random-fed Smn2B/- 

mice show signs of hypoglycemia.  (Data are mean +/- s.d.; two-way ANOVA; **P < 0.01; 
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***P < 0.001). D) Intraperitoneal glucose tolerance test (IPGTT) curves of P15 wild type (WT) 

(n = 3) and Smn2B/-  (n = 5) mice show similar patterns.  (Data are mean +/- s.d.).  E) 

Quantification of the IPGTT area under the curve (AUC) shows no difference between P15 WT 

and Smn2B/- mice. (Data are mean +/- s.d.).  F) Individual comparisons of IPGTT curves between 

P15 WT and Smn2B/- mice show irregularities in the curves of the SMA mice. Smn2B/- #5 displayed 

a precipitous drop in glucose levels followed by a slow increase, while Smn2B/- #2 followed the 

normal WT curve until the glucose levels began to rise after 60 min. G) Quantification of the 

change in glucose levels from 60 to 90 minutes and 60 to 120 minutes demonstrates an increase 

in the Smn2B/- mice and a decrease in the WT mice.  (Data are mean +/- s,d,; t-test; *P = 0.021 

(60-90 min); P = 0.059 (60-120 min)). H) IPGTT curves of P21 WT (n = 5) and Smn2B/-  (n = 10) 

mice show increased glucose levels at 30 min and 60 min in SMA mice, indicative of glucose 

intolerance.  (Data are mean +/- s.d.; t-test; **P = 0.002; *P = 0.018).  I) Quantification of the 

IPGTT AUC of P21 mice shows a significant increase in the AUC of the Smn2B/- mice when 

compared to WT, suggesting defective glucose clearance. (Data are mean +/- s.d.; t-test; *P = 

0.011). 
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SMA mice display reduced β cell and increased α cell numbers 

Since the pancreatic islets are one of the key players responsible for the maintenance and 

regulation of blood glucose, we next performed immunohistochemical analysis to assess the 

cellular profile.  Double-labeling of insulin-producing β cells and glucagon-producing α cells 

revealed a significant decrease in number of β cells and a significant increase in α cells in the 

pancreas of Smn2B/- mice relative to WT controls (Figure 7.2 A, B, C).  As early as P7 there is a 

small shift in pancreatic cell composition while at P15, the Smn2B/- islets are predominantly 

composed of α cells (Figure 7.2 A, B, C).    The increase in α cells appears to plateau at P15, as 

the percentage of glucagon-positive cells per islet is similar in P21 Smn2B/- islets (Figure 7.2 A, 

B, C).  The observed decrease in β cells in Smn2B/- islets also corresponds to an overall decrease 

in β cell mass (Figure 7.2 D, E).  The reduced β cell mass is apparent at all three time points 

(P7, P15 and P21), irrespective of β cell composition of the islets (Figure 7.2 D, E).  Thus, a loss 

of β cells and an increase in α cells within Smn2B/- pancreatic islets corresponds to a functional 

inability to metabolize glucose, at both pre-phenotype and phenotype stages. 
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Figure 7.2. Pancreatic defects in Smn2B/- mice. A) Representative cross-sections of P7, P15 and 

P21 pancreatic islets of WT and Smn2B/- mice.  Islets were co-labeled for insulin (red; β cells), 

glucagon (green; α cells) and Hoechst (blue; nuclei).  Arrowhead shows a yellow cell in an 

Smn2B/- islet, positive for both insulin and glucagon.  Scale bar = 50 µm. B) Quantification of the 

percentage of insulin-positive cells per islet shows a significant decrease of β cells in Smn2B/- 
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islets (n = 3 mice) at all time-points when compared to WT islets (n = 3 mice).  (Data are mean 

+/- s.d.; two-way ANOVA; ***P < 0.001; ****P < 0.0001).  C) Quantification of the percentage 

of glucagon-positive cells per islet shows a significant increase of α cells in Smn2B/- islets (n = 3 

mice) at all time points relative to WT (n = 3 mice).  (Data are mean +/- s.d.; two-way ANOVA; 

***P < 0.001; ****P < 0.0001).  D) Representative images of P7, P15 and P21 pancreatic cross-

sections of WT and Smn2B/- mice.  Sections were stained for insulin (red; β cells) and Hoechst 

(blue; nuclei).  Scale bar = 100 µm.  E) Quantification of the β cell mass (β cell area/whole 

pancreatic section area).  The Smn2B/- mice (n = 3 mice per time point) display a significant 

reduction in β cell mass compared to WT mice (n = 3 mice per time point).  (Data are mean +/- 

s.d.; t-test; *P = 0.021). 
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SMA mice have hyperglucagonemia and increased insulin sensitivity 

 We next assessed if the loss of ß cells and the gain of α cells in Smn2B/- mice is reflected 

in the overall blood insulin and glucagon levels.  Serum was collected from random-fed P7, P15 

and P21 WT and Smn2B/- mice.  In addition, sera from P21 mice were analyzed thirty minutes 

following a glucose injection, as this time point corresponds to the greatest observed difference 

in glucose levels between WT and Smn2B/- mice in the IPGTT.   

Serum glucagon levels from Smn2B/- mice were significantly higher than those observed in 

WT mice at all time points (Figure 7.3 A), suggesting that both pre-phenotype and phenotypic 

SMA mice are hyperglucagonemic.  Interestingly, insulin levels were similar at all time points 

between Smn2B/- and WT mice (Figure 7.3 B), indicating the functional competence of the 

remaining insulin-producing β cells in Smn2B/- islets.   

Since P21 Smn2B/- mice are glucose intolerant, we next addressed whether they displayed 

signs of insulin resistance.  To do this, we measured levels of phosphorylated AKT (p-AKT) in 

the liver, as reduced levels are indicative of insulin resistance (reviewed in (Taniguchi et al. 

2006)).  Livers from P21 random-fed Smn2B/- mice displayed higher levels of p-AKT when 

compared to WT livers (Figure 7.3 C, D), suggesting instead a hypersensitivity to insulin.  The 

absence of insulin resistance in the livers of Smn2B/- mice is consistent with their normal levels of 

insulin, as the pancreas typically responds to insulin resistance by increasing its insulin 

production (reviewed in (Shanik et al. 2008)).    
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Thus, the above results suggest that a critical consequence of the increased number of α 

cells within Smn2B/- islets is hyperglucagonemia while, in contrast, loss of β cells within Smn2B/- 

islets does not significantly impact upon insulin levels. 
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Figure 7.3. Smn2B/- mice have normoinsulinemia, hyperglucagonemia and increased insulin 

sensitivity. A and B) Serum glucagon (A) and insulin (B) levels in random-fed P7, P15, P21 and 

P21 30 min post-IPGTT wild type (WT) (n = 3 (P7), 4 (P15), 7 (P21) and 4 (P21 30min)) and 

Smn2B/- (n = 4 (P7), 3 (P15), 3 (P21) and 6 (P21 30 min)) mice.  While insulin levels were similar 

between both groups (B), glucagon levels were significantly higher in the Smn2B/- mice when 

compared to WT (A).  (Data are mean +/- s.d.; t-test;  **P = 0.0042).  C) Representative 

immunoblot of p-AKT and total AKT in extracts of random-fed livers of P21 WT and Smn2B/- 

mice.  D) Quantification of the p-AKT/total AKT ratios shows a trend (P = 0.0536) towards 
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increased p-AKT in Smn2B/- livers (n = 4 mice) compared to WT (n = 4 mice), indicative of 

increased insulin sensitivity.   
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Pancreatic islets in SMA mice do not have increased apoptotic or proliferative cells 

 To determine if the loss of β cells in pancreas from Smn2B/- mice was due to increased 

apoptosis, we performed a TUNEL assay on P10 tissue.  This time point was chosen as it bridges 

the minimal loss in β cells observed at P7 and the maximal loss observed at P15.  Very few 

apoptotic cells were observed in either WT or Smn2B/- pancreatic islets (Figure 7.4 A).  Indeed, 

both the number of TUNEL-positive islets and the number of TUNEL-positive cells per islet 

were similarly low in both groups (Figure 7.4 B, C).  We next assessed if the increase in α cells 

in Smn2B/- islets was due to an increase in proliferation.  Double-labeling of glucagon and Ki67, a 

proliferation marker, was performed on sections from pancreas of P10 WT and Smn2B/- mice 

(Figure 7.4 D). The number of islets containing Ki67-positive glucagon-positive cells was 

comparable between wild type and Smn2B/- (Figure 7.4 E).  Therefore, the decrease in β cells and 

increase in α cells in Smn2B/- pancreatic islets are neither a result of increased β cell apoptosis nor 

an increase in α cell proliferation. 
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Figure 7.4. Smn2B/- islets do not show increased β cell apoptosis or α cell proliferation.  A) 

Representative images of P10 pancreatic islets of wild type (WT) and Smn2B/- mice co-labeled for 

insulin (red; β cells), TUNEL (green) and Hoechst (blue; nuclei).  Scale bar = 100 µm. B and C) 

Quantification of the percentage of TUNEL-positive islets (B) and the percentage of tunnel-

positive insulin cells per islet (C) shows no difference between WT (n = 3 mice) and Smn2B/- (n = 

3 mice) mice.  (Data are mean +/- s.d.)  D) Representative images of P10 pancreatic islets of WT 

and Smn2B/- mice co-labeled with Ki67 (red), glucagon (green; α cells) and Hoechst (blue; 
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nuclei).  Scale bar = 50 µm.  E) Quantification of the percentage of islets with Ki67-

positive/glucagon-positive cells shows no difference between WT (n = 3 mice) and Smn2B/- (n = 3 

mice) mice. (Data are mean +/- s.d.). 
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β cell identity transcription factors are unchanged in Smn2B/- islets 

 The results from the apoptosis and proliferation analysis suggest that there is another 

mechanism responsible for the gradual change in composition of Smn2B/- pancreatic islets.  At 

P15, we observed cells co-labeling for insulin and glucagon (Figure 7.2 A, arrowhead), hinting 

at a temporal and progressive fate switch from β to α cell.  To investigate this possibility, we 

examined the expression of various transcription factors responsible for the determination and 

maintenance of β cell identity (Rojas et al. 2010).  RT-PCR was performed on RNA extracted 

from isolated pancreatic islets of P15 mice, an early phenotypic time-point for the Smn2B/- mice, 

both in terms of SMA as well as glucose tolerance and pancreatic defects.  We did not observe 

any changes in mRNA expression of transcription factors responsible for the regulation of 

pancreatic progenitors (Pdx1), general growth and organization of pancreatic islets (Pax6), 

maturation and identity of β cells (NeuroD) and the function of differentiated β cells (Pdx1 and 

Islet1) (Rojas et al. 2010) (Figure 7.5).  Insulin mRNA was also similar between WT and Smn2B/- 

islets (Figure 7.5), consistent with normoinsulinemic profile of the serum of P15 Smn2B/-mice 

(Figure 7.3 B).  Glucagon mRNA was slightly higher in Smn2B/- islets (Figure 7.5), also 

consistent with the hyperglucagonemia observed in P15 Smn2B/- serum (Figure 7.3 A).  
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Figure 7.5.  The expression profile of β cell identity transcription factors is unchanged in Smn2B/- 

islets.  Representative RT-PCR results from RNA isolated from P15 pancreatic islets of wild 

type (WT) (n = 3, pooled) and Smn2B/- (n = 2, pooled) mice.  Pdx1, Pax6, NeuroD and Islet 1 

display similar mRNA levels in both WT and Smn2B/- islets.  The mRNA levels for insulin were 

normal while levels for glucagon were increased.  Actin transcripts were used as a loading 

control.     
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Metabolic abnormalities in human SMA subjects 

All six infants from whom pancreas samples were collected at autopsy had been followed 

prospectively in our clinical outcomes study: “Clinical and genetic studies in SMA”.  The type I 

SMA patients were genetically confirmed by a homozygous deletion of SMN1 and all of them 

possessed 2 SMN2 copies.  Clinical and laboratory records were examined for evidence of 

abnormal glucose levels, but no formal evaluation of glucose metabolism in the form of glucose 

tolerance testing was performed, nor were insulin or glucagon levels obtained. In two of six 

subjects (UT-SMA206 and UT-SMA217), point of care testing was performed on several 

occasions in the home, via glucometer, to assess for hypoglycemia that is often associated with 

an intolerance of gastric tube feeds.  In this setting, glucose levels ranged from low (45 mg/dL, 

normal range > 60 mg/dL) to mild hyperglycemia (128 mg/dL, normal range < 108 mg/dL).  We 

further reviewed all glucose levels obtained from all subjects during hospitalizations for illness 

or elective admissions, and during elective outpatient evaluations.  One subject, UT-SMA177, 

underwent an elective surgical repair for coarctation of the aorta at 9 days of age, prior to her 

diagnosis of SMA at 3 months of age. A glucose reading obtained in the perioperative period 

was noted to be significantly elevated at 209 mg/dL (normal range 60-108 mg/dL).  Of note, she 

was catabolic and had not received intravenous glucose or parenteral nutrition before or during 

the procedure.  This same subject had at least two other mildly elevated glucose levels (113 and 

111 mg/dL) during subsequent hospitalizations.  At least 2 other subjects had at least one 

documented elevated glucose level. However, in the other 3 subjects, no abnormal glucose levels 

were documented, and in none of the 6 cases was glucose tolerance formally assessed. 
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Pancreas from human SMA displays abnormal islet composition 

 We next investigated whether SMA patients had similar pancreatic defects as those 

observed in the SMA mice.  Pancreatic samples were not collected for any given observed 

abnormality or suggestive clinical history, and were grossly normal pathologically; rather, the 

tissue was obtained as part of a comprehensive collection of tissues in willing study participants, 

which included all major organs in addition to skin, muscle, nerve, spinal cord and brain.  To this 

end we performed immunohistochemistry on six type 1 SMA pancreatic samples, co-labeling for 

insulin-producing β cells and glucagon-producing α cells (Figure 7.6 A).  Astonishingly, every 

SMA pancreas contained islets predominantly composed of α cells and/or displaying an overall 

disorganized appearance (Figure 7.6 A).  Indeed, quantification shows that pancreatic islets from 

type I SMA patients are composed of significantly more α cells compared to control islets 

(Figure 7.6 B).  We further compared SMA patients individually and find that they display 

similar pancreatic islet compositions (Figure 7.6 C), suggesting, at least in the six samples 

analyzed herein, that the age at which type I SMA patients succumb to the disease does not 

influence islet pathology.   It is important to note that human islets differ from rodent islets in 

that they do not display a core-mantle segregation of β and α cells (Bosco et al. 2010).  

Furthermore, human islets also contain fewer β cells since α cells localize along the mantle and 

internal vascular channels (Cabrera et al. 2006; Bosco et al. 2010).  Nevertheless, the core of 

normal human islets is typically composed of more β cells than α cells (Bosco et al. 2010).  Both 

SMA mice and human patients display pancreatic islets with an abnormal increase in α cell 

number, suggesting a conserved role for the SMN protein in normal pancreatic development.  
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Figure 7.6.  Human type I SMA pancreatic islets display an abnormal composition of insulin-

secreting β cells and glucagon-secreting α cells.  A) Representative pancreatic cross-sections 

from pediatric controls and type I SMA patients co-labeled for insulin (red; β cells), glucagon 

(green; α cells) and Hoechst (blue; nuclei). Scale bar = 50 µm.  B) Quantification of islet 

composition shows that type I SMA islets display significantly more α cells and significantly 
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fewer β cells compared to control islets (Data are mean +/- s.d.; t-test; ***P = 0.0004).  C) 

Comparison of the percentage of glucagon-positive cells per islet between type I SMA patients 

shows that their pancreatic islet composition are not significantly different (Data are mean +/- 

s.d.; NS = not significant).  
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DISCUSSION 

Previous clinical reports have identified abnormal fatty acid metabolism (Tein et al. 

1995; Crawford et al. 1999) and hyperlipoproteinemia (Quarfordt et al. 1970; Dahl et al. 1975) in 

SMA patients.  Interestingly, all of these defects can originate from an inappropriate regulation 

of glucose metabolism.  However, until now a specific defect in glucose metabolism or 

pancreatic islet cell function in mice or humans with SMA has not been recognized.  In the 

present study, we demonstrate that pancreatic defects and as a consequence, alterations in 

glucose metabolism are associated with SMA.  Indeed, SMA mice have fasting hyperglycemia, 

glucose intolerance, hypersensitivity to insulin and hyperglucagonemia.  These metabolic defects 

are accompanied by a temporal shift in pancreatic islet composition, from the typical β cell core 

to an abnormal increase in α cell number. In addition, we demonstrate similar histopathologic 

abnormalities in autopsy specimens from SMA type I infants and children, with pancreatic islets 

that predominantly contain glucagon-producing α cells.  Interestingly, while the age of death of 

the SMA patients ranged from 7 to 35 months, they displayed comparable pancreatic islet 

composition.  A thorough examination of pancreas samples from type I, II and III SMA patients 

would most likely reveal a progressive increase in the severity of islet abnormalities.   

 

Although we did not perform systematic studies of glucose metabolism in these children 

prior to their deaths, review of clinical records provides some evidence of potential abnormalities 

in glucose metabolism in at least 3 of the 6 subjects for whom we had pancreas samples from 

autopsy available for study. However, the relevance of such abnormalities, if any, to the clinical 

outcomes in these patients remains unclear at this time. In several other SMA type I children 
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enrolled in our studies, we have observed hyperglycemia in the setting of a catabolic state, 

particularly if the only source of calories provided is intravenous glucose.  However, such 

abnormalities were attributed to their illness and severely reduced lean body mass, and neither 

formal glucose tolerance testing nor insulin or glucagon levels were examined prior to their 

deaths, which were invariably related to acute and/or chronic respiratory failure in the setting of 

severe muscle weakness.  We have never clearly documented fasting hyperglycemia in SMA 

type I subjects. In general, we make every effort to limit fasting in this population, due to their 

severely diminished lean body mass and energy reserves, and prior anecdotal reports of 

hypoglycemia in this setting. However, several type II and type III SMA subjects enrolled in our 

research studies have been formally diagnosed with diabetes or glucose intolerance requiring 

medical treatment. Clearly, further systematic studies in human subjects are needed to clarify the 

relevance of these observations to SMA patients. 

 

Other neurodegenerative diseases are also characterized by symptoms of metabolic 

disorders.  Indeed, numerous studies suggest a role for impaired glucose uptake and insulin 

resistance in the pathology and progression of Alzheimer’s disease (AD) (Dodart et al. 1999; de 

la Monte et al. 2008).  Recently, an analysis of a mouse model of Prader Willi syndrome, a rare 

genetic neurodevelopmental disorder (Cassidy et al. 2011), revealed hypoinsulinemia and 

hypoglucagonemia due to increased apoptosis of α and β pancreatic cells (Stefan et al. 2011).  

Although the mechanisms that lead to the glucose homeostasis perturbations vary significantly 

between these various pathologies, their occurrences support the idea that the pathological 
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hallmarks of a specific disease may involve more than one organ and/or compartment, albeit 

with different severities and functional consequences. 

 

The phenotypic picture painted herein, at least in the SMA mouse model, is one of a 

progressive pathology.  Indeed, in pre-phenotype (P7) and early phenotype (P15) stages, 

random-fed SMA mice are normoglycemic while fasting SMA mice are hyperglycemic.  At a 

later phenotypic stage (P21), random-fed Smn2B/- mice are hypoglycemic and continue to display 

fasting hyperglycemia.  Furthermore, while P15 Smn2B/- mice have normal IPGTT curves, P21 

Smn2B/- mice have become glucose intolerant.  Interestingly, insulin levels in SMA mice remain 

normal and P21 Smn2B/- livers show signs of increased insulin sensitivity, suggesting that the 

defects in glucose metabolism are not due to hypoinsulinemia or insulin resistance.  Rather, the 

observed metabolic abnormalities most likely stem from elevated glucagon levels, which 

subsequently enhance hepatic glucose output.  In all probability, the increased glucagon release 

is a direct consequence of the increased number of α cells within Smn2B/- islets.  It will therefore 

be of future interest to determine if preventing glucagon release, through the administration of 

glucagon receptor (GcgR) antagonist II (Yan et al. 2009; Liu et al. 2011), can benefit the glucose 

and pancreatic defects identified in the Smn2B/- mice.   

 

Interestingly, the observed shift in islet composition in SMA mice does not appear to be a 

consequence of increased β cell apoptosis or α cell proliferation, which is what typically occurs 

in type 2 diabetes mellitus (T2DM) models (Pick et al. 1998; Liu et al. 2011).  This finding 

suggests that the dramatic increase in the number of α cells within SMA islets may be due to a 
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time-dependent fate-switch.  Future experiments should therefore focus on the identification of β 

and α cell lineage determinants modulated by the Smn protein.  As the RT-PCR experiment does 

not reveal a general change in the transcription factor profiles, it is most likely that the 

developmental pancreatic defects in SMA stem specifically from one or a few essential 

components.               

 

It is important to note that the cellular composition of pancreatic islets is species- and 

location-dependent (Kim et al. 2009; Bosco et al. 2010).  Taking into account these factors, 

quantitative analyses were performed solely on intraspecies comparisons from islets that were 

localized throughout the entire pancreatic sections (tail, body and head).  Furthermore, the 

increase in α cells in the islets of SMA mice is accompanied by hyperglucagonemia, highlighting 

a functional consequence of the observed change in cellular makeup.  Thus, the progressive shift 

in SMA islet composition described in our study can be attributed to SMN loss and not pattern 

variability. 

 

Our report identifies a novel role for the SMN protein in the pancreas, the loss of which 

results in pancreatic development and glucose metabolism defects in an SMA mouse model and 

human type I SMA patients.  The ensuing question is whether this pathology is SMA-dependent 

or -independent.  The pathological hallmarks in SMA are motor neuron loss and muscular 

atrophy (Crawford et al. 1996).  Although not the primary targets, motor neuron innervation and 

degeneration occurs in late-stage diabetic models (Ramji et al. 2007; Zochodne et al. 2008).  As 

for muscle, it is undeniably a central player in glucose metabolism via its role in insulin-
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dependent glucose uptake (Huang et al. 2007).  Furthermore, various neurodegenerative and 

neuromuscular disorders have been associated with pancreatic and glucose metabolism defects 

(Barris 1953; Sinnreich et al. 2004; Takeda et al. 2010).   Thus, it is possible that the glucose and 

pancreas pathologies observed in the Smn2B/- mice are a direct consequence of the loss of 

functional motor neurons and compromised skeletal muscle.  However, P7 Smn2B/- mice, which 

represent an SMA pre-phenotype stage, display fasting hyperglycemia and an increased number 

of pancreatic islet α cells.  This suggests that glucose metabolism and pancreatic defects in the 

Smn2B/- mice are SMA-independent since they arise before disease onset and, therefore, occur as 

a direct consequence of SMN depletion and loss of its unique role in the pancreas.     

 

While the defects in glucose metabolism and pancreatic development in the Smn2B/- mice 

are most likely independent of disease onset, their impact on the progression of SMA should not 

be underestimated.  Indeed, various therapeutic strategies such as administration of insulin-like 

growth factor 1 (IGF1) to muscle, neuronal depletion of phosphatase and tensin homolog 

(PTEN) and systemic trichostatin A (TSA) administration, have shown beneficial effects in SMA 

mouse models and also act on glucose metabolism (Di Cola et al. 1997; Ranke 2005; Stiles et al. 

2006; Avila et al. 2007; Sun et al. 2008; Ning et al. 2010; Bosch-Marce et al. 2011).  Thus, while 

the SMA therapeutic strategies described above were aimed at motor neuron and muscle 

pathology, it is possible that the positive outcomes were due in part to improvements in glucose 

metabolism and pancreatic development.  Furthermore, it has previously been reported that 

specific maternal rodent diets as well as neonatal nutritional support can increase the lifespan of 

SMA mice (Narver et al. 2008; Butchbach et al. 2010).  Seeing that diet has a major influence on 
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glucose metabolism (Rivellese et al. 2002), these studies support the hypothesis that metabolism 

defects may indeed contribute to SMA pathology.  Future development and assessment of SMA 

therapies should therefore also evaluate their effect on glucose metabolism and pancreatic 

abnormalities. 

 

Finally, it would be of interest to perform a more in-depth characterization of the glucose 

defects in SMA patients and assess if they are linked to disease severity.  A key component 

issuing from our work is that as SMA patients are surviving longer, either through mechanical or 

therapeutic strategies, additional tissue-specific pathologies are becoming apparent and impact 

the well being of these patients.  Merging assessment and therapeutic intervention for metabolic 

impairments with existing clinical care management of SMA patients is therefore of paramount 

importance. 
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CHAPTER 8:  General discussion 
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SMN AND ACTIN DYNAMICS: IMPLICATIONS FOR SYNAPTIC STABILITY AND 

MAINTENANCE 

 Using cellular and animal models of SMA, we have identified and characterized a role 

for Smn in the regulation of actin cytoskeletal dynamics (Bowerman et al. 2007; Bowerman et al. 

2009; Bowerman et al. 2010).  Indeed, loss of Smn affects both downstream (profilin IIa, plastin 

3) and upstream (RhoA, Cdc42) actin regulators.  Importantly, our work is supported by the 

recent report confirming the molecular interaction of SMN, ROCK and profilin IIa (Nolle et al. 

2011).  Interestingly, most of the misregulated actin effectors uncovered in our work modulate 

pre-synaptic plasticity and could therefore be responsible for the NMJ defects recently described 

in SMA (Kariya et al. 2008; Murray et al. 2008; Kong et al. 2009; Bowerman et al. 2012a).   

Consequential effects of increased profilin IIa expression at the NMJ 

 In recent years, profilin IIa, the predominantly expressed isoform of the neuronal-specific 

profilin II gene (Di Nardo et al. 2000; Lambrechts et al. 2000), has been identified as a key 

player in pre- and postsynaptic plasticity.  High concentrations of profilin IIa results in increased 

stability of actin filaments, thus reducing the overall plasticity of actin cytoskeletal dynamics 

(Ackermann et al. 2003; Da Silva et al. 2003).  In pre- and post-synaptic compartments, profilin 

IIa is thought to play a role in endocytosis and exocytosis.  Studies performed in murine brains 

identified dynamin 1 and synapsin as profilin II-interactors (Witke et al. 1998; Gareus et al. 

2006).  Dynamin 1 is a large GTPase essential for the endocytosis and recycling of synaptic 

vesicles in nerve terminals (Scaife et al. 1990; van der Bliek et al. 1991; Marks et al. 2001).  

Overexpression of profilin II sequesters dynamin 1 and inhibits endocytosis (Gareus et al. 2006).  
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Synapsin is also associated with synaptic vesicle recycling and endocytosis (Bloom et al. 2003).  

Recently, Mondin et al. have characterized the role of profilin IIa in the exocytosis of the 

ionotropic kainate glutamate receptors (KGRs) (Coussen et al. 2005; Mondin et al. 2010), which 

mediate synaptic transmission and plasticity (reviewed in (Lerma 2003)).  The authors show that 

profilin IIa binds the KAR subunit GluK2b, subsequently decreasing its exocytosis (Mondin et 

al. 2010).  Interestingly, SMA has been associated with kainate-independent disturbed glutamate 

transport and regulation (Hayashi et al. 2002; Chan et al. 2003; Ling et al. 2010; Gogliotti et al. 

2011).  Thus, the increased profilin IIa expression and hyperphosphorylation observed in SMA 

(Bowerman et al. 2007; Bowerman et al. 2009; Nolle et al. 2011), might subsequently disrupt 

endocytosis and exocytosis pathways crucial for proper synaptic vesicle processing and 

transmission.  Indeed, the profilin II knock-out mouse shows increased vesicle release and 

synaptic excitability of glutamergic neurons (Pilo Boyl et al. 2007), suggesting that abnormally 

high levels of profilin IIa may have the inverse effects.  

 Neuronal-specific profilin has also been implicated in the pathogenesis of other diseases.  

Fragile X syndrome is a genetic intellectual disability caused by the loss of the RNA-binding 

Fragile X mental retardation protein (FMRP) (Verkerk et al. 1991; Gibson et al. 1993). dFMRP 

is the drosophila homolog and dfmr1 mutants are frequently used as a genetic model for Fragile 

X syndrome (Wan et al. 2000).  Analysis of brain extracts from the dfmr1 mutants identified that 

dFMRP binds to profilin mRNA and negatively regulates its expression and activity (Reeve et al. 

2005).  These findings are reminiscent of the increased profilin IIa expression observed in SMA 

models and of the suggestion that the function of the Smn-profilin IIa interaction is to regulate 

profilin IIa’s inhibitory effects on actin dynamics (Sharma et al. 2005; Bowerman et al. 2007; 
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Bowerman et al. 2009).  In the case of the neurodegenerative Huntington’s disease (HD), caused 

by a polyglutamine expansion in the huntingtin (htt) protein (Group 1993), an inverse 

relationship with profilin II is found.  Indeed, the htt-profilin interaction appears to attenuate htt 

toxicity (Burnett et al. 2008; Shao et al. 2008).  Profilin protein levels and activity are 

significantly decreased in various models of HD and the overexpression of profilin rescues the 

aggregation of htt mutants (Burnett et al. 2008; Shao et al. 2008).  Importantly, the activity and 

phosphorylation of profilin is mediated by ROCK and ROCK-inhibition via the Y-27632 

synthetic compound has shown promising results as potential therapeutic strategy for HD (Bauer 

et al. 2009).  This supports our hypothesis that the increased profilin IIa expression in SMA is a 

direct result of increased RhoA/ROCK activity (Bowerman et al. 2007; Bowerman et al. 2009; 

Bowerman et al. 2010).  Together, these various reports highlight the importance of profilin in 

the regulation of actin dynamics and the overall maintenance of neuronal health.  

Consequential effects of decreased activity of the Cdc42 pathway at the NMJ 

 Our PC12 study identifies a decrease in total expression and activity of the small Rho 

GTPase Cdc42 (Bowerman et al. 2007).  Furthermore, we have preliminary data demonstrating 

that brain and spinal cord extracts from Smn2B/- mice display significantly less Cdc42-GTP than 

wild type littermates.  While our attempts at modulating Cdc42 in vivo have so far been 

unsuccessful, its important role in NMJ development warrants that it should remain a potential 

therapeutic target for SMA.  In the pre-synaptic compartment of the drosophila NMJ, Cdc42-

dependent actin dynamics regulate synaptic growth through the endocytosis of activated growth 

signal receptors (Rodal et al. 2008).  Cdc42 is also involved in postsynaptic organization of 
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acetylcholine receptors (AchRs) (Weston et al. 2000), an essential step in normal maturation and 

function of the endplate component of the NMJ (reviewed in (Sanes et al. 2001)).  Indeed, 

inactivation of Cdc42 in muscle cells significantly decreased the clustering of AchRs (Weston et 

al. 2000).  Thus, the impaired development, maturation and function of NMJs in SMA (Kariya et 

al. 2008; Murray et al. 2008; Kong et al. 2009; Bowerman et al. 2012a) may be the result, at least 

in part, of diminished pre- and postsynaptic Cdc42 activity.    

Consequential effects of increased activity of the RhoA/ROCK pathway at the NMJ      

 One of our seminal discoveries is that the RhoA (RhoA-GTP)/ROCK pathway is 

significantly upregulated in Smn-depleted cellular and animal models (Bowerman et al. 2007; 

Bowerman et al. 2010).  A recent study further identifies phosphorylation changes of ROCK 

downstream effectors in SMA cellular models (Nolle et al. 2011).  The role of RhoA in neuronal 

outgrowth and differentiation has been extensively studied (Govek et al. 2005; Luo et al. 2005).  

However, examination of SMA models has shown that the motor axons are initially able to reach 

and form the NMJ, followed by a dying-back pathology (Murray et al. 2010b; Ling et al. 2011).  

It is thus most likely that the pathological effects of the upregulated RhoA/ROCK pathway 

impact NMJ stability and maintenance. 

 How RhoA and ROCK mediate NMJ formation and development is presently not fully 

understood.  RhoA is activated by guanine nucleotide exchange factors (GEFs) and inactivated 

by GTPase-activating proteins (GAPs) and guanine nucleotide dissociation inhibitors (GDIs) 

(Schmidt et al. 2002; Bernards et al. 2004; DerMardirossian et al. 2005).  The functional 

characterization of RhoA-GEFs, -GAPs and GDIs shows that activated RhoA generally plays an 
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inhibitory role at pre-synaptic compartment of the NMJ.  In hippocampal neurons, the activation 

of RhoA via the GEF Ephexin 5 decreases synaptic number (Margolis et al. 2010)  while 

p190RhoGAP attenuates RhoA’s negative effect on synaptic stability (Sfakianos et al. 2007).  In 

C. elegans, the RhoA-specific domain of UNC-73, RhoGEF-2, appears to play a unique role in 

the regulation of synaptic neurotransmission at the NMJ independently of axon guidance 

functions (Steven et al. 2005).  Pre-synaptic functions of the RhoA/ROCK pathway can also be 

derived from studies of their downstream effectors.  LIM kinase is phosphorylated by ROCK 

(Maekawa et al. 1999) and an investigation of drosophila NMJs demonstrates that increased p-

LIMK results in stunted pre-synaptic terminals and a decrease in the number of synaptic boutons 

(Ang et al. 2006).  Together, these results suggest that the activated RhoA/ROCK pathway in 

SMA may be an important player in the loss of synaptic function and stability observed at the 

NMJs of SMA models (Chang et al. 2008; Kariya et al. 2008; Murray et al. 2008; Kong et al. 

2009). 

 Within the postsynaptic NMJ compartment, various reports propose conflicting roles for 

the RhoA/ROCK pathway.  On one hand, RhoA activity appears to be required for normal 

postsynaptic formation, maintenance and AchR maturation from a plaque to pretzel 

morhphology (Ling et al. 2004; Shi et al. 2010).  In contrast, increased p-cofilin expression, a 

downstream effector of ROCK (Sumi et al. 1999), significantly decreased vesicular trafficking 

and clustering of AchRs in Xenopus NMJs (Lee et al. 2009).  Thus, present knowledge of 

RhoA/ROCK’s function on postsynaptic NMJ development remains limited.  The effects of 

RhoA and ROCK may be dependent on specific developmental stages and localization 

requirements.  There also may be a need for the active cycling of RhoA-GDP and RhoA-GTP, 
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which may be inhibited in SMA, resulting in a permanent overexpression of RhoA-GTP 

(Bowerman et al. 2007; Bowerman et al. 2010).  Clearly, a better understanding of the 

RhoA/ROCK pathway in the pre-synaptic and postsynaptic NMJ compartments and in SMA-

afflicted tissues and cells is of utmost importance.  Nevertheless, we have shown that targeting of 

the misregulated RhoA/ROCK pathway, via the ROCK inhibitors Y-27632 and Fasudil, is a 

valuable therapeutic strategy for SMA and supports the pathogenic role of this pathway in SMA 

(Bowerman et al. 2010; Bowerman et al. 2012b).                               

Consequential effects of the general perturbation of actin organization and localization at the 

NMJ 

 The common link between profilin IIa, plastin 3, Cdc42 and RhoA is that they all 

modulate actin cytoskeletal dynamics.  Importantly, the normal organization and localization of 

actin is affected in various SMA models (Rossoll et al. 2003; Bowerman et al. 2007; van 

Bergeijk et al. 2007; Nolle et al. 2011), supporting our proposed model of a general 

misregulation of actin dynamics upon SMN loss (Bowerman et al. 2009).  The perturbed 

regulation of actin could have dire effects on the synaptic stability and maintenance of SMA 

NMJs seeing that it is the most abundant cytoskeletal protein in the synapses of mature neurons.  

(Matus et al. 1982; Hirokawa et al. 1989).  Furthermore, actin modulates various pre-synaptic 

pathways such as maintenance and regulation of synaptic vesicle pools, the mobility of vesicles, 

neurotransmitter release, and axonal vesicle trafficking (Cole et al. 2000; Sakaba et al. 2003; 

Dillon et al. 2005; Jordan et al. 2005; Shtrahman et al. 2005; Darcy et al. 2006).  Interestingly, 

many of these pathways are negatively affected in SMA models (Kong et al. 2009; Akten et al. 
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2011; Dale et al. 2011; Torres-Benito et al. 2011).  While the core of our work has focused on 

actin dynamics in neuronal cells, we have recently identified that actin cytoskeletal dynamics 

regulators are also misregulated in skeletal muscle (Bowerman et al. 2012b).  The actin 

cytoskeleton is a key player in the stabilization and organization of AchRs in muscle (Dai et al. 

2000) and its inappropriate modulation may be responsible for the immature morphology and 

composition of SMA endplates (Murray et al. 2008; Kong et al. 2009; Bowerman et al. 2012a).  

 In summary, we have identified multiple important actin regulators (profilin IIa, plastin 3, 

Cdc42 and RhoA) that are misregulated in SMA cellular and animal models (Bowerman et al. 

2007; Bowerman et al. 2009; Bowerman et al. 2010).  This could lead to a general deregulation 

of actin cytoskeletal dynamics in the pre- and postsynaptic compartments of the NMJ, followed 

by the loss of NMJ function and maintenance and eventually, motor neuron degeneration.  

Importantly, we have identified ROCK inhibitors as a beneficial and Smn-independent 

therapeutic strategy for SMA (Bowerman et al. 2010; Bowerman et al. 2012b).      

SMN AND THE PANCREAS: IMPLICATIONS FOR SMA PATHOGENESIS 

 In Chapter 6, we describe the seminal discovery and characterization of a role for the 

SMN protein in pancreatic islet development and glucose homeostasis leading to morphological 

and functional consequences in SMA mice and type 1 SMA patients (Bowerman et al. 2012c).  

Interestingly, other neurodegenerative diseases are also characterized by symptoms of metabolic 

disorders.  Indeed, numerous studies suggest a role for impaired glucose uptake and insulin 

resistance in the pathology and progression of Alzheimer’s disease (AD) (Dodart et al. 1999; de 

la Monte et al. 2008).  Recently, an analysis of a mouse model of Prader Willi syndrome, a rare 



  277 

genetic neurodevelopmental disorder (Cassidy et al. 2011), revealed hypoinsulinemia and 

hypoglucagonemia due to increased apoptosis of α and β pancreatic cells (Stefan et al. 2011).  

Although the mechanisms that lead to the glucose homeostatis perturbations vary significantly 

between these various pathologies, their occurrences support the idea that the pathological 

hallmarks of a specific disease may involve more than one organ and/or compartment, albeit 

with different severities and functional consequences.    

 Our data suggests that the role of Smn in the pancreas is in the maintenance of β cell 

identity (Bowerman et al. 2012c), although the specific molecular pathways regulated by Smn 

remain to be identified and characterized.  It is also not clear if the primary defect is the impaired 

glucose homeostasis or the dramatic increase in α cells.  Indeed, glucagon secretion and 

glucagon receptor expression are influenced by glucose (Svoboda et al. 1999; Rorsman et al. 

2008; Walker et al. 2011) while glucagon’s major function is in hepatic glucose production 

(D'Alessio 2011).  Finally, seeing that our understanding of SMN’s role in the pancreas is at its 

mere beginning, it will be important to determine if the pancreatic and glucose metabolism 

defects are SMA-independent or -dependent.  Future studies of SMA patients afflicted with 

ranging severities as well as of carriers of SMN1 mutations and/or deletions will be crucial to 

decipher the relationship between SMN loss and pancreatic function.     

 The major theme throughout our work has been that SMN plays a role in the regulation of 

actin dynamics in the context of neuronal cells (Figure 8.1).  The regulation of the actin 

cytoskeleton, however, is crucial to the functioning of all cells, including those within pancreatic 

islets (Howell et al. 1986).   Cdc42 is expressed in β cells (Kowluru et al. 1994) and its activation 
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is an essential step in the glucose-stimulated actin reorganization in β cells required for insulin 

secretion (Nevins et al. 2003; Wang et al. 2007).  In addition, Cdc42 mediates the vesicle fusion 

and exocytosis of insulin secretory granules (Nevins et al. 2005).  RhoA is also present in β cells 

where the activation of the RhoA/ROCK inhibits glucose-stimulated insulin secretion and insulin 

gene transcription (Nakamura et al. 2006; Hammar et al. 2009).   While the role of pancreatic 

profilin has not yet been defined, it was found to be significantly upregulated in pancreatic islets 

from the lep/lep obese mouse model characterized by impaired glucose metabolism such as 

hyperglycemia and glucose intolerance (Sanchez et al. 2002).  Together, these data suggest that 

the regulation of actin cytoskeletal dynamics is very important for islet cell function.  Although it 

still remains unclear if and how SMN depletion affect actin dynamics in the pancreas, it may 

influence, at least in part, the progressive increase in glucagon-producing α cells at the expense 

of insulin-producing β cells (Figure 8.1). 

 The idea that the SMN protein plays a role in pancreatic development and regulation of 

glucose metabolism is only at its beginning and future studies will be key to provide a better 

understanding of the molecular pathways modulated by SMN in pancreatic islets.  Nevertheless, 

our study will doubtless ignite these experimental endeavors and benefit both the research fields 

of SMA and metabolism.    
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Figure 8.1.  A proposed model of how SMN depletion affects upstream and downstream 

effectors of actin dynamics, subsequently impairing various cell types and compartments 

involved in SMA pathogenesis.  Loss of SMN alters the general organization and localization of 

actin.  Furthermore, SMN depletion results in increased activity of the RhoA/ROCK pathway, 

decreased activity of the Cdc42 pathway, increased profilin IIa expression and decreased plastin 

3 expression.  These defects in actin cytoskeletal dynamics could thus influence the functionality 

and maintenance motor neuron axons, NMJs, skeletal muscle and pancreatic β cells.  Indeed, the 

actin cytoskeleton plays a crucial role in all these cells and/or tissues, which are severely affected 

in SMA.    
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