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Abstract 
 
 Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disease 

characterized by motor neuron loss and skeletal muscle atrophy. SMA is caused by the loss of 

the SMN1 gene and low SMN protein levels. Although lower motor neurons are a primary target, 

there is evidence that peripheral organ defects contribute to SMA. Motor neurons are 

nevertheless considered the primary target for treatment, and therapies directed to the central 

nervous system (CNS) are used on SMA patients and in clinical trials. Here, we aimed to explore 

the contributions of the peripheral organs to SMA by first performing a systematic 

characterization of the peripheral and neuronal defects in the Smn2B/-  mouse model of SMA and 

then comparing the rescue effect of either intravenous (IV) or intracerebroventricular (ICV) 

delivery of scAAV9-cba-SMN on the mice. Smn2B/- mice displayed several peripheral defects 

prior to motor neuron loss. ICV injections increased SMN in peripheral organs and the CNS 

while IV administration increased SMN in peripheral tissues only, largely omitting the CNS. 

Further, ICV injections provided better motor neuron and motor function protection. 

Surprisingly, both delivery routes resulted in an equal long-term rescue effect on survival, 

weight, and peripheral defects. These results demonstrate the early and independent 

contributions of the peripheral organs to SMA pathology. Our work also emphasizes a need for a 

holistic approach to SMA management, including treatments that target motor neuron-

independent pathways and the use of a set of biomarkers that monitors multiple systems. 
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Spinal Muscular Atrophy: a genetic neuromuscular disorder 
 
Prevalence and genetic basis 

 Spinal Muscular Atrophy (SMA) is a devastating autosomal recessive neurodegenerative 

disorder. The disease is classically characterized by lower motor neuron degeneration and subsequent 

atrophy of skeletal muscle. SMA is estimated to affect 1-2 in 100,000 individuals worldwide, with an 

incidence of 1 in 10,000 births (1,2). Patients suffer from progressive muscle weakness, leading to 

complications such as scoliosis, respiratory failure, and early death. 

 SMA is caused by the loss or mutation of the survival of motor neuron 1 (SMN1) gene on 

chromosome 5 at position 5q13 (3). This gene, along with its paralogous copy SMN2, was first 

identified in 1995 and is responsible for the production of the Survival Motor Neuron (SMN) 

protein (3,4). The SMN protein is ubiquitously expressed and is essential for human life. SMN2 

is mostly identical to the SMN1 gene, save for five mutations, one of which is a critical C to T 

transition at position 6 of exon 7 (5,6). This mutation creates an exon splicing suppressor, 

causing exon 7 to be skipped during splicing and excluded from most SMN2 mRNA transcripts. 

The protein product is thus unstable and quickly degraded (7). For this reason, the SMN2 gene 

only produces a limited amount of protein and is not able to compensate for the loss of SMN1 

(Figure 1.1). 
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Figure 1.1 Pre-mRNA splicing of SMN1 and SMN2 RNA and the resulting effects on SMN 
protein production. Created with BioRender.com. 
Figure 1 
 
 
Clinical Features of SMA 

 SMA severity varies widely between individuals, primarily due to the variation in SMN2 

gene copy number from person to person. Humans usually possess somewhere between 0-8 

copies of the gene. As a result, the severity of SMA disease, ranging from types 0 to 4, is largely 

mediated by SMN2 copy number. Type 0 SMA patients usually possess one copy of SMN2. 

These patients present with decreased prenatal movement and succumb to the disease before 6 

months of age. Type 1 patients are diagnosed in the first 6 months of life and typically possess 2-

3 copies of SMN2. These patients present with severe muscle weakness in the arms, legs, and 

trunk. Type 1 patients never achieve the ability to sit. If untreated, they suffer from significant 

respiratory muscle weakness, requiring ventilatory support, and die from respiratory failure 

within their first two years. Type 2 SMA is diagnosed between 6-18 months. These patients are 

able to sit and usually possess 3 copies of SMN2. They require mobility support and will 

typically need respiratory support as the disease progresses over time. Type 3 patients are 
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diagnosed after 18 months of age, presenting with symptoms of progressive weakness in the 

proximal muscles. These patients can walk but often require mobility aids as the disease 

progresses. Type 3 patients typically have 3-4 copies of SMN2. Finally, type 4 patients present 

with mild muscle weakness in adulthood and possess around 4-5 copies of SMN2. This is the 

slowest progressing SMA type, but mobility aids are sometimes necessary (6).   

 While severity and progression rates vary between individuals, several clinical features 

are consistent across all SMA types. Before the discovery of the genetic basis of SMA, patients 

were diagnosed based solely on clinical findings and muscle biopsies (6). Early indicators of the 

disease include progressive proximal muscle weakness, reduced muscle tone, and delayed 

reflexes despite normal social engagement and cognitive abilities (8). Motor function and 

milestones, typically measured using standardized tests such as the Children's Hospital of 

Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND), are also delayed in 

SMA patients (9). Patients show reduced motor nerve function and motor unit numbers, as 

measured using Compound Muscle Action Potential (CMAP) testing (10). 

Pathological Features of SMA 

 Most pathological data have been collected from the autopsy of severely affected SMA 

patients after they have succumbed to the disease. Early autopsy reports described the disease by 

a characteristic loss of motor neurons in the anterior horn of the spinal cord and small myofiber 

size in skeletal muscle (11). Typical features of an SMA patient’s spinal cord include motor 

neuron loss, empty cell beds, the presence of glial bundles in the ventral spinal roots, and 

heterotopic motor neurons (6). Though mostly restricted to motor neurons, some reports have 

identified abnormal neuronal morphology in the dorsal root ganglia, thalamus, and Clarke’s 
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column (12,13). SMA patient ventral roots show reduced number and size of myelinated axons 

as well as an abundance of glial bundles (14–16). Skeletal muscle biopsies reveal a characteristic 

pattern of large areas of small myofibers with occasional hypertrophic fibers (17,18). Empty 

sections of basal lamina can be observed due to myofiber loss (19). At the level of the 

neuromuscular junction, endplates show immature morphology, changes in acetylcholine 

receptor clustering, and axonal swelling, much of which can also be observed in prenatal muscle 

(6,20). Autopsy reports of peripheral organ defects including hepatic and cardiovascular 

abnormalities have also been reported and are described in detail in a later section.  

Mouse Models of SMA 

The SMN2 gene arose from a gene duplication event exclusive to humans (21). As the 

SMN protein is essential for life, a loss of the SMN1 gene in other animals leads to embryonic 

death (22). For this reason, only humans suffer from SMA. Several animal models, including 

zebrafish, drosophila, and mice, have been generated to more closely study the disease and 

evaluate treatment strategies. Among these, mouse models are the most widely used 

(summarized in Table 1.1).  

As mice only possess one Smn gene, compared to humans’ SMN1 and SMN2, knockout 

of Smn results in embryonic lethality (23). Interestingly, knockout of only one copy of Smn, 

producing Smn+/- mice, results in a normal phenotype (24). The first mouse model of SMA was 

developed by creating an Smn null allele on a genetic background that harboured two copies of 

the human SMN2 gene (Smn-/-;SMN2+/+) (22). These mice, known as the “severe” or “Line89” 

model, quickly develop motor neuron loss by post-natal day 5 (P5) and die soon after. This 

model is commonly used to study the most severe forms of SMA. A similar model was also 
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created by another group, which uses an Smn with an exon 7 deletion instead of an Smn null 

allele (25). These mice, known as the Taiwanese model, survive about 10 days. A milder version 

of this model has also been generated, which possesses 4 copies of the SMN2 gene. This model is 

often known as the Taiwanese mild model and it exhibits muscle atrophy, motor function 

deficits, and motor neuron loss at the age of 9 to 12 months (26).  

A less severe version of the Smn-/-;SMN2+/+ mouse was generated by the addition of a 

human SMND7 cDNA (Smn-/-;SMN2+/+;SMND7+/+). These mice, known as the “Delta 7” or 

“D7” model develop decreased weight, motor function, and motor neuron loss by P9 and survive 

for a mean of 13.5 days (27). Delta 7 mice are commonly used for the study of severe SMA and 

provide a longer time frame than the severe model that can be useful for the study of disease 

progression and therapeutic efficacy.  

Mouse models of SMA have also been generated by the genetic alteration of the mouse 

Smn gene to produce less SMN protein. The Smn2B/- mouse model possesses a mutated version of 

the Smn allele called Smn2B. This allele was generated by mutating an exonic splice enhancer 

within exon 7, leading to the production of mostly unstable SmnD7 transcripts (28). These mice 

produce about 15% of the SMN protein produced by wild type mice and represent a less severe 

form of the disease than Delta 7 mice. Our laboratory’s Smn2B/- mice are bred on a C57/BL6 

background and demonstrate typical SMA characteristics, including motor neuron loss, 

neuromuscular junction (NMJ) pathology, muscle weakness and atrophy, weight loss, and a 

mean survival of 25 days (29). The Smn2B/-  mouse also displays a unique peripheral phenotype 

consisting of delayed muscle development (30,31), fatty liver disease (32,33), glucose 
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metabolism defects (34), immune dysregulation (35), and gastrointestinal defects (36), that 

allows for a closer examination of the non-neuronal aspects of SMA. 

While the above mouse models represent the more severe types of SMA, our laboratory 

has recently developed a mild model of SMA with a longer lifespan than the most commonly 

used pre-clinical models. This mild mouse model was generated by crossing homozygous 

Smn2B/2B mice and mice homozygous for the human SMN2 gene, to eventually produce Smn2B/-

;SMN2+/- animals. These mice demonstrate a normal survival with mild muscle atrophy, motor 

weakness, and NMJ dysfunction in adulthood. Interestingly, these SMA-like characteristics are 

seen more prominently in male mice of this model (37).  

Table 1.1. Summary of mouse models of SMA 
Table 1 

Mouse model Common 
name 

Lifespan Main findings Reference 

Smn-/-;SMN2+/+  Severe  5-7 days MN loss, denervation, 
muscle atrophy 

(22) 

SmnH7/H7;SMN2Hung+/- Taiwanese 
model 

10 days MN loss, denervation, 
muscle atrophy 

(25) 

SmnH7/H7;SMN2Hung+/+ Taiwanese 
mild 
model 

9-15 months MN loss, muscle atrophy, 
tail/ear/foot deformity 

(26) 

Smn-/-

;SMN2+/+;SMND7+/+ 

Delta 7, 

D7 

14 days MN loss, denervation, 
muscle atrophy, NMJ 
pathology 

(27) 

Smn2B/- Smn2B/- , 

2B/- 

28 days MN loss, denervation, 
muscle atrophy, NMJ 
pathology, peripheral and 
metabolic features 

(38) 

Smn2B/−;SMN2+/− n/a Normal 
survival 

MN loss, muscle weakness, 
NMJ pathology later in life 

(37) 
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Genetic Modifiers of SMA 

Despite the monogenic nature of SMA, patients with the same number of SMN2 copies can 

present with varying degrees of disease progression and severity. This has led to the discovery of 

over a dozen modifier genes associated with SMA. These genes can affect SMN expression 

directly through processes like transcription and splicing, as well as through post-translational 

modifications such as the phosphorylation of SMN. Conversely, modifiers can also indirectly 

affect the SMA phenotype through impacting axonal transport, cytoskeleton dynamics, and 

neurotransmission.  

A well-known indirect protective modifier of SMA, plastin 3 (PLS3), was discovered 

through transcriptomic profiling of affected and unaffected siblings who possessed identical 

SMN2 copy numbers (39). PLS3 is an F-actin binding and bundling protein involved in cell 

migration, adhesion, vesicle trafficking, and endocytosis. It is thought to be essential for 

axonogenesis, and thus higher levels of PLS3 can provide a protective effect against the axonal 

defects and degeneration associated with SMA. PLS3 is also shown to rescue impaired 

endocytosis in SMN-deficient cells. Through examination of the PLS3 interactome, two other 

proteins, calcineurin-like EF-hand protein 1 and coronin1C, were found to directly interact with 

plastin 3 and to produce similar protective effects on endocytosis when overexpressed (40).  

Zinc finger protein 1 (ZPR1) is an SMN-interacting protein that is expressed at lower 

levels in SMA patients (41). Reduction of ZPR1 levels in mouse models show progressive motor 

neuron loss and mislocalization of spliceosomal proteins, while overexpression of ZPR1 in 

motor neurons improves SMN localization in the nucleus and enhances axonal growth (42,43). 
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Another modifier gene, Neuronal Apoptosis Inhibitory Protein (NAIP), has been closely 

associated with SMA since early studies on the genetic basis of the disease (44). NAIP is situated 

close to SMN1 and SMN2 and its deletion is associated with an earlier age of onset and more 

severe clinical phenotype (45,46).  

The SMN Protein 

Though the genetic basis of the disease has been well described, the function of the SMN 

protein and its connection to SMA pathogenesis remains elusive. The protein was originally 

given its name due to high levels of expression in motor neurons, the apparent vulnerability of 

these cells to the depletion of SMN, and a higher requirement for SMN during neuronal 

development (47,48). However, early studies of the SMN gene discovered that it was actually 

expressed in all cell types studied (49). Upon the identification of the protein and the production 

of the first SMN antibodies, SMN was observed in both the cytoplasm and the nucleus. Within 

the nuclei, SMN was found to aggregate in tight structures that were called “gems”, or “gemini 

of coiled bodies”, due to their apparent association with coiled bodies of the nucleus (50). Coiled 

bodies, or Cajal bodies, are nuclear structures that facilitate the assembly of small 

ribonucleoproteins (snRNPs), which play an essential role in pre-mRNA splicing (51). This 

discovery thus began the characterization of the most recognized function of the SMN protein, 

its role in small ribonucleoprotein (snRNP) assembly.  

Immunoprecipitation studies of the SMN protein revealed that it forms a complex with 

several other proteins. This complex, called the SMN complex, consists of SMN, Gemins2-8, 

and Unrip (6). All components of the SMN complex associate with Sm proteins, an essential 

component of snRNPs (52). The complex was thus shown to facilitate the assembly of snRNAs 
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and Sm proteins into snRNPs in the cytoplasm, then traffic snRNPs to the nucleus for 

spliceosome assembly (53–55). This role is made evident by splicing defects that have been 

found in SMA cell lines and animal models (56–58). However, splicing defects have been shown 

to mostly occur in later stages of the disease (59), suggesting that SMN’s role in snRNP 

assembly may not be the most important role of SMN in SMA pathogenesis. 

Although the role of SMN in snRNP assembly is clear, this process is not motor neuron-

specific and thus does not provide an explanation for why motor neurons are so vulnerable to the 

loss of SMN. Interestingly, while SMN protein is localized to the nucleus during development, it 

is seen in the cytoplasm and axons of mature motor neurons (47). Further, the SMN protein’s 

nucleic acid binding domain and its interactions with several RNA binding proteins in motor 

neurons have suggested a role for the protein in mRNA trafficking (60–62). Live cell imaging 

with green fluorescent protein (GFP)-tagged SMN granules has revealed the bidirectional 

movement of SMN protein throughout axons and localization at the growth cone (63). Growth 

cones were also found to be reduced three-fold in Taiwanese SMA mice (64). Further, SMN 

protein has been shown to bind with COPI (coat protein I) vesicles, which are major components 

of the COPI system responsible for intracellular trafficking and neuronal cell maturation (65). 

Subsequent studies using advanced imaging methods found that SMN acts as a chaperone for 

RNA binding proteins (RBPs), facilitating the assembly of messenger ribonucleoproteins 

(mRNPs) that regulate trafficking at the level of the cytoskeleton (66). This theory is supported 

by several findings of mislocalization of mRNA transcripts within the axons of SMN-deficient 

motor neurons (67,68). Overall, this evidence points to a role for SMN protein in axonal 

transport and growth, and may explain why motor neurons display a greater sensitivity to 

reduced SMN levels.  
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Through further investigation of SMN’s RNA binding properties, a role for SMN in 

translational regulation has also been proposed. SMN protein was found to be associated with 

polyribosomes, the machinery that facilitates mRNA translation (69). When SMN was 

introduced to an in vitro translation system, translation was reduced in a dose-dependent manner, 

implying that SMN plays an important role in translation control. SMN has also been shown to 

indirectly affect translation through the miR-183/mTOR pathway. SMN-deficient cultured 

neurons showed an upregulation of miR-183, an miRNA essential for axonal growth and survival 

through the translational regulation of mTor. Knockdown of miR-183 in the Taiwanese mouse 

model of SMA prolonged survival and protected motor function (70). More recently, translatome 

profiling has confirmed these findings, describing widespread translational deficiencies in 

Taiwanese SMA mice (71).  

Overall, SMN appears to play several important roles in axonal outgrowth and survival. 

The large size of motor neurons as well as their limited regenerative capacity likely also 

contributes to the selective vulnerability of motor neurons to SMN deficiency. Nevertheless, 

SMN deficiency appears to affect all cell types and a role for the protein in cytoskeletal 

dynamics, endocytosis, autophagy, and protein homeostasis have also been described that may 

be responsible for other tissue-specific vulnerabilities.  

Therapeutic Landscape 

 Historically, the treatment of SMA has centred around symptom management and 

palliative care. It is not until recently, due to the discovery of the genetic basis of the disease, that 

SMN-altering treatments have been developed and become available to patients (Treatment 

landscape summarized in Figure 1.2).  
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Figure 1.2 Summary of the therapeutic landscape for SMA patients. Created with 

BioRender.com. 

Figure 2 

Symptom Management Strategies 

 Typical management of SMA requires support with mobility, respiration, and nutrition. 

Increasing muscle weakness is addressed with the use of mobility aids, physical therapy, and 

muscle stretching. Orthopedic management of spinal deformity, joint instability, and muscle 

contractures is also beneficial. Braces can be used to support muscles and joints, while surgery 

can be necessary in the case of severe scoliosis. Weakened respiratory muscles are supported 

through assisted airway clearance and ventilation in severe cases. SMA patients are also at risk 
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of nutritional deficiencies due to chewing and swallowing difficulties and gastrointestinal issues. 

Their diets are closely managed and supplementation or assistive feeding is implemented if 

needed (72–74).   

Repurposing of drugs for SMA 

  Several commonly used drugs have been explored in pre-clinical and clinical trials as 

potential treatments for SMA. Clinical trials in the 1970s and 80s explored the use of guanidine 

hydrochloride, due to its acetylcholine releasing effects and success in the treatment of 

myasthenic syndrome (75). However, results of therapeutic benefit were mixed and side effects 

were often severe (76,77).  In the 1990s and 2000s, gabapentin and thyrotropin releasing 

hormone were explored for their known neurotrophic and neuroprotective effects. While both 

showed promise in anecdotal cases and uncontrolled trials (78,79), neither showed a significant 

therapeutic benefit in randomized controlled trials (80,81). Creatine has also been explored as a 

potential treatment for SMA due to its known roles in increasing muscular mass and strength, but 

a randomized controlled trial of 40 SMA patients found no therapeutic effect of creatine 

treatment (82). 

Histone Deacetylase Inhibitors 

 Once SMA was established as a disease of SMN protein deficiency, research began to 

explore how SMN protein levels could be increased. In 2001, sodium butyrate, a histone 

deacetylase (HDAC) inhibitor, was identified as a candidate SMA treatment through a screen of 

several drugs on their ability to influence SMN levels in human SMA lymphoid cell lines (83). 

The group then demonstrated sodium butyrate’s ability to increase SMN levels by changing the 

alternative splicing pattern of exon 7 in the SMN2 gene, and found that treatment with sodium 
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butyrate improved SMA-like pathology in Taiwanese SMA mice (83). Several other HDAC 

inhibitors, including valproic acid, phenylbutyrate, and trichostatin A produced a modest 

increase in SMN levels in preclinical models of SMA (84–86) .  

Despite these drugs’ success in preclinical trials, randomized controlled clinical trials of 

valproic acid and phenylbutyrate showed no therapeutic effect and no effect on SMN mRNA 

levels in the blood of treated patients (87–89). HDAC inhibitors are also non-specific to SMN, 

raising concerns of off-target effects when used as a treatment for SMA. Other agents that 

showed promise at increasing SMN expression in pre-clinical studies but failed to produce 

significant placebo-controlled clinical trial results include hydroxyurea, a drug used to treat 

sickle-cell disease and cancer (90,91), and albuterol, a beta-adrenergic agonist (92,93).  

Nusinersen: The first approved treatment for SMA 

 With the knowledge that the SMN2 gene could be targeted to increase functional SMN 

protein production, researchers set out to create an antisense oligonucleotide (ASO) treatment 

that altered the splicing of SMN2 pre-mRNA. In 2007 and 2008, Dr. Krainer and colleagues used 

cultured cells derived from patients with SMA to develop several potential ASO candidates that 

bound to exon 7 or to sequences up or downstream of exon 7 (94,95). Of this group, ASO 10-27 

emerged as the most promising candidate. Over the following years, tests of the ASO candidate 

by Dr. Krainer’s group in partnership with IONIS Pharmaceuticals showed promising therapeutic 

efficacy in animal models of the disease, extending survival and improving motor function (96–

98).  

These studies also provided insights into better understanding the disease. In one study, 

an embryonic injection of ASO 10-27 provided a greater rescue to peripheral necrosis than 
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injection at P1, emphasizing the importance of early treatment (96). When different routes of 

administration were explored, a subcutaneous injection of ASO 10-27 improved survival by 10-

fold in a severe mouse model, while a CNS-directed injection only improved survival by 2-fold, 

indicating that peripheral restoration of SMN is important for long-term treatment (97). 

However, as ASOs are incapable of penetrating the blood-brain-barrier when delivered 

systemically, ASO 10-27 was developed for intrathecal (IT) delivery to patients using standard 

lumbar puncture. In 2015, the first in-human, open-label, single-ascending dose study of ASO 

10-27 was performed under the drug’s new name, nusinersen. Following the success of this and 

subsequent trials, nusinersen, now marketed as Spinraza by Biogen, was approved in 2017 as the 

first U.S. Food and Drug Administration (FDA) approved therapy for all ages and types of SMA 

in pediatric and adult patients.   

In the first year of treatment with nusinersen, patients receive four loading doses followed 

by maintenance doses every 4 months (99). Nusinersen has demonstrated safety and efficacy in 

the treatment of SMA in patients of all ages, improving and preserving motor milestones, though 

rare adverse events such as infections and post-lumbar puncture complications have been 

reported (100). Most patients with 2 or 3 copies of SMN2 treated presymptomatically with 

nusinersen have achieved motor milestones such as sitting and walking that would previously be 

unheard of in this group (101). Nusinersen can also stabilize or improve motor function in older 

patients, but proves to be more effective in earlier stages of the disease (102). 
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Onasemnogene Abeparvovec 

 As nusinersen was emerging, a gene-replacement therapy strategy was also being 

developed as a promising alternative to the invasive and frequent dosing schedule required for 

ASO delivery.  

 Viral gene-replacement therapy is a therapeutic approach that attempts to harness the 

infectious power of a virus to insert a therapeutic gene into the cells of sick patients. The concept 

of genetic engineering was developed in the late 1960s based on the discovery that viruses, such 

as the shope papilloma virus, were capable of integrating their own genes into a host-cell’s 

genome (103). The use of retrovirus and adenovirus-mediated gene transfer was explored in 

humans in the late 1990s (104). While initial results were promising, the tragic death of a patient 

receiving adenovirus-based treatment for ornithine transcarbamylase deficiency alerted 

researchers to the dangers of a patient’s immune response to viral vectors (105).  

 Despite these initial setbacks, several adenovirus and retrovirus-based gene therapy 

strategies were developed in the early 2000s. However, another safety concern soon emerged, 

that of the potential genotoxicity of inserting therapeutic genes directly into the host’s genome. 

Three patients developed leukemia after treatment in a clinical trial for a retrovirus-based gene 

therapy for severe combined immunodeficiency (X-SCID), as the virus integrated next to and 

activated an oncogene (106). Meanwhile, an intramuscularly-injected retrograde-transported 

lentiviral gene transfer system was being developed and showed promise in preclinical 

amyotrophic lateral sclerosis (ALS) trials (107). Researchers studying SMA harnessed this 

system to deliver SMN protein to motor neurons, increasing survival by 3-5 days in Delta 7 mice 

(108). However, the multiple intramuscular injections required to target motor neurons and the 
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safety concerns around the integrating properties of lentiviruses made this therapy less suitable 

for clinical translation. 

As research progressed in the field of gene therapy, treatment strategies for neurological 

disorders began to prefer adeno-associated virus (AAV) vectors due to their lower 

immunogenicity and minimally integrative properties (109–111). Further, newly discovered 

serotypes AAV6, AAV8, and AAV9 allowed for better widespread transduction of skeletal 

muscle, heart, and liver (112–115). In 2009, a self-complementary AAV9 (scAAV9) was 

developed that crossed the blood brain barrier through intravenous injection, transducing the 

motor neurons in neonatal and adult mice and cats (116,117). With these promising results, 

scAAV9 delivery of an SMN1 transgene was explored through intravascular, intramuscular, and 

intracerebroventricular (ICV) injection. All routes of scAAV9-SMN injection showed 

transduction of the motor neurons, rescued motor function and extended survival by upwards of 

100 days in Delta 7 mice (118–121). 

 As a result of the promising pre-clinical data, Avexis launched the first clinical trial of 

scAAV9-SMN under control of a hybrid cytomegalovirus enhancer–chicken beta-actin promoter 

(scAAV9.CB.hSMN) also known as AVXS-101, in 2014 (122). In this Phase 1 trial, known as 

the START trial, infants with Type 1 SMA received a one-time intravenous infusion of AVXS-

101 and were compared with historical data sets as controls. Twenty months after treatment, all 

patients showed improvements in motor function and none required ventilatory support, a 

milestone usually achieved in only 8% of Type 1 SMA cases (122). The treatment showed a 

favourable safety-profile, extended patient survival, and led to motor function improvements 

which were maintained in subsequent long-term follow up studies (122,123). Some children 
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reached motor milestones that were unprecedented for SMA patients, such as standing and 

walking. All children from the highest dose group were alive and had maintained motor 

milestones 7.5 years later. The following Phase 3 trials, STR1VE and SPR1NT, demonstrated a 

similar efficacy and safety of the treatment in more severely affected patients and 

presymptomatic infants, respectively (124–127). As with nusinersen, presymptomatic treatment 

was more effective at protecting motor function and survival (124,125). Onasemnogene 

abeparvovec, named Zolgensma by its new owner Novartis, was approved by the FDA in 2019 

and by Health Canada in 2020 for use in pediatric SMA patients (128,129).  

Emerging safety concerns of onasemnogene abeparvovec 

 While the benefit-risk profile of onasemnogene abeparvovec was determined to be 

favourable in clinical trials, use of the drug carries the risk of serious adverse events. 

Hepatotoxicity is a common side-effect of treatment, as the liver is known to be a primary target 

for AAV9 vectors (130,131). In the initial START trial, serum aminotransferase elevations were 

detected in several patients, leading to the administration of oral prednisolone alongside 

onasemnogene abeparvovec from that point forward (122). A recent study found that 90% of 

patients had elevated serum transaminase concentrations after treatment with onasemnogene 

abeparvovec, despite receiving oral prednisolone for a minimum of 30 days after treatment 

(130). In 2022, two onasemnogene abeparvovec patients from Russia and Kazakhstan tragically 

died of acute liver failure after beginning to taper off of corticosteroids (132). Other serious 

adverse events that have been reported include thrombocytopenia and thrombotic 

microangiopathy, one case of which was fatal for a 6-month-old patient (133,134).  
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 Though not observed in humans, other toxicity concerns from onasemnogene 

abeparvovec treatment have arisen from pre-clinical trial data. Studies on mice found evidence of 

cardiac toxicity, including inflammation and intracardiac thrombi, as well as fatal atrial 

thrombosis after intravenous onasemnogene abeparvovec treatment (135). Another preclinical 

study explored the effects of an AAV9 variant (AAVhu68) carrying a human SMN transgene on 

nonhuman primates (NHPs) and piglets. Degeneration of the dorsal root ganglia (DRG) was 

observed in the treated NHPs, while the piglets displayed severe proprioceptive deficits and 

ataxia (136). These results may be attributed to the high dose of AAV used, as a study that 

administered high-dose intravenous injections of an AAV vector (AAV-PHP.B) to NHPs showed 

similar severe toxicity (137).  

Intrathecal delivery of onasemnogene abeparvovec 

 Due to the weight-dependent dosing of onasemnogene abeparvovec, there are challenges 

associated with treating older and heavier patients. Currently the largest weight treated is up to 

21 kg, meaning that most older children and adult patients cannot receive the treatment. A high 

dose of the drug is required for intravenous treatment as only a limited amount of the virus can 

cross the blood-brain-barrier when administered systemically. However, as the majority of vector 

genomes distribute to the liver after onasemnogene abeparvovec administration, a higher 

intravenous treatment dose increases the previously described risk of hepatotoxicity (138). 

Further challenges arise from the high cost of the drug. Upon its release, Zolgensma was 

designated as the most expensive drug in the world, with a cost of $2.1 million per dose (139). 

Adjusting the cost for heavier patients could inflate the cost drastically, making it less affordable 

and less likely to be covered by patients’ insurance providers.  
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 To avoid the high doses required to treat older patients intravenously, IT administration 

was proposed as an alternative method of delivery for this group of patients. The effectiveness of 

a CNS-directed therapy had been demonstrated in preclinical trials, where a 10-fold lower dose 

of scAAV9-cba-SMN was required to achieve a comparable rescue of survival in mice when 

treating ICV compared to IV (140). IT delivery of a 30-fold lower dose of the vector was then 

determined to be safe and effective at transducing the spinal cord of NHPs to a comparable 

degree to IV injection (140). The Phase 1 STRONG trial began in 2017 to evaluate the safety and 

optimal dose of a one-time IT infusion of onasemnogene abeparvovec in sitting nonambulatory 

patients who were 6 to <60 months old (141).  

 In 2019, the trial was halted due to newly emerging toxicity concerns from animal 

studies, including the previously mentioned DRG toxicity seen in intravenously treated NHPs 

(142). In a follow up study, mononuclear cell inflammation and neuronal degeneration were 

observed in the DRGs and trigeminal ganglion of NHPs treated IT with onasemnogene 

abeparvovec (143). Two years later, after no evidence of DRG toxicity in treated patients, the 

hold was lifted and the study proceeded, this time with the elimination of the highest dose cohort 

(141). Patients in the STRONG trial were divided into two groups of older and younger patients. 

Patients in both groups achieved clinically meaningful improvements in motor function scores, 

but almost all patients did not meet the primary and secondary endpoints of standing 

independently or walking (141). As with intravenous treatment, instances of hepatotoxicity, 

hepatomegaly, thrombocytopenia, cardiac events were reported. Interestingly, the number of 

hepatotoxic-related adverse events was slightly lower than in intravenous clinical trials (21% vs 

34%) (130). According to a 4-year follow up report, all patients had either maintained or 

achieved new motor milestones (144). Based on the success of the STRONG trial, the medium 
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dose from this trial was used for the Phase 3 STEER trial. This trial is currently underway to 

determine the efficacy of a fixed dose of IT onasemnogene abeparvovec for patients aged 2 to 

<18 years old.  

Risdiplam 

 Risdiplam, developed by Genentech and sold under the brand name Evrysdi, is the latest 

treatment available for SMA patients. Risdiplam is an orally administered small molecule drug 

that was developed as an alternative to the more invasively administered nusinersen and 

onasemnogene abeparvovec.  

 Based on the therapeutic benefit of altering SMN2 pre-mRNA splicing by nusinersen 

treatment, researchers aimed to identify an orally available small molecule that could increase 

SMN protein levels by promoting the inclusion of exon 7 in SMN2 mRNA. A promising 

candidate, RG7800, was identified through a screen of a library of small molecules against a 

human embryonic kidney cell line harboring an SMN2 minigene (145). Daily administration of 

the compound to Delta 7 mice increased SMN protein levels throughout the CNS and peripheral 

organs. RG7800 also extended survival and protected mice against motor neuron loss, NMJ 

denervation, and skeletal muscle atrophy (145).  

RG7800, as well as several other small molecules that were identified in high-throughput 

screening experiments, were evaluated in Phase 1 clinical trials. While early results of the 

RG7800 trial showed that the drug was well tolerated by patients and healthy adults, the study 

was halted due to reports of irreversible off-target adverse effects on the retina in animal 

toxicology studies (146). Researchers then altered the chemistry of RG7800 to create a 

comparably effective compound called RG7916, or risdiplam (147). Risdiplam was successful in 
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clinical trials, providing improvements in motor function and muscle strength in children and 

adults with all types of SMA (148,149). However, the treatment demonstrated limited 

improvement in motor function in older individuals and was more likely to stabilize symptoms in 

this group (150). 

Risdiplam was approved by the FDA in 2020 and Health Canada in 2021 for use in 

patients two months of age and older (151,152). Preclinical studies have raised concerns about 

potential adverse effects such as growth impairment, male infertility, retinal toxicity, 

inflammation of epithelial tissues, and mutagenic effects, but none have been observed in 

humans to date (Evrysdi prescribing information).  

Gaps in the treatment landscape  
 
 Despite remarkable advances in the treatment of SMA, the quality of life achieved by 

current SMA therapies remains unclear (current therapies summarized in Figure 1.2). Treatment 

responses vary widely between individuals, with some patients experiencing significant 

improvement while others may show little response. Treatment efficacy is also limited in adult 

patients. In nusinersen trials, only a mild treatment effect is seen in adult patients, coupled with 

several lumbar puncture-related adverse events (153). Given the high cost of treatment and 

repeated lumbar puncture procedures, there is hesitancy among the older SMA population about 

whether nusinersen’s limited efficacy justifies the invasive nature of the treatment. Meanwhile, 

onasemnogene abeparvovec is presented to SMA patients as a one-dose lifesaving drug. 

However, while it has extended the lives of many patients, less than half of Type 1 SMA patients 

in the Phase 3 SPR1NT trial maintained an ability to thrive over the course of the treatment 

(124,125). Further, long term data are not yet available to determine the longevity of this 
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treatment. A large portion of patients were also nonresponsive to risdiplam treatment. In a trial of 

Type 1 patients, 41% of patients were not able to reach the primary endpoint of sitting unassisted 

after 24 months (148). In a trial of symptomatic Type 2 and 3 patients, older patients did not 

show improvement but only a stabilization of symptoms (150).  

Many patients who showed a limited response to therapy are now receiving multiple 

therapies in an attempt to maximize the benefits. While the effectiveness of combinatorial 

therapy is not yet clear, dual therapy of any combination of nusinersen, onasemnogene 

abeparvovec, and risdiplam appears to be well tolerated (154,155). However, one study of Type 

1 SMA infants treated with nusinersen and onasemnogene abeparvovec found that combinatorial 

therapy was only as effective as nusinersen therapy alone (156). Overall, the shortcomings of the 

available treatments are clear, and a better understanding of the pathogenesis of SMA is needed 

to optimize the treatment landscape and improve patient outcomes. 
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Figure 1.3 Summary of the FDA and EMA approved SMN-targeted therapies for SMA. 

Created with BioRender.com. 

Figure 3 

Biomarkers to monitor treatment response 

 As the therapeutic landscape continues to expand for SMA, there is a greater need for 

objective and reliable ways to monitor disease progression and treatment efficacy. In clinical 

trials, treatments are mainly evaluated by symptoms-based standardized scales such as the 

Children’s Hospital of Philadelphia Test of Neuromuscular Disorders (CHOP-INTEND) and the 

Hammersmith Functional Motor Scale (HFMSE) tests or basic motor milestones such as sitting 

and standing. Outcomes vary from trial to trial and studies are conducted at various sites by 

different evaluators, making the results highly subjective and preventing comparisons between 

treatments or trials.  

Electrophysiology and imaging 

 Electrophysiology and imaging techniques play an important role in the assessment of 

SMA. The CMAP technique measures the electrical output of a motor unit and can allow for the 

calculation of a motor unit number estimate (MUNE). CMAP has been shown to correlate with 

CHOP-INTEND scores in SMA patients and has improved with treatment in Type 1 SMA 

patients treated with onasemnogene abeparvovec (157–159). In a nusinersen trial, pre-treatment 

CMAP amplitude was predictive for how well patients would respond to treatment, and a higher 

change in CMAP correlated with a better response to treatment (160). However, in children with 

later onset SMA, CMAP and MUNE were generally unchanged over 3 years of nusinersen 

treatment (161). Muscle volume and physiology can also be monitored by quantitative magnetic 

resonance imaging (qMRI) and ultrasonography. While these techniques serve as important 
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diagnostic tools and can detect differences between SMA patients and healthy controls, they 

have not been effective at monitoring disease progression over time (162,163). Further, all these 

techniques can be invasive, tedious, and cumbersome to the patient. Researchers are therefore 

seeking to identify sensitive and accurate molecular biomarkers for the objective assessment of 

treatment response. 

SMN protein and transcripts 

SMN protein and SMN2 transcript levels in blood have been explored as potential 

molecular biomarkers for SMA. However, results are mixed on whether SMN protein and SMN2 

transcript levels are actually lower in patients with SMA, and expression levels overlap greatly 

between disease types, making them unsuitable as markers of clinical severity (6,164,165). 

However, one study has correlated SMN protein levels in blood with denervation based on 

CMAP values (166). Further, a clinical trial of Nusinersen reported that cerebrospinal fluid SMN 

protein levels correlated with an increase in motor function (167). SMN protein in serum-derived 

extracellular vesicles (EVs) has also been explored as a potential biomarker. Elevations of SMN 

protein levels in isolated exosomes correlated with genotype in mice, and correlated with disease 

subtype in SMA patients (168). In a nusinersen trial, SMN transcripts in EVs increased after 14 

months of treatment, and increased to a higher degree in younger patients, but did not show a 

statistically significant correlation with motor function scales (169). Overall, SMN protein and 

transcripts hold potential as a biomarker of treatment response, but the inconsistencies in study 

findings warrant caution in their use as biomarkers.  
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Neurofilament Protein 

Given that the hallmark of SMA disease is the degeneration of motor neurons, there is a 

growing interest in utilizing neuronal proteins as biomarkers of treatment response. 

Neurofilament (NF) is a cytoskeletal protein abundant in the axons of neurons. It is released from 

axons and elevated in the blood and CSF following injury (170,171). NF elevations have been 

reported in several neurodegenerative disorders including amyotrophic lateral sclerosis (ALS) 

(172–174), Multiple Sclerosis (MS) (175,176), and Parkinson’s disease (177,178).  

Neurofilaments, specifically phosphorylated neurofilament heavy chain (pNF-H) and 

neurofilament light chain (NfL), are the most frequently utilized experimental biomarkers in 

clinical trials for SMA. In early nusinersen trials, plasma pNF-H was found to be elevated 10-

fold in infants with SMA compared to healthy controls, and a higher pNF-H was associated with 

lower age at symptom onset and lower baseline CHOP-INTEND score (179). Nusinersen treated 

infants also demonstrated a greater and more rapid decline in blood pNF-H than placebo-treated 

infants (180). In a study of presymptomatic infants treated with nusinersen, blood pNF-H 

concentration was higher in infants predicted to develop SMA than healthy controls, correlated 

with SMN2 copy number, and declined rapidly with treatment (181). These results are however 

difficult to interpret because the SMA patients were younger than the healthy controls in the 

study and blood pNF-H is known to be elevated in healthy infants and decline with age (179).  

Interestingly, studies have found no differences in NF concentrations in blood or CSF of 

adults with SMA compared to healthy controls, nor any changes in NF levels with treatment with 

nusinersen (182–184). Our laboratory found similar results in a mild model of SMA, where no 
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elevations in NfL, or the neuronal proteins Tau and UCHL1, were observed at any time point 

over the course of disease progression (Appendix A). 

While NF shows potential as a useful biomarker of treatment response for nusinersen, 

few studies have explored its usefulness in the context of other treatments. Surprisingly, two 

onasemnogene abeparvovec trials identified a spike in serum NfL levels of Type 1 and 2 SMA 

patients one month after treatment, despite evidence of reinnervation (185,186). However, this 

trial also demonstrated the utility of NF as a predicitive biomarker as the least responsive patient 

to the treatment had higher presymptomatic NF levels. Overall, there is a need for further 

research into molecular biomarkers for SMA and into the use of NF as a biomarker of treatment 

response in treatments other than nusinersen.  

Non-neuronal aspects of SMA 

 SMA has been classically described as a motor neuron disorder, characterized by lower 

motor neuron degeneration and neuromuscular junction dysfunction leading to progressive 

muscle weakness. However, accounts from patients and observations of mouse models have 

suggested the independent vulnerability of several non-neuronal organs to the loss of SMN 

protein (summarized in Figure 1.3). The development of novel SMN-enhancing treatments has 

also allowed for further insights into the tissue specific impacts of SMN loss on animal models 

of the disease.  
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Figure 1.4 Observations of non-neuronal tissue defects in SMA patients and mouse models 

of SMA. Created with BioRender.com. 

Figure 4 

Skeletal Muscle  

 The earliest indications of non-neuronal intrinsic defects were described in skeletal 

muscle, which shows delayed development in SMA patients independent of denervation. 

Myotubes from SMA Type 1 fetuses are smaller and less mature, and show early defects in 

synaptic development (20,187). Further, histochemical and molecular analysis of muscle from 
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SMA Type 1-3 patients showed downregulations of myogenic factors and mitochondrial 

biogenesis (188). Cell and animal models have been used to further study the effect of SMN loss 

on muscle cells independently from degenerating motor neurons. An SMN-depleted myoblast 

cell line revealed decreased proliferation and dysfunction in myotube fusion, confirming cell-

specific defects (189). In mouse models of SMA, muscle weakness is apparent prior to motor 

neuron loss (30). Molecular data also shows proteomic alterations and downregulation of 

myogenic factors in skeletal muscle prior to the onset of neuronal degeneration (31,190). Further, 

muscle-specific SMN knockdown models reveal a severe muscular dystrophy phenotype (191). 

Overall, skeletal muscle has an independent role in the pathogenesis of SMA. Of note, a muscle-

specific SMN restoration is not sufficient to rescue a mouse model of SMA (192), but systemic 

treatment has been shown to provide a more holistic rescue than treatment directed to the CNS, 

(97,193) likely due to the contributions of the muscle and other peripheral tissues to SMA 

pathogenesis.  

The Heart and Vasculature 

 Severe SMA patients present with congenital heart defects, including atrial and 

ventricular septal defects and hypoplastic left heart syndrome (194,195). Insurance claims from 

Type 1-4 SMA patients reveal higher instances of cardiac shunt, septal defects, and peripheral 

vascular disease (196). Though originally considered coincidental, abnormalities appear to 

increase with the severity of disease. One in 4 SMA patients with 1 copy of SMN2 present with 

congenital heart defects, as compared to 1 in 50 million in the general population, suggesting that 

the SMN protein may play an important role in cardiac development (194). Not surprisingly, the 

Delta 7 mouse model of SMA displays similar developmental and functional defects, including 

bradycardia, cardiomyopathy, fibrosis, remodeling, and vascular thinning (197–200). One study 
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associated the bradycardia to a reduction in sympathetic innervation and nervous system 

dysfunction (200). Interestingly, the heart was only partially rescued upon treatment with gene-

replacement therapy, suggesting that a lack of SMN during embryonic development results in 

potentially irreversible congenital defects (199).   

 SMA patients present with defects of the vasculature including capillary bed depletion, 

microvascular injury, peripheral vascular disease, and chronic venous insufficiency (201,202). 

Capillary dysfunction is also thought to be the cause of distal necrosis observed in the Smn2B/- 

mouse model and in rare cases of severe SMA (203).  

Gastrointestinal system 

 Gastrointestinal symptoms are common among SMA patients and are also seen in several 

mouse models of the disease. This can include constipation, delayed gastric emptying and 

gastroesophageal reflux (72). Similarly to the cardiovascular system, results from mouse models 

have associated impaired enteric nervous system signalling with these symptoms (36). 

Interestingly, a CNS-specific restoration of SMN protein in the Delta 7 mouse model did not 

rescue gastrointestinal dysfunction, suggesting that these defects are the result of tissue specific 

or enteric nervous system specific mechanisms (36).  

The Liver 

 Early patient studies showed indications of fatty acid metabolism defects including 

abnormal esterified carnitine and dicarboxylic aciduria (204,205). Macro and microvesicular 

steatosis have also been described in the liver of SMA patients (32,206). More recently, lipid 

profiling of 72 pediatric SMA patients revealed higher instances of dyslipidemia compared to the 

general population (32). Liver and fatty acid metabolism defects have also been observed in 
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mouse models of the disease. The Smn2B/- mouse model displays steatosis, dyslipidemia, elevated 

triglycerides and a phenotype resembling metabolic dysfunction–associated steatotic liver 

disease (MASLD, formerly non-alcoholic fatty liver disease or NAFLD). These mice show 

molecular markers of damage and fibrogenesis. Hepatic dysfunction is also apparent as measured 

by reductions in protein production, iron homeostasis and insulin-like growth factor (IGF1) 

metabolism (33). Similar dysfunction has been observed in SMA patients, seen as reduced serum 

IGF1 and overall reduced serum proteins (207,208). Mouse models revealed that liver pathology 

was likely not a result of denervation, as livers in denervated SOD1G93A mice, a model of ALS, 

do not demonstrate an abnormal phenotype (32). Further, a liver-directed AAV9-mediated 

restoration of SMN rescues the fatty liver phenotype in Smn2B/-  mice, suggesting that these 

defects are the result of liver-intrinsic mechanisms (209). The underlying molecular mechanisms 

are yet to be defined, but several indicators of hepatic mitochondrial dysfunction were identified 

by proteomic analysis and enzymatic assays, indicating that defects in the catabolism of fatty 

acids may contribute to accumulation of fat within the liver (33).  

The Pancreas 

  Glucose metabolism defects are present in SMA patients and have been characterized in 

detail in mouse models. SMA patients report insulin resistance, glucose intolerance, and 

metabolic syndrome (34,210,211). Patients also show reduced lean mass and increased fat mass 

compared to the general population (212). The Smn2B/- model of SMA displays an imbalance in 

pancreatic islet cell composition, with a higher than usual proportion of glucagon-producing 

alpha cells to insulin-producing beta cells (34). These defects are reflected by elevated serum 

glucagon levels in the mice. Interestingly, after the discovery of these defects, similar findings 

were observed in pathological samples from SMA type 1 patients, including a disorganized 
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appearance of pancreatic islets and more alpha cells compared to control samples (34). These 

defects imply that the SMN protein may play a role in pancreatic development.  

Immune Organs 

 Immune organ defects have been characterized in SMA patients and several mouse 

models of SMA. In three models, spleen size is markedly reduced and the splenic architecture is 

disturbed (35,213,214). Splenic abnormalities, such as increased white pulp, congested red pulp, 

and accessory spleens, were also present in a subset of Type 1 SMA patients (214). The thymus 

is also atrophied in SMA patients (215), while both Smn2B/- mice and severe SMA mice show 

decreased thymus size, cortex thinning and increased apoptotic bodies (35).  

 
Rationale and Hypothesis 

SMA has traditionally been characterized as a disease of muscle wasting as a result of 

motor neuron degeneration. However, SMN is a ubiquitously expressed protein that plays a role 

in several cell types. There has been much debate in the field on whether restoration of SMN to 

the motor neuron is sufficient to treat SMA. While several studies have demonstrated that a 

motor neuron specific SMN increase can improve the phenotype of a mouse model of SMA 

(216–218), the rescue of survival achieved by these models is limited compared to that achieved 

by systemic restoration of SMN. Further, selective depletion of SMN protein to the motor neuron 

results in a milder phenotype than systemic depletion (219). Moreover, increasing reports of 

peripheral organ-specific defects suggest that SMA may not be a disease restricted to the motor 

neuron. 

Despite the evidence of peripheral tissue defects in SMA, CNS-specific treatments like 

nusinersen continue to be used in SMA patients and IT delivery of onasemnogene abeparvovec is 
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being explored in clinical trials. Current therapies show limited effects in a large portion of 

patients and peripheral organ defects may become more apparent as patients age. It is thus 

important to understand in detail the contributions of the peripheral organs to SMA pathogenesis 

to optimize the therapeutic landscape. We used the Smn2B/− mouse model of SMA to further 

investigate the involvement of the peripheral organs in SMA.  

Hypothesis 

SMA is a multi-system disorder, with peripheral tissue defects playing a critical role in disease 

pathogenesis alongside motor neuron degeneration 

Aims 

1. Characterize the onset of neuronal and peripheral phenotypes in Smn2B/− mice 

throughout development 

2. Investigate the impact of CNS-directed and peripheral-directed AAV9-SMN 

treatment routes on developing Smn2B/− mice  

3. Investigate the long-term impact of CNS-directed and peripheral-directed AAV9-

SMN treatment routes on Smn2B/− mice  
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Chapter 2: Peripheral defects precede neuromuscular pathology in the Smn2B/- 

mouse model of spinal muscular atrophy 
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Abstract  
 
Background: Spinal Muscular Atrophy (SMA) is an inherited neurodegenerative disease caused 

by the loss or mutation of the survival motor neuron 1 (SMN1) gene. Though classically regarded 

as a motor neuron disorder, reports are increasingly describing the involvement of non-neuronal 

organs in SMA. The Smn2B/- mouse is a model of SMA that displays a peripheral phenotype 

including metabolic defects. 

Objective: Here, we characterized several neuronal and non-neuronal defects in the Smn2B/- 

mouse throughout development to better understand the progression of the disease and the 

relationship between tissue defects. 

Methods: We collected tissues from mutant Smn2B/- mice and Smn2B/+ littermate controls at 

several timepoints and evaluated spinal cord motor neuron loss, neuromuscular junction 

pathology, muscle fiber size, liver steatosis, and pancreatic islet cell composition. Blood glucose 

and plasma neurofilament light chain (NfL) were also measured. 

Results: Smn2B/- mice displayed several peripheral defects prior to motor neuron loss and showed 

early elevations in neurofilament light chain (NfL) protein. 

Conclusions: This work provides an important framework for guiding future research with this 

mouse model and demonstrates that the liver may be an early target in the development of SMA. 

 
KEYWORDS (4-10): metabolism, muscles, motor neurons, neuromuscular junction, liver, 

pancreas, animal models, neurofilament protein, biomarkers, blood glucose  
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Introduction 
 

Spinal Muscular Atrophy (SMA) is a deadly childhood neurodegenerative disorder 

characterized by the wasting of skeletal muscle due to lower motor neuron death. The worldwide 

prevalence of SMA is estimated to be 1-2 in 100,000 individuals, with an incidence of about 1 in 

12,000 live births (220,221). This inherited disease is caused by a homozygous deletion or 

mutation of the survival of motor neuron 1 (SMN1) gene. SMN1 produces the survival motor 

neuron (SMN) protein, which is required for motor neuron development and maintenance 

(222,223). The closely similar SMN2 gene produces only a small amount of full-length SMN 

protein and is unable to fully compensate for the loss of SMN1 (224). SMN2 gene copy number 

varies between individuals, and can thus influence the severity of disease in patients with SMA 

(225).  

While patients with severe SMA previously had a life expectancy of less than 2 years, 

they now have access to several life-prolonging treatments. Three drugs: nusinersen, risdiplam 

and onasemnogene abeparvovec, are currently authorized for use by the United States Food and 

Drug Administration (FDA) and European Medicine Agency (EMA), while several other 

therapies are in pre-clinical and clinical development. Interestingly, therapeutic strategies are 

more effective when delivered systemically instead of directly to the central nervous system, 

likely due to the contributions of peripheral organs to SMA disease (226–228). 

SMA has been historically studied as a motor neuron disorder. However, SMN is a 

ubiquitously expressed protein and a growing body of evidence describes the effects of SMN 

depletion in non-neuronal tissues. Patients with SMA report higher instances of cardiovascular, 

gastrointestinal, metabolic, reproductive, and skeletal defects than healthy peers, which occur 

prior to the first signs of neuromuscular disease (196). Further, mouse models of SMA have been 
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used to characterize the involvement of non-neuronal organs in SMA. The Smn2B/- mouse has a 

genetically modified mutant Smn allele that produces only a small amount of SMN protein, 

similar to the human SMN2 gene (38,229). This model represents a severe SMA phenotype, 

displaying motor neuron degeneration, muscle weakness, and neuromuscular junction pathology. 

These mice display motor function deficits starting at postnatal day 9 (P9), and generally live for 

a median of 25 days (229,230). Interestingly, several non-neuronal phenotypes have also been 

described in Smn2B/- mice including immune organ defects, gastrointestinal dysfunction, liver 

steatosis, and pancreatic pathology (32,34). While it is becoming clear that the depletion of SMN 

affects several systems within the body, the relationship between the affected systems and their 

impact on the overall development of disease in SMA is not well understood.  

To better outline the relationship between affected tissues and their contributions to 

disease development, we characterized several neuronal and non-neuronal phenotypes in Smn2B/− 

mice throughout development. We show that several non-neuronal symptoms arise before motor 

neuron loss, and that liver pathology occurs early in disease progression.  

 
  



 39 

Materials and Methods 
 
Animals 
 
Smn2B/- and Smn2B/+ mice were generated by crossing Smn+/- and Smn2B/2B mice (both on the 

C57BL/6J genetic background). All mice were housed at the University of Ottawa Animal 

Facility and experimental protocols were approved by the Animal Care Committee of the 

University of Ottawa. Animals were cared for in accordance with the guidelines of the Canadian 

Council on Animal Care, and the Animals for Research Act. One litter of mice was monitored 

daily for 60 days for survival, while additional litters were weighed and sacrificed for blood and 

tissue collection at P5, P7, P9, P11, P13, P15, P17, and P19. Four to five mice were used for 

each genotype at each time point. For plasma NfL concentration assays, blood was taken at P4, 

P7, P11, P15, and P19. Five to ten mice were used at each time point.  

 

Tissue processing and staining 

Spinal cords were collected and choline acetyltransferase (ChAT) immunostaining was 

performed as previously described to visualize motor neurons (37,230). For each animal, 10 

sections were stained and 20 ventral horns were quantified by the counting of ChAT positive 

motor neurons. Transversus abdominis muscle was collected, stained with TRITC-conjugated 

bungarotoxin, and immunostained for neurofilament and synaptic vesicle protein to visualize 

neuromuscular junctions as before (230). Endplates were marked as either positive or negative 

for displaying neurofilament accumulation and/or denervation. Liver and tibialis anterior muscle 

were processed and stained with hematoxylin and eosin (H&E) as previously described (230). 

The average cross-sectional area of 100 muscle fibers was measured using ImageJ to quantify 

muscle fiber size. Pancreas was collected and immunostained for insulin and glucagon to 
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visualize alpha and beta cells of the pancreatic islets as before (230). Cells from at least 5 islets 

per animal were counted as either insulin or glucagon positive in order to establish an average 

ratio of alpha to beta cells. Antibodies are listed in Table 2.1. 
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Table 2.1. List of antibodies used for immunohistochemistry 
Table 2 

Method Antibody/ 
reagent 

Species Dilution  Company 
(Catalog #) 

IHC – motor 
neurons 

ChAT Goat 1:100 Millipore 
(AB144P) 

IHC – motor 
neurons 

anti-goat Alexa 
Fluor 555 

Donkey  1:200 Invitrogen 
(A21432) 

IHC - NMJ TRITC 
conjugated 
bungarotoxin 

Mouse  1:1 000 Invitrogen 
(T1175) 

IHC - NMJ Neurofilament 
(NF-M) 

Mouse 1:100 Developmental 
Studies 
Hybridoma 
Bank, (P12839) 

IHC - NMJ Synaptic vesicle 
glycoprotein 2A  

Mouse 1:250 Developmental 
Studies 
Hybridoma 
Bank, (Q7L0J3) 

IHC - NMJ Anti-mouse 
Alexa Fluor 488 

Goat  1:250 Invitrogen 
(A11001) 

IHC - Pancreas Insulin Rabbit 1:50 Abcam 
(ab181547) 

IHC - Pancreas Glucagon Mouse 1:200 Abcam 
(ab10988) 

IHC - Pancreas Anti-rabbit 
Alexa Fluor 488 

Goat 1:500 Invitrogen 
(A11034) 

IHC - Pancreas Anti-mouse 
Alexa Fluor 555 

Goat 1:500 Invitrogen 
(A28180) 
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Blood collection and plasma analysis 
 
Blood samples were collected upon euthanasia. Plasma was extracted and NfL protein 

concentration was determined using the Simoa NF-Light® assay (Quanterix, Billerica, MA) on a 

Simoa HD-1 analyzer as previously described (231). Blood glucose was measured as before 

using a Freestyle Precision Neo meter (Abbott, Lake County, IL) (230).  

 

Statistical analysis  
 
Data are presented as the mean ± standard error of the mean. Unpaired t-tests were used to 

compare the means of each genotype at each time point. Samples sizes ranged between 4-5 mice. 

Significance was indicated by * for P≤0.05, ** for P≤0.01, and *** for P≤0.001.  
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Results 
 
Smn2B/- mice survive 22 days and show decreased weight gain starting at P11  
 
To characterize the progression of disease in the Smn2B/- mouse, we first performed a survival 

analysis and measured weight over time in comparison to Smn2B/+ littermates. Smn2B/- mice 

showed a median survival of 22 days while all Smn2B/+ mice survived the 60-day monitoring 

period (Figure 2.1B). The first evidence of the diseased phenotype arises at P11, when Smn2B/- 

mice are smaller in weight than Smn2B/+ controls. Following this, Smn2B/- mice begin to lose 

weight and Smn2B/+ continue to gain weight (Figure 2.1C). As this timepoint is the first evidence 

of the SMA-like phenotype in the Smn2B/- model, subsequent characteristics were evaluated 

beginning at P11.  
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Figure 2.1. Weight and survival of Smn2B/- mice throughout development. (A) Schematic 

representation of experimental design for temporal evaluation of SMA-like characteristics in 

Smn2B/- mice. Created with BioRender.com. (B) Kaplan-Meier survival curve comparing Smn2B/- 
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and Smn2B/+ mice up to 60 days. (C) Comparison of weights between Smn2B/- and Smn2B/+ mice 

from P5 to P19.  

Figure 5 

Motor neuron degeneration begins at P19 in Smn2B/- mice and NfL is elevated at P11  
 
We next measured the degree of motor neuron degeneration, a hallmark feature of SMA, in 

Smn2B/-  mice throughout development. Motor neuron number was determined by ChAT 

immunostaining of motor neuron cell bodies within the anterior horn of the lumbar spinal cord. 

Motor neuron cell body number was lower in Smn2B/- than Smn2B/+ mice beginning at P19 (Figure 

2.2A,B). We also measured plasma NfL, a neuronal protein that shows potential as a biomarker 

of axonal damage and disease progression in SMA (185,232). Plasma NfL was first elevated in 

Smn2B/- mice at P11, several days earlier than the first appearance of motor neuron degeneration 

(Figure 2.2C). 
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Figure 2.2. Temporal analysis of motor neuron degeneration in Smn2B/- mice. (A) 

Representative immunofluorescent images of sections of lumbar spinal cord anterior horns from 

Smn2B/- mice stained for ChAT (red) and DAPI (blue). (B) Quantification of motor neuron cell 

body numbers. (C) Plasma NfL levels. (n=4-10, mean ± SEM, individual t-tests at each time 

point, p ≤ 0.01 for **, p ≤ 0.001 for ***). Scale bar = 100 µm. 

Figure 6 
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Presynaptic neurofilament protein accumulation is first apparent at P13 in Smn2B/- mice, and 
denervation is apparent at P17  
 
We next assessed neuromuscular junction (NMJ) pathology to further investigate how motor 

neurons are affected throughout development in the Smn2B/- model. Smn2B/- mice show defects at 

the site of the NMJ, including altered endplate morphology, accumulation of neurofilament 

protein at the nerve terminal, and denervation of endplates (233). Upon investigation of the 

NMJs of the transversus abdominis muscle through neurofilament and synaptic vesicle protein 

immunostaining, presynaptic neurofilament protein accumulation was first apparent at P13, 

while denervation of endplates was first apparent at P17 (Figure 2.3). NMJs are therefore 

affected prior to the loss of motor neuron cell bodies in the spinal cord.  
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Figure 2.3. Temporal analysis of neuromuscular junction pathology in Smn2B/- mice. (A) 

Representative immunofluorescent images of transversus abdominis (TVA) muscle from Smn2B/- 

mice stained with bungarotoxin (red), and for neurofilament (NF) (green) and synaptic vesicle 

protein 2 (green). Quantification of endplate occupancy (B) and neurofilament accumulation (C) 

in stained NMJs (asterisks depict unoccupied endplates; arrows indicate NF accumulations; n=4-

5, mean ± SEM, individual t-tests at each time point, p ≤ 0.05 for *, p ≤ 0.01 for **, p ≤ 0.001 for 

***). Scale bar = 50 µm. 

Figure 7 
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Cross-sectional muscle fiber area is reduced in tibialis anterior muscle from Smn2B/- mice 
starting at P17  
 
To determine when muscle atrophy is first occurring in Smn2B/- mice, we measured the cross-

sectional area of H&E-stained muscle fibers from the tibialis anterior muscle. Muscle atrophy is 

another hallmark characteristic of SMA, likely caused by the degeneration of motor neurons as 

well as intrinsic mechanisms affecting muscle development (31,189,234). Muscle fiber size was 

first reduced in Smn2B/- mice compared to Smn2B/+ mice starting at P17 (Figure 2.4). Muscle 

atrophy thus coincides with denervation at P17, following neurofilament accumulation at the 

NMJ at P13 and preceding motor neuron degeneration in the spinal cord at P19.  
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Figure 2.4. Temporal analysis of muscle fiber size in Smn2B/- mice. (A) Representative images 

of H&E stained tibialis anterior sections from Smn2B/- mice. (B) Quantification of muscle fiber 

size (n=4-5, mean ± SEM, individual t-tests at each time point, p ≤ 0.001 for ***). Scale bar = 

100 µm. 

Figure 8 
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Liver steatosis is first apparent at P13 in Smn2B/- mice  
 
In addition to neuromuscular pathology, Smn2B/- mice display an extensive number of metabolic 

abnormalities including liver steatosis and dysfunction (32,33). Steatosis was qualitatively 

observed using H&E-stained liver cross sections to determine the onset of the development of 

liver pathology in Smn2B/- mice. Fat was first observed within hepatocytes of Smn2B/- mice starting 

at P13 (Figure 2.5). The liver is therefore affected early in the Smn2B/- model, prior to 

neuromuscular pathology.  

 

 

Figure 2.5. Temporal analysis of liver steatosis in Smn2B/- mice. Representative images of 

H&E stained liver sections from Smn2B/- mice. Scale bar = 100 µm. 

Figure 9 
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Ratio of alpha to beta cells in pancreatic islets is disrupted beginning at P19  
 
Smn2B/- mice display glucose metabolism defects including hyperglucagonemia, glucose 

resistance, and an increased ratio of glucagon-producing alpha cells to insulin-producing beta 

cells in the pancreas (34). To determine the onset of pancreatic pathology during development, 

pancreata were immunostained for insulin and glucagon and the ratio of alpha to beta cells 

within the pancreatic islets was measured. The ratio of alpha to beta cells was first disrupted in 

Smn2B/- mice at P19 (Figure 2.6). Blood glucose was also measured as another representation of 

glucose metabolism defects in the Smn2B/- model. Blood glucose was decreased in Smn2B/- mice 

compared to Smn2B/+ mice starting at P15 (Figure 2.7). Glucose metabolism defects thus likely 

precede pancreatic pathology, as does liver steatosis. 
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Figure 2.6. Temporal analysis of pancreatic pathology in Smn2B/- mice. (A) Representative 

immunofluorescent images of sections of pancreatic islets from Smn2B/- mice stained for 

glucagon (red) and insulin (green). (B) Fraction of glucagon-positive alpha cells related to total 

number of pancreatic islet cells (n=4-5, mean ± SEM, individual t-tests at each time point, p ≤ 

0.05 for *). Scale bar = 50 µm. 

Figure 10 
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Figure 2.7. Temporal analysis of blood glucose in Smn2B/- mice. Quantification of blood 

glucose levels in Smn2B/- mice over time. (n=5, mean ± SEM, individual t-tests at each time 

point, p ≤ 0.001 for ***, p ≤ 0.0001 for ****). 

Figure 11 
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Discussion 
 
 We have presented an in-depth temporal characterization of the Smn2B/- mouse model of 

SMA. While many of these characteristics have been previously described in Smn2B/- mice 

(29,32–34), this is the first study to identify the initial occurrence of each phenotype during 

development. Mice show slowed growth beginning at P11, coinciding with elevated NfL protein 

in plasma. They display liver steatosis and neurofilament accumulation at the endplates of 

neuromuscular junctions starting at P13. Muscle fiber size and blood glucose are decreased from 

P15 onwards. NMJ endplates are denervated starting at P17. Loss of motor neuron cell bodies in 

the spinal cord and a disruption of the ratio of alpha to beta cells in the pancreas are seen at P19. 

These mice survive to a median of 22 days (summarized in Figure 2.8).  

 

 

Figure 2.8. Graphical summary of the age of onset of SMA-like characteristics in Smn2B/- 

mice. 

Figure 12 
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 Smn2B/- mice display a non-alcoholic fatty liver disease (NAFLD) phenotype, consisting 

of steatosis, liver damage, liver dysfunction, and dyslipidemia at P19 (32,33). Here, we show the 

emergence of liver steatosis early in the development of the disease, at P13, several days prior to 

motor neuron degeneration. These results support findings that liver pathology occurs prior to 

neuromuscular symptoms, though a previous finding identified fat accumulation even earlier, at 

P9 (32). The mechanism of the liver phenotype is unclear, though its early emergence would 

suggest that it is the result of SMN-dependent molecular pathways within the liver. The pancreas 

was previously theorized to be implicated, due to the unusually high number of glucagon-

producing alpha cells and high levels of blood glucagon (33,34). However, we showed that the 

alpha/beta cell ratio was altered late in Smn2B/- mice, several days after the emergence of the liver 

phenotype. In fact, the pancreatic cell ratio could be a result of metabolic stress, as beta cells are 

more prone to death than alpha cells when exposed to hyperlipidemia (235). This is supported by 

the impacts of a liver-specific depletion of SMN, which revealed pancreatic defects similar to 

those in Smn2B/- mice, emphasizing the liver’s impact on the pancreas in this mouse model (de 

Almeida et al, unpublished data). Further, glucagon resistance and hyperglucagonemia are 

known to be associated with NAFLD (236). High glucagon could thus be a result of liver 

steatosis rather than a contributing factor. More insight into the liver-intrinsic nature of these 

defects was provided by a study describing a liver-directed restoration of SMN in Smn2B/- mice. 

An adeno-associated virus-mediated restoration of SMN restricted to the liver provided a rescue 

of the fatty liver phenotype and pancreatic defects (Sutton et al., unpublished data). The liver-

directed treatment also partially protected survival, motor function and NfL protein levels, 

emphasizing the influence of the liver on neuronal development through the regulation of 

neurotrophic factors like IGF1 (237).  
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We also showed that liver steatosis occurs prior to NMJ denervation and muscle atrophy 

in Smn2B/- mice. This agrees with previous studies, which found no steatosis in livers from mutant 

SOD1G93A mice, a model of ALS with similar denervation and wasting of skeletal muscle (32). 

Steatosis is therefore likely not the result of denervation or reduced muscle use. In fact, 

hyperlipidemia associated with the fatty liver phenotype could affect muscle function and 

exacerbate muscle atrophy through lipotoxicity. This is supported by a previous study that 

identified lipid droplets on muscles from Smn2B/- mice (238).  

Muscle atrophy begins before motor neuron loss in Smn2B/- mice, likely due to the 

involvement of muscle intrinsic pathways and NMJ defects. Intrinsic defects in muscle 

development have been observed previously in SMN depleted myoblast cultures, myoblasts from 

patients with SMA, and in muscle-specific SMN knockout mouse models (31,189,234). Muscle 

atrophy was also preceded by neurofilament accumulation at the NMJ, indicating that 

neurofilament accumulation could be an early contributor to muscle atrophy, preceding 

denervation and the loss of motor neuron cell bodies. However, the consequences of 

neurofilament accumulation at the nerve terminal are unclear. Accumulations are present in 

denervation resistant muscles from SMA mice, suggesting that it may not be the cause of 

denervation (239). Neurofilament accumulations could nevertheless affect the function of the 

NMJ or be representative of other issues with axonal transport within the neuron. 

Neurofilament protein is also being explored as a potential biomarker for SMA. 

Neurofilament light chain (NfL) protein is elevated in plasma and CSF of pediatric SMA patients 

and is believed to act as a marker of neuronal degeneration (185,232). Here, we provide the first 

systematic characterization of plasma NfL throughout development in Smn2B/- mice. We observed 

progressive elevations of NfL that increased with the development of the neuromuscular 
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phenotype. However, the first NfL elevations were observed prior to any of the pathological 

findings, suggesting that NfL could also be useful as a prognostic biomarker. Interestingly, NfL 

was elevated several days prior to denervation and motor neuron degeneration. These elevations 

could be representative of axonal transport dysregulation and NMJ neurofilament accumulation 

rather than motor neuron degeneration. NfL levels could also be elevated as a reflection of other 

neuronal populations. Astrocytes, microglia, interneurons, and sensory neurons have all been 

shown to be affected in animal and cells models of SMA (240–243). Alternatively, the NfL assay 

may be a more sensitive method for measuring motor neuronal degeneration than 

immunohistochemistry.  

The Smn2B/- model is a unique model of SMA that shows several peripheral phenotypes 

present in human SMA patients. While a distinctive metabolic phenotype is seen in all Smn2B/- 

mice, the human population is more heterogeneous in its presentation of non-neuronal SMA 

symptoms. A portion of SMA patients present with higher instances of dyslipidemia, elevated 

markers of fatty acid oxidation defects, and microvesicular steatosis of the liver (32,206). Some 

patients also present with insulin resistance, impaired glucose tolerance, and metabolic syndrome 

(34,212,244). We have displayed that the liver may be an early target of SMA, with the potential 

to impact several other systems affected in the disease. The liver performs an important role in 

neuronal development, metabolism, and detoxification that should not be overlooked in the care 

and treatment of SMA patients. A holistic treatment strategy will provide the greatest outcome 

for patients.  

With the increasing use of therapeutics, SMA patients’ lives are being extended and 

peripheral symptoms are becoming more apparent. It is crucial to understand the impact of 

individual tissues on the overall picture of the disease to treat patients as effectively as possible. 
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Our work has provided an in-depth systematic characterization of the Smn2B/- mouse phenotype 

to allow for a better understanding of the connections between the systems affected in SMA and 

to guide future research with this model. 
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Abstract 
 
Spinal muscular atrophy (SMA) is a neuromuscular disease caused by loss of the SMN1 gene and 

low SMN protein levels. Although lower motor neurons are a primary target, there is evidence 

that peripheral organ defects contribute to SMA. Current SMA gene therapy and clinical trials 

use a single intravenous bolus of the blood-brain-barrier penetrant scAAV9-cba-SMN by either 

systemic or central nervous system (CNS) delivery, resulting in impressive amelioration of the 

clinical phenotype but not a complete cure. The impact of scAAV9-cba-SMN treatment 

regimens on the CNS as well as on specific peripheral organs is yet to be described in a 

comparative manner. Therefore, we injected SMA mice with scAAV9-cba-SMN either 

intravenously (IV) for peripheral SMN restoration or intracerebroventricularly (ICV) for CNS-

focused SMN restoration. In our system, ICV injections increased SMN in peripheral organs and 

the CNS while IV administration increased SMN in peripheral tissues only, largely omitting the 

CNS. Both treatments rescued several peripheral phenotypes while only ICV injections were 

neuroprotective. Surprisingly, both delivery routes resulted in a robust rescue effect on survival, 

weight, and motor function, which in IV treated mice relied on peripheral SMN restoration but 

not on targeting the motor neurons. This demonstrates the independent contribution of peripheral 

organs to SMA pathology and suggests that treatments should not be restricted to motor neurons. 
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Introduction 
 
Spinal muscular atrophy (SMA) is a devastating childhood neurodegenerative disorder 

characterized by the loss of lower motor neurons and skeletal muscle atrophy. Untreated and 

severely affected patients suffer from proximal and progressive muscle weakness, leading to 

complications such as scoliosis, respiratory failure, and early death (245).  Recent advances in 

treatment development are bringing hope to SMA patients, but the benefits of therapy on the 

peripheral organs are not yet understood. 

SMA is caused by a deletion or mutation in the Survival of Motor Neuron 1 (SMN1) gene 

(222). The SMN protein product is essential and a complete SMN loss results in early embryonic 

lethality. Thus, SMA severity is mediated by a second SMN-producing gene, SMN2, which acts 

as a modifier of disease phenotype (224,246). Due to insufficient SMN2 pre-mRNA splicing, this 

gene produces about 5-10% of the amount of full-length protein compared to SMN1 (223). 

Humans possess a varying number of SMN2 copies, thus copy number inversely correlates with 

disease severity and age of onset (247).  

SMA has been classically regarded as a motor neuron disorder due to the preferential 

vulnerability of motor neurons to the loss of SMN protein. However, the SMN protein is 

ubiquitously expressed, and a wide range of non-neuronal tissues are affected in SMA patients 

and animal models. Muscle intrinsic defects (248–250), cardiac defects (251,252), fatty acid 

metabolism defects (253,254), glucose metabolism defects (255,256), immune organ defects 

(257–259)  and gastrointestinal disfunction (260,261) have been observed in SMA patients and 

characterized in mouse models of the disease. In fact, the most effective experimental treatments 

in SMA pre-clinical models were delivered systemically, indicating that targeting the peripheral 

organs is necessary for a robust treatment effect (262–264).   
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There are currently three FDA-approved therapies available for SMA patients: 

nusinersen, risdiplam, and onasemnogene abeparvovec. While nusinersen and risdiplam act on 

the SMN2 gene to correct pre-mRNA splicing and increase SMN protein production, 

onasemnogene abeparvovec uses a blood-brain-barrier penetrant adeno-associated virus serotype 

9 (AAV9) vector carrying SMN cDNA to encode for the missing SMN protein. This gene 

therapy treatment is administered as a one-time intravenous (IV) injection, aiming to induce 

long-term expression of SMN protein in the periphery as well as the CNS (264,265). Moreover, 

there are current ongoing clinical trials using IT injections as a more CNS directed approach 

(266).  However, the biodistribution of a systemic versus a CNS-directed scAAV9-cba-SMN 

treatment in CNS and peripheral organs as well as the subsequent impact on overall pathology is 

yet to be described in detail. 

Therefore, we used the Smn2B/- mouse, a model that demonstrates peripheral 

abnormalities, to explore the impact of peripheral and CNS-directed treatment routes on the 

overall pathology. At P1, the Smn2B/- mice have no detectable pathology. At this stage, the mice 

are considered pre-symptomatic. We injected mice with scAAV9-cba-SMN employing either 

intravenous (IV) or intracerebroventricular (ICV) delivery to generate two different patterns of 

viral transduction. ICV application resulted in a modest SMN increase in the periphery and the 

spinal cord. IV scAAV9-cba-SMN delivery induced a strong SMN-expression in the periphery 

while it surprisingly omitted the spinal cord. Consistently, both treatments rescued several 

peripheral phenotypes while only ICV injections were neuroprotective. The lack of 

neuroprotection in IV treated mice became clearly apparent since (i) there was no amelioration of 

motor neuron numbers, (ii) no rescue of neurofilament light (NfL) chain plasma levels, and (iii) 

no increase in neuromuscular junction (NMJ) endplate occupancy compared to ICV-injected 
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animals.  Surprisingly, both delivery routes resulted in a robust rescue effect on survival, weight, 

and motor function, which therefore in IV treated mice relies on peripheral SMN restoration and 

not on motor neurons. These results show that restoration of SMN to the peripheral organs can 

provide rescue to various features independently of motor neuron rescue and suggest that SMA 

therapies should not be restricted to the CNS.  
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Materials and Methods  
 
Animals 
 
 Smn2B/- (C57BL/6J background) mice were developed by our laboratory (229,267) and 

housed at the University of Ottawa Animal Care Facility. Smn2B/- mice were produced by 

breeding Smn+/- mice (C57BL/6J) to Smn2B/2B mice (C57BL/6J). The Smn2B/- mouse is a model of 

SMA and asymptomatic heterozygous Smn2B/+ mice are used as controls in these experiments. 

Animals were cared for according to the Canadian Council on Animal Care. All experiments 

were performed in accordance with ARRIVE guidelines and were approved by the University of 

Ottawa Animal Care Committee.     

 

scAAV9-cba-SMN treatment 
 
 The self-complementary AAV9-cba-SMN vector was produced as previously described 

and was titred by real time qPCR (268). The scAAV9-cba-SMN expresses human SMN under 

the control of a chicken beta actin (cba) promoter and was produced at a titre of 9.62 x 1013 viral 

genomes (vg)/mL. Mice at post-natal day 1 (P1) were administered scAAV9-cba-SMN through 

facial vein injection (5x1010 vg per pup administered in a volume of 20 µL; four litters of 8-12 

mice) or ICV injection (5x1010 vg per pup in a volume of 3 µL; three litters of 6-12 mice). Two 

litters from each treatment were monitored for motor function, weight, and survival and 

sacrificed at P60. Mice were tattooed by Animal Care Facility staff around P4-6 to allow for a 

specific animal’s growth and motor function to be tracked over time. Mice were weighed every 2 

days. Other litters were sacrificed at P19 for collection of blood and various tissues.  

 

Motor function tests 
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Three motor function tests were performed. Righting reflex test (Treat-NMD SOP 

D_M.2.2.002, treat-nmd.org) evaluated overall body strength, pen test (Treat-NMD SOP 

SMA_M.2.1.001) assessed motor balance and coordination, and mesh grip test (Treat-NMD SOP 

SMA_M.2.1.002) evaluated limb strength. Motor function tests were performed as reported 

previously (269). Briefly, righting reflex test was performed from P7 to P19. In this test, the 

mouse is placed on its back on a flat surface and the time to right itself is measured (up to a 

maximum of 30 sec). One feature of the righting reflex test is that all mice, regardless of 

genotype, will improve their performance as they get older. In general, the righting reflex test is 

most useful in the first few days of life. The pen test involves placing the mouse on a pen and 

recording the length of time they can balance. This test was performed from P19 to P25.  Mesh 

grip test was performed from P13 to P25. This test measures the strength of a mouse’s limbs by 

timing their latency to fall when suspended from a mesh. Tests were performed every 2 days.  Of 

note, tests were performed by two different evaluators using the lab’s controlled and established 

protocol. 

 

Blood collection and plasma analysis 
 
 Mice were euthanized at P19 by decapitation after anaesthesia in a CO2 chamber. Upon 

decapitation, one blood sample was collected from each mouse using Microcuvette CB 300 K2E 

tubes (Sarstedt, Newton, NC) coated with K2 EDTA (Smn2B/+ n=10; Smn2B/- n=7; Smn2B/- ICV 

n=5; Smn2B/- IV n=13). Samples were spun at 2,000 g using 5424R centrifuge (Eppendorf, 

Hamburg, Germany) for 5 min at room temperature. Forty-five µL of the plasma supernatant was 

then collected in a 1.5 mL Eppendorf tube and stored at -80°C. Samples were thawed on ice and 

stored at 4°C the day before the assay was to be performed. Samples were analyzed using the 
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Simoa NF-Light Ò assay (Quanterix, Billerica, MA) on a Simoa HD-1 analyzer to determine the 

concentration of NfL protein. Blood glucose was measured upon blood collection using a 

Freestyle Precision Neo meter with Freestyle Precision Blood Glucose Test Strips (Abbott, 

Chicago, IL). About 1 µL of blood was extracted from the collection tube and applied to the test 

strip to measure blood glucose concentration (Smn2B/+ n=6; Smn2B/- n=6; Smn2B/- ICV n=6; Smn2B/- 

IV n=8). 

 

Tissue processing and staining 
 
 After euthanasia at P19, liver and tibialis anterior (TA) muscles (one per mouse) were 

fixed in 1:10 dilution buffered formalin (Thermo Fisher Scientific, Waltham, MA) for 48 h at 

4ºC and then transferred to 70% ethanol at 4ºC until processing. Pancreata were fixed in 4% 

paraformaldehyde (PFA) for 48 h at 4ºC and then transferred to 70% ethanol at 4ºC until 

processing. Lumbar spinal cord was fixed in 4% PFA overnight at 4ºC then prepared for 

cryosectioning as previously described (269). The abdominal musculature was dissected and 

fixed in 4% PFA and the transversus abdominis (TVA) muscle was separated from the 

abdominal musculature as per (270).  

TA, liver, and pancreas samples were processed at the University of Ottawa Department 

of Pathology and Laboratory Medicine and embedded in wax using a LOGOS microwave hybrid 

tissue processor (Milestone Medical, Kalamazoo, MI). Paraffin block tissues were cut with a 

microtome at 3-4 µm thickness. Sections of TA and liver were stained with hematoxylin and 

eosin (H&E) using an XL CV5030 autostainer (Leica, Wertzler, Germany). Samples stained with 

H&E were scanned with a MIRAX MIDI digital slide scanner (Zeiss, Oberkochen, Germany). 

Images were acquired using Panoramic Viewer 1.15.4 (3DHISTECH, Budapest, Hungary) at 
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different magnifications. Muscle fibre size was quantified using ImageJ (version 1.53). 

Approximately 100-200 fibres were counted in different areas of the muscle section to ensure 

appropriate coverage. The area of each fibre was measured to calculate the distribution of fibre 

sizes for each animal (Smn2B/+ n=8; Smn2B/- n=8; Smn2B/- ICV n=6; Smn2B/- IV n=4). Sections of 

pancreas were deparaffinized in 3 washes of xylene substitute Histo-Clear (National Diagnostics, 

Atlanta, GA) for 5 min each followed by 2 washes of a 50/50 mixture of absolute ethanol and 

Histo-Clear for 5 min each. Slides were gradually rehydrated in 100% (v/v), 95% (v/v), 70% 

(v/v), 50% (v/v), and 0% (v/v) ethanol. Slides were incubated in 0.5% Triton-X-100 (Millipore 

Sigma, Burlington, MA) in PBS for 5 min, washed 3× with PBS, then blocked in 20% goat 

serum, 0.3% Triton-X-100 in TBS for 2 h. Slides were incubated with primary antibodies for 

insulin and glucagon (Table 3.1) in 2% goat serum, 0.3% Triton-X-100 in TBS overnight at 4ºC 

and then washed 3× with PBS. Slides were incubated with secondary antibodies (Table 3.1) in 

2% goat serum, 0.3% Triton-X-100 for 1 h and then washed 3× with PBS. DAPI (1:1,000) was 

added to the last PBS wash, followed by the slides being mounted in Dako Fluorescent Mounting 

Medium (Agilent, Santa Clara, CA). Images were taken with an Axio Imager M2 microscope 

(Zeiss), with a 20x objective, equipped with filters suitable for DAPI/ fluorescence. The number 

of glucagon and insulin positive cells per islet were counted for each mouse (Smn2B/+ n=6; 

Smn2B/- n=6; Smn2B/- ICV n=6; Smn2B/- IV n=7). 

Lumbar spinal cord (SC) was prepared for choline acetyltransferase (ChAT) staining of 

motor neurons as previously described (269) (Smn2B/+ n=4; Smn2B/- n=5; Smn2B/- ICV n=4; Smn2B/- 

IV n=3). The number of ChAT positive motor neurons per ventral horn was recorded for ten 

different sections per animal, each separated by at least 100 µm to avoid counting the same 

motor neuron twice. TVA muscles were dissected and stained for neurofilament and synaptic 
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vesicle protein to visualize NMJs as before with slight alterations (270) (Smn2B/+ n=10; Smn2B/- 

n=10; Smn2B/- ICV n=4; Smn2B/- IV n=5). Briefly, the abdominal musculature was dissected and 

fixed in 4% PFA and the TVA was separated from the abdominal musculature under a dissection 

microscope. The TVA was incubated with a tetramethylrhodamine (TRITC) conjugated 

bungarotoxin for 30 min at room temperature. The tissue was then incubated overnight at 4°C 

with primary antibodies for neurofilament and synaptic vesicle protein 2 (Table 3.1). Tissues 

were then incubated in secondary antibodies (Table 3.1). Tissues were mounted with Dako 

Fluorescent Mounting Medium (Agilent) and imaged using Axio Imager M2 microscope (Zeiss) 

with Z-stack feature at 40x magnification. At least 40 NMJs were counted for each animal. Each 

NMJ was quantified as either normal or displaying neurofilament accumulation, and endplates 

were noted as either occupied or unoccupied. 
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Table 3.1. List of antibodies used for immunofluorescence studies Table 3 

 

 
Western blot 
 
 Tissue processing and immunoblotting was performed as previously described with slight 

alterations (257). After euthanasia at P19, thoracic spinal cord, liver, and TA muscle were 

dissected, and flash frozen in Microvette CB 300 Z tubes (Sarstedt) in liquid nitrogen (IV blot: 

Smn2B/+ n=3; Smn2B/+ IV n=3; Smn2B/- n=3; Smn2B/- IV n=3. ICV blot: Smn2B/+ n=3; Smn2B/- n=3; 

Method Antibody Species Dilution Company 
(Catalog #)

IHC ChAT goat 1:100 Millipore (AB144P)

IHC anti-goat Alexa 
Fluor 555

Donkey 1:200 Invitrogen 
(A21432)

IHC TRITC conjugated 
bungarotoxin

Mouse 1:1 000 Invitrogen (T1175)

IHC Neurofilament 
(NF-M)

Mouse 1:100 (Developmental 
Studies Hybridoma 

Bank, P12839)

IHC synaptic vesicle 
glycoprotein 2A 

Mouse 1:250 (Developmental 
Studies Hybridoma 

Bank, Q7L0J3)

IHC Anti-mouse Alexa 
Fluor 488

Goat 1:250 Invitrogen 
(A11001)

Western Blot SMN Mouse 1:2 000 BD Transduction 
(610647)

Western Blot Alpha-tubulin Rabbit 1:10 000 Abcam (ab4074)

Western Blot IRDye 680 anti-
mouse IgG

Goat 1:10 000 Li-Cor (926-68070)

Western Blot IRDye 800 anti-
rabbit IgG

Goat 1:10 000 Li-Cor (926-32211)

Western Blot Anti-mouse IgG 
HRP conjugate

Goat 1:3 000 Bio-Rad (1706516)

Western Blot Anti-rabbit IgG 
HRP conjugate

Goat 1:3 000 Bio-Rad (1706515)

Supplementary Table 1.
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Smn2B/- ICV n=6). Protein was extracted from frozen tissue by homogenization of tissue with 

RIPA lysis buffer and PMSF (Cell Signalling, Danvers, MA). Protein concentrations of samples 

were determined using Bradford Assay (Bio-Rad, Hercules, CA). Twenty mg of protein was 

loaded onto a 12% acrylamide gel and subject to sodium dodecyl sulfate polyacrylamide gel 

electrophoresis. Proteins were transferred to a PVDF membrane (Immobilon-P or Immobilon-

FL, Millipore, Burlington, MA) and blocked for 1 h at room temperature in 5% (w/v) milk 

powder in TBS-T or Odyssey blocking buffer (Li-Cor, Lincoln, NE). See Table 3.1 for primary 

and secondary antibodies. Signals were detected with Odyssey CLx (Li-Cor) or using Pierce 

ECL Western Blotting Substrate (Thermo Scientific) and SuperSignal West Pico PLUS 

Chemiluminescent Substrate (Thermo Scientific). Densitometry of western blot bands was 

performed using ImageJ (v. 1.53). Raw values were normalized by geometric mean and used for 

subsequent housekeeping normalization (α-tubulin values) from the same blot.   

 

Statistical analysis  
 
 Data are presented as the mean ± standard error of the mean. One-way ANOVA with 

Tukey’s post-test or Two-way ANOVA with Bonferroni post-test were used to compare multiple 

means. Statistical tests were performed using GraphPad Prism 5. Significance was indicated by * 

for P≤0.05, ** for P≤0.01, and *** for P≤0.001. Images were blinded prior to quantification. 
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Results 
 
Intracerebroventricular scAAV9-cba-SMN administration to Smn2B/- mice results in a mild 

increase in SMN in the CNS and the periphery while intravenous injection results in restoration 

of SMN in peripheral tissues only  

 
Our objective was to directly compare the scAAV9-cba-SMN expression and the 

subsequent phenotypic rescue of SMN replacement focused on the periphery with a replacement 

strategy targeting the whole body. Therefore, we used a lower dose of a blood-brain-barrier 

penetrant scAAV9 viral vector either administered IV or ICV to Smn2B/- mice at P1. Smn2B/- have 

no detectable pathology at this time point and are considered pre-symptomatic. This virus 

expresses SMN under the control of a chicken beta actin promoter like the commercially 

available SMA treatment onasemnogene abeparvovec (Figure 3.1A). To evaluate the tissue 

tropism of each application route, SMN protein levels in treated and untreated Smn2B/+ and 

Smn2B/- mice were obtained by western blot to compare between the neuromuscular system 

compartment (spinal cord and muscle) and the liver (the major peripheral target of AAV9 in 

patients). Both application routes lead to increased SMN protein, demonstrating the functionality 

of the virus (Figure 3.1B,F). However, there was a difference in the tissue specific increases 

between routes of injection. ICV treatment produced a substantial yet mild increase of SMN 

protein levels in liver and spinal cord, and a trend towards an increase in muscle (Figure 3.1B-

E), while IV treatment completely restored SMN protein to the muscle and liver but did not 

show a detectable change in the spinal cord (Figure 3.1F-I). Not surprisingly, these results 

indicate that systemic scAAV9-cba-SMN administration more efficiently restores peripheral 

SMN levels compared to a CNS-directed approach. Importantly, systemic IV delivered scAAV9-

cba-SMN application omitted spinal cord transduction at the titre used (Figure 3.1I).  
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Figure 3.1. Peripheral and spinal cord SMN levels in response to ICV and IV scAAV9-cba-

SMN injection. (A) Schematic representation of experimental design for AAV9-SMN treatment 

and evaluation of SMA-like pathophysiology. Created with BioRender.com. (B-E) Western blots 

of SMN protein levels in liver, skeletal muscle, and spinal cord following ICV injections in 
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Smn2B/- mice. (F-I) Western blots of SMN protein levels in liver, skeletal muscle, and spinal cord 

of IV treated Smn2B/- mice. Mice were injected at P1 with 5x1010 vg of scAAV9-cba-SMN and 

tissues were dissected at P19. (n=3-6, mean ±SEM, bar graphs represent one-way ANOVA with 

Tukey’s post-hoc test, p ≤ 0.05 for *, p ≤ 0.01 for **, p ≤ 0.001 for ***, and n.s.= non-

significant).  

Figure 13 

CNS but not peripheral scAAV9-cba-SMN delivery partially rescues spinal cord motor neuron 

degeneration in Smn2B/- mice 

Motor neuron degeneration and plasma NfL were investigated to further confirm the patterns 

of SMN restoration (Figure 3.2). Consistent with the CNS transduction pattern, ICV treatment 

partially protected against motor neuron degeneration, while there was no difference in motor 

neuron number between IV treated Smn2B/- mice and untreated Smn2B/- mice (Figure 3.2A-E). 

Additionally, we measured NfL concentrations in plasma. NfL is a common outcome measure of 

neurodegeneration in the CNS and a candidate biomarker of neurodegeneration, disease state and 

therapeutic efficacy in SMA (271). We have established plasma NfL as a marker of disease 

progression in Smn2B/- mice as NfL levels spike and stay elevated with the onset of motor neuron 

pathology in this model (unpublished). As expected, blood plasma NfL levels were elevated in 

Smn2B/- mice, reflecting motor neuron degeneration (Figure 3.2F). Importantly, ICV treatment 

resulted in a reduced elevation in plasma NfL (Figure 3.2F). In contrast, there was no protection 

afforded by IV treatment as evidenced by the relatively high plasma NfL levels. Again, these 

results are in line with a lack of SMN restoration in the spinal cord in IV treated mice. 
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Figure 3.2. Impact of ICV and IV scAAV9-cba-SMN injection on motor neuron 

degeneration in Smn2B/- mice. (A-D) Representative immunofluorescent images of sections of 

lumbar spinal cord anterior horns stained for ChAT (red) and DAPI (blue) from P19 mice. (E) 

Quantification of motor neuron cell body numbers. (F) Plasma NfL levels were assessed using 

single molecule array (Simoa) technology (NT=no treatment, n=4-13, mean ±SEM, one-way 

ANOVA with Tukey’s post-hoc test, p ≤ 0.05 for *, p ≤ 0.01 for **, p ≤ 0.001 for ***). 

Figure 14 
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CNS-directed scAAV9-cba-SMN injection in Smn2B/- mice rescues neuromuscular junction 

pathology better than IV treatment  

Next, we analysed the impact of each treatment on muscle function. While there was no 

change in fibre size in the TA muscle by any of the scAAV9-cba-SMN injections 

(Supplementary Figure 3.1), our in-depth analyses of the NMJ pathology revealed significant 

differences (Figure 3.3). A variety of NMJ defects are present in Smn2B/- mice including 

abnormal endplate morphology, neurofilament accumulation, and denervation (272). 

Neurofilament accumulation and NMJ denervation were quantified to determine the degree of 

NMJ pathology after both routes of scAAV9-cba-SMN injection. When evaluating endplate 

occupancy, only ICV injection resulted in a partial rescue while there was no effect in IV 

injected animals (Figure 3.3E-H, J), which is in line with an ICV mediated rescue of motor 

neuron numbers and no rescue in IV injected animals. However, both IV and ICV treatments 

partially rescued neurofilament accumulation in the TVA muscle of P19 Smn2B/- mice, yet with a 

higher efficacy in ICV-injected animals (Figure 3.3A-D,I). This points towards a mechanism 

which is at least partially muscle-intrinsic since there is no rescue in motor neuron numbers but 

an increased muscle SMN expression in this group (Figure 3.2 and Figure 3.1H).    
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Figure 3.3. Impact of ICV and IV scAAV9-cba-SMN injection on neuromuscular junction 

pathology in Smn2B/- mice.  
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(A-H) Representative immunofluorescent images of transversus abdominis (TVA) muscle 

stained with bungarotoxin (red), and for neurofilament (NF) (green) and synaptic vesicle protein 

2 (green) from P19 mice. Quantification of NF accumulation (I) and endplate occupancy (J) in 

stained NMJs to compare Smn2B/- mice, Smn2B/+ mice, ICV treated Smn2B/- mice, and IV treated 

Smn2B/- mice. (NT=no treatment, n=5-10, B-D: arrow shows NF accumulation; F-H: arrow shows 

unoccupied endplate; I,J: mean ±SEM, one-way ANOVA with Tukey’s post-hoc test, p ≤ 0.05 

for *, p ≤ 0.01 for **, p ≤ 0.001 for ***). 

Figure 15 

 

Supplementary Figure 3.1. Impact of ICV and IV scAAV9-cba-SMN injection on muscle 

fibre size in Smn2B/- mice. (A-D) Representative images of H&E stained TA muscle sections 

from P19 mice. (E) Muscle fibre size distribution of TA muscles comparing Smn2B/+ mice, 

Smn2B/- mice, ICV treated Smn2B/- mice, and IV treated Smn2B/- mice (n=4-8, two-way ANOVA 

with Tukey’s post-hoc test).Figure 16 
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Both routes of scAAV9-cba-SMN delivery significantly ameliorate SMA-like pathophysiology in 

Smn2B/- mice with more pronounced effects after systemic administration 

 To compare the pathophysiological impact of peripheral SMN restoration (IV treatment) 

vs. partial CNS and peripheral SMN restoration (ICV treatment), we evaluated survival, body 

weight, and motor function. Mice were monitored every 2 days for survival and weight gain and 

were subjected to three motor function tests to assess muscle strength (Figure 3.4). Both IV and 

ICV treated Smn2B/- mice showed a full rescue of survival within the observational period, while 

untreated Smn2B/- mice had a median survival of 23 days (Figure 3.4A). Both treatments 

produced a partial rescue in weight gain with no differences between treatment groups (Figure 

3.4B). IV and ICV treatment also significantly improved motor function scores. Though not 

significant, both treatments trended towards improved righting times. This became apparent at 

P19, where ICV and IV treated mice were able to immediately right themselves while Smn2B/- 

mice generally were not (Figure 3.4C). In the pen test, both IV and ICV treated Smn2B/- mice had 

significantly longer balancing times than untreated Smn2B/- mice from P19 to P25 (Figure 3.4D). 

Interestingly, in the mesh grip test, times were improved in IV treated Smn2B/- mice but not ICV 

treated mice compared to untreated Smn2B/- mice (Figure 3.4E), suggesting greater strength 

recovery in distal muscles of IV treated mice. This indicates that important aspects of the SMA-

like pathophysiology are influenced regardless of the locus of SMN restoration. Moreover, 

amelioration of pathophysiology in IV treated animals - which at the same time are not 

neuroprotected - indicates a contribution of peripheral pathologies. 
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Figure 3.4. Impact of ICV and IV scAAV9-cba-SMN on SMA-like pathophysiology. (A) 

Kaplan Meier survival curve comparing survival of ICV and IV scAAV9-cba-SMN treated 
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Smn2B/- to saline treated Smn2B/- and Smn2B/+ mice up to 60 days. Analysis of: (B) weight 

beginning from P9 to P31, (C) righting reflex from P7 to P19, (D) pen test from P19 to P25, and 

(E) mesh grip test from P13 to P25. Motor function and weight were evaluated every second day 

to compare IV treated, ICV treated, and untreated Smn2B/- mice. (n=1-12, mean ±SEM, A: 

Kaplan-Meier survival analysis; B-E: two-way ANOVA, p≤ 0.001 for ###, with Bonferroni post-

hoc test, p ≤ 0.05 for *, p ≤ 0.01 for **, p ≤ 0.001 for ***).  

Figure 17 

IV and ICV scAAV9-cba-SMN treatment partially rescue peripheral organ defects in Smn2B/- 

mice 

 
We examined peripheral tissues to evaluate if scAAV9-cba-SMN injections affect 

pathological aspects that may be independent of the neuromuscular disease mechanisms. Several 

metabolic defects have been observed in SMA patients and mouse models of SMA. Fatty acid 

metabolism defects can be observed in Smn2B/- mice through lipid accumulation in the liver 

(253), while glucose metabolism defects are observed through abnormal glucose homeostasis 

and pancreatic defects (255). Both IV and ICV scAAV9-cba-SMN administration prevented 

hepatic microvesicular steatosis in Smn2B/- mice (Figure 3.5A-D). Of note, the gastrointestinal 

tract of IV and ICV treated mice also appeared to be healthy, unlike in untreated Smn2B/- mice 

where it shows signs of low motility and malfunction (data not shown). Moreover, Smn2B/- mice 

pancreata show a higher percentage of glucagon-producing alpha cells compared to insulin-

producing beta cells and both treatments resulted in a partial rescue in the percentage of alpha 

cells within the islets compared to Smn2B/- mice (Figure 3.5F-J). Accordingly, IV as well as ICV 

scAAV9-cba-SMN injections restored blood glucose levels to normal in Smn2B/- mice (Figure 

3.5E). In summary, ICV and IV injections both resulted in the same degree of peripheral rescue, 

A 

C
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which is in line with the overall increase of SMN in the periphery in response to both application 

routes.  
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Figure 3.5. Impact of ICV and IV scAAV9-cba-SMN injection on peripheral organ defects 

in Smn2B/- mice. (A-D) Representative images of H&E stained liver sections from P19 mice. 

Insets show overall appearance of the liver upon dissection. (F-I) Representative 

immunofluorescent images of sections of pancreatic islets stained for glucagon (red) and insulin 

(green) from P19 mice. (J) Fraction of glucagon-positive alpha cells related to total number of 

pancreatic islet cells from Smn2B/- mice, Smn2B/+ mice, ICV treated Smn2B/- mice, and IV treated 

Smn2B/- mice. (E) Blood glucose levels from P19 mice (NT=no treatment, n=6-8, mean ±SEM, 
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one-way ANOVA with Tukey’s post-hoc test, p ≤ 0.05 for *, p ≤ 0.01 for **, p ≤ 0.001 for 

***)Figure 18 

 
Discussion 
 

Here, we evaluated the beneficial effects of IV and ICV scAAV9-cba-SMN injection in 

Smn2B/- mice to compare a peripheral-centred SMN restoration to a systemic SMN restoration. 

ICV injection produced a mild increase in SMN levels within the CNS as well as in peripheral 

tissues of these mice, although SMN was not fully restored to wild type levels. However, the 

mild increase in SMN was sufficient to partially protect against neuronal degeneration and NMJ 

pathology, resulting in a significant amelioration of survival, weight and motor function. IV 

injection of the scAAV9-cba-SMN omitted transduction of the CNS, but fully restored SMN 

levels in peripheral tissues. In accordance with a lack of central SMN restoration, there was no 

rescue of motor neuron degeneration. The significant rescue observed in weight, survival, motor 

function, and metabolic defects in IV-treated animals was therefore likely a result of increased 

SMN in peripheral tissues. The modest rescue of NMJ neurofilament accumulation in IV-

injected mice was possibly due to muscle-intrinsic SMN restoration. Both application routes 

showed the same degree of rescue of liver and pancreatic phenotypes. Overall, these results, 

summarized in Figure 3.6, emphasize the importance of SMN restoration to the peripheral 

organs and suggests further investigation into the motor neuron independent mechanisms 

contributing to weight, survival, motor function, and metabolic defects in SMA. 
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Figure 3.6. Graphical summary of the rescue of SMA-like pathology after ICV and IV 

scAAV9-cba-SMN injection of Smn2B/- mice. Results are classified according to a colour code, 

where red indicates no rescue, yellow indicates some rescue, and green indicates a full rescue.  

Figure 19 

With the increasing use of SMN replacement therapy, it is important to understand the 

independent contributions of peripheral tissues to disease as well as the SMN protein 

requirements for these tissues. Our results agree with other published data that demonstrate the 

importance of treating the peripheral organs to achieve a full rescue. Knockdown of SMN 

protein in motor neurons was shown to cause an SMA-like phenotype in mice that was milder 

than that produced by ubiquitous knockdown (273), while pre-clinical nusinersen trials 

demonstrated 25-fold greater survival in mice receiving systemic treatment compared to CNS-

restricted treatment (226). Further, an SMN-restoring nusinersen-like treatment restricted to the 

peripheral tissues provided a robust rescue of survival in a preclinical trial (227). Here, we show 

that this also applies to blood-brain-barrier penetrant AAV9 based gene therapy.  Moreover, for 

the first time, we report that those pro-survival effects are completely decoupled from the 

neurodegeneration but instead rely on peripheral phenotypes such as liver and pancreas.  

A recent pre-clinical study demonstrated that AAV9-SMN gene therapy in SMNΔ7 mice 

restricted to neurons does not rescue the SMA phenotype in SMA mice, while ubiquitous 

expression has a stronger rescue effect (228). Interestingly, this latter report demonstrated a mild 
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increase in SMN within the spinal cord after IV injection of 4.5 x 1010 vg/mouse, a dose similar 

to our study. However, it is important to note that a different promoter, the phosphoglycerate 

kinase gene promoter, was used and that experiments on SMA mice using the cba promoter 

typically use a dose of at least 1x1011 vg/mouse to achieve transduction of the CNS (263,274). 

The efficacy of systemic treatment is also emphasized by clinical data, where patients treated 

with the CNS-specific treatment nusinersen can often remain severely disabled despite 

improvements in motor function, requiring ventilatory or nutritional support (275,276). Our 

results describe how a rescue of the peripheral organs is responsible for the higher efficacy 

achieved in systemic SMA treatments. However, it is important to note that mice were treated at 

P1, which would correspond to a prenatal timepoint in humans, limiting the translatability of our 

study. Treatment would likely be less efficacious in older mice as it has been shown that early 

delivery of SMN-inducing treatments leads to a greater rescue (263,277). The present study 

nonetheless emphasizes the importance of targeting the peripheral organs when treating SMA 

and demonstrates the independent contributions of these tissues to SMA disease.  

We were surprised to observe a slight rescue of NMJ neurofilament accumulation in our 

IV-injected mice, despite no restoration of SMN protein to the spinal cord in this group. This 

finding hinted towards possible muscle-intrinsic mechanisms of NMJ pathology, as IV injection 

fully restored SMN protein to muscle. However, studies have demonstrated a rescue of survival 

in SMA mice after muscle-specific expression of SMN, but no effect on NMJ pathology or 

synaptic function (278),(279). NMJ pathology is instead likely related to SMN protein levels in 

motor neurons, and a consequence of motor neuron dysfunction (280). Interestingly however, 

motor neuron specific restoration of SMN in SMNΔ7 mice partially rescued endplate size and 

denervation, but not neurofilament accumulation (281). This is in line with our results that 
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neurofilament accumulation may not be fully determined by the motor neuron, but also by other 

cells. Though neurofilament accumulation in neurodegenerative diseases is thought to be caused 

by hyper-phosphorylation of the protein within neurons (282), it is possible that terminal 

Schwann cells may have an effect on neurofilament phosphorylation and axonal transport (283). 

One explanation for the rescue of neurofilament accumulation in IV-injected mice may be that 

the scAAV9-cba-SMN was capable of transducing terminal Schwann cells to impact the degree 

of neurofilament accumulation in NMJs.  

Both ICV and IV administration seemed to partially rescue motor function, though ICV 

treatment only rescued performance on the pen test and righting reflex test, not the mesh grip 

test. These results were surprising considering that IV treated mice showed no rescue in MN 

degeneration or muscle fiber size, and only a slight rescue in NMJ NF accumulation. Mesh grip 

test measures the strength of fore and hind limbs, though it can also be impacted by the amount 

of lean or fat mass, circulation, and neuromuscular factors (284). It is possible that the robust 

peripheral rescue achieved by IV treatment may have affected other systems that impacted the 

performance of mice during this test. Further, the western blots showed that SMN expression in 

skeletal muscle was restored far above baseline in IV treated mice, while it was increased to 

levels below baseline in ICV treated mice. This restoration may have produced a muscle-intrinsic 

rescue that led to better hindlimb or forelimb strength in IV treated mice. 

We observed a rescue in liver steatosis, with no apparent difference between the degree 

of rescue across the two methods of delivery. In Smn2B/-  mice, liver steatosis and fatty acid 

metabolism defects lead to several functional defects including reduced protein production, 

impaired hemostasis, and reduced insulin like growth factor 1 (IGF1) levels (268). Rescue of 

liver function therefore likely allowed for overall better health and survival, and a possible 
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restoration of IGF1 levels may also have contributed to improved growth and weight gain, 

although this needs to be experimentally verified. We also observed a rescue in blood glucose 

levels and a partial rescue in pancreatic defects. Smn2B/-  mice demonstrate an imbalance between 

alpha and beta cells in the pancreatic islets, as well as glucose intolerance, hyperglucagonemia, 

and elevated glucose at P19 (253,255). Rescue of these defects likely improved survival, as these 

metabolic changes are associated with higher mortality and sudden cardiac death (285). Further, 

the metabolic rescue observed in IV-treated Smn2B/- mice provides important evidence that the 

metabolic defects in SMA are motor neuron independent.  

Unfortunately, systemic (IV) gene therapy presents significant risks for SMA patients due 

to liver toxicity and is limited in real world application due to the required high viral doses in 

older patients. IT application has been explored to allow for a lower dose to be used, reducing 

the risk of liver toxicity as well as the overall cost of the drug, but significant toxicity concerns 

have also been flagged for this method of delivery (286). This treatment method also may 

prevent transduction of the periphery, limiting the effectiveness of the therapy. Based on the 

results of this study and others, it is becoming more and more apparent that targeting the 

peripheral organs is essential for complete treatment of SMA and that intravenous treatment is 

therefore likely worth the risk of liver toxicity. An alternative approach could suggest pairing a 

low dose systemic administration with a low dose IT administration, to target the periphery while 

allowing for a less potent dose to be delivered to motor neurons and avoiding the potential 

toxicity associated with overexpression of SMN.  

This study also provided interesting insights into NfL as a biomarker of treatment 

response in SMA. Despite the rescue of the SMA-like phenotype achieved through IV treatment, 

no change in NfL levels was observed. Lower NfL was measured in ICV-treated mice, which 
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showed a similar rescue of growth, survival, motor function, and peripheral features to IV mice. 

NfL is therefore not a suitable pharmacodynamic biomarker for SMA, as it is likely only 

representative of motor neuron pathology. These results enforce the importance of understanding 

the multi-organ and muscle specific pathology present in SMA. As neuronal proteins only 

represent one aspect of SMA pathology, a diverse set of biomarkers may be necessary for 

monitoring therapeutic response in SMA patients. 

As treatments extend the lives of SMA patients and continue to change the landscape and 

natural history of the disease, it will be important to focus on the quality of life of SMA patients. 

Current treatments are by no means a cure for SMA. Treated patients may begin to develop new 

symptoms and face obstacles that have not been faced before by untreated patients. The data 

herein highlight the importance of adopting a whole-body approach to SMA treatment, focusing 

on each specific tissue and its independent SMN requirements. As treated patients continue to 

age, it is likely that peripheral symptoms will become more apparent and have a larger impact on 

a patient’s health. Our results display that focusing on treating the peripheral organs will not only 

improve patients’ quality of life but also likely impact survival and overall health.    
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Abstract  
 
Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disease characterized 

by motor neuron loss and skeletal muscle atrophy. SMA is caused by the loss of the SMN1 gene 

and low SMN protein levels. Current SMA therapies work by increasing SMN protein in the 

body. Although SMA is regarded as a motor neuron disorder, growing evidence shows that 

several peripheral organs contribute to SMA pathology. A gene therapy treatment, 

onasemnogene abeparvovec, is being explored in clinical trials via both systemic and central 

nervous system (CNS) specific delivery, but the ideal route of delivery as well as the long-term 

effectiveness is unclear.  

To investigate the impact of gene therapy long term, we assessed SMA mice at 6 months after 

treatment of either intravenous (IV) or intracerebroventricular (ICV) delivery of scAAV9-cba-

SMN. Interestingly, we observed that SMN protein levels were restored in the peripheral tissues 

but not in the spinal cord at 6 months of age. However, ICV injections provided better motor 

neuron and motor function protection than IV injection, while IV-injected mice demonstrated 

better protection of neuromuscular junctions and muscle fiber size. Surprisingly, both delivery 

routes resulted in an equal rescue on survival, weight, and liver and pancreatic defects. These 

results demonstrate that continued peripherally restricted AAV9-SMN gene therapy is beneficial 

for disease improvement even in the absence of SMN restoration in the spinal cord. 
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Introduction 
 
 Spinal Muscular Atrophy (SMA) is an autosomal recessive neurodegenerative disorder 

characterized by motor neuron loss and muscle atrophy (287). SMA patients suffer from 

proximal and progressive muscle weakness, which leads to scoliosis, respiratory failure, and 

early death if not treated (288). SMA is caused by a loss or mutation of the Survival Motor 

Neuron 1 gene (SMN1), a gene responsible for producing Survival Motor Neuron (SMN) protein 

(3). SMN is ubiquitously expressed and is important for the maintenance and development of 

motor neurons. A similar gene to SMN1, SMN2, produces a small but insufficient amount of 

SMN protein (5). SMN2 copy number varies between individuals and is inversely correlated to 

symptom severity, thus contributing to a wide range of disease severity in SMA (225).  

 Before the development of SMA therapies, severe SMA patients would usually succumb 

to the disease within months of birth. Now, families of SMA patients can have access to several 

therapies after diagnosis. The available therapies work by increasing SMN protein to reduce 

symptoms. Nusinersen, the first FDA-approved therapy for SMA, is an antisense oligonucleotide 

that binds to SMN2 pre-mRNA to restore normal splicing and thereby increase the production of 

SMN protein (289). Subsequently, alternative treatments were developed such as onasemnogene 

abeparvovec (290), a gene replacement therapy, and risdiplam, a small molecule that is taken 

orally and that impacts splicing of SMN2 pre-mRNA (291).  

 Onasemnogene abeparvovec treatment consists of a single-dose intravenous infusion of 

an adeno-associated virus 9 vector containing SMN1 cDNA (AAV9-SMN) that is designed to 

cross the blood brain barrier to target motor neurons (122). While onasemnogene abeparvovec 

has improved survival in many patients, concerns exist around the safety of the treatment as well 

as the long-term efficacy. A high dose of AAV is required to penetrate the blood brain barrier 
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intravenously, but the high affinity of AAV for the liver has caused liver toxicity and death in 

some patients (292),(293). Clinical trials are also exploring administering the virus intrathecally 

to avoid liver toxicity, but concerns of dorsal root ganglia toxicity in non-human primates and 

mice have raised concern about this method of delivery (136,294). Long-term follow up data 

from onasemnogene abeparvovec clinical trials has shown that intravenous treatment improved 

motor function in patients. However, there is limited data on the long-term safety of each route 

of delivery as clinical trials have only followed patients for up to 4.3 years (144). This presents 

challenges for parents and doctors making decisions about the ideal treatment for patients. It is 

thus important to further explore questions of the long-term effectiveness and safety of 

onasemnogene abeparvovec in animal models of SMA. 

While the ideal route of delivery of onasemnogene abeparvovec is unclear, it is apparent 

that targeting the peripheral organs is essential to providing the optimal treatment in mouse 

models. While SMA is considered a motor neuron disorder, several non-neuronal tissues appear 

to be affected independently of motor neuron loss. This has been reported in muscle (30,31,295), 

heart (197,296), liver (32,206), pancreas (34,210), and immune organs (35,213,214) from mouse 

models and humans with SMA. Further, early nusinersen trials demonstrated 25-fold greater 

survival in mice receiving a systemic treatment versus a CNS-restricted treatment (97) and 

AAV9-SMN restricted to neurons has been shown to be less effective than systemic delivery 

(193). We previously showed that a peripheral-specific AAV9-SMN therapy in Smn2B/- mice 

provides an equal rescue of many features, including survival, to a systemic treatment (230). 

Interestingly, this rescue was achieved without protecting motor neurons, indicating that 

peripheral tissues are likely important contributors to overall SMA pathology. However, the 
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long-term effectiveness of this treatment, and thus the level of contribution of the peripheral 

organs during aging in SMA, remains unknown.  

The present study explores the long-term efficacy of a peripherally delivered AAV9-

SMN gene therapy in a mouse model of SMA. Neonatal Smn2B/- mice were treated with scAAV9-

cba-SMN through IV or ICV delivery and the protective effect on neuronal and non-neuronal 

SMA-like pathophysiology was compared up to 6 months of age. We show that a peripherally-

directed IV injection provided equal rescue of survival, weight, liver and pancreatic pathology to 

a systemic ICV injection, despite limited rescue of motor neurons.  
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Results 
 
IV and ICV administration of scAAV9-cba-SMN to Smn2B/− mice leads to increased SMN protein 

in peripheral tissues but not in the spinal cord at 6 months post-injection   

 
 We aimed to evaluate the long-term effectiveness of a scAAV9-cba-SMN gene-

replacement therapy in Smn2B/- mice and to compare the longevity of rescue produced by two 

different routes of administration. Mice were injected with scAAV9-cba-SMN (5x1010 vg per 

pup) at P1, a time point at which Smn2B/- mice are considered presymptomatic, with either IV or 

ICV routes of virus delivery. Previous work using IV and ICV injection of scAAV9-cba-SMN 

has demonstrated a robust rescue of this mouse model up to 60 days post injection(230). The 

latter study showed an interesting pattern of SMN restoration: a mild increase of SMN protein in 

the spinal cord (SC) and peripheral tissues in ICV injected mice, and an increase of SMN in the 

peripheral tissues in IV injected mice. In the present study, we aimed to evaluate the longevity of 

transgene expression in peripheral and CNS tissues after scAAV9-cba-SMN injection. Western 

blot analysis was performed to compare SMN protein levels in liver, muscle, and SC between the 

two routes of delivery at 6 months post-injection. Both routes of delivery produced an increase of 

SMN levels, indicating that the virus was functional. Interestingly, both IV and ICV injection 

maintained a restoration of SMN protein in the liver and an overexpression of SMN in skeletal 

muscle at 6 months, while neither showed a maintenance of SMN restoration in the SC at this 

stage (Figure 4.1). These results indicate that the AAV mediated expression of SMN persisted in 

peripheral tissues but not in the SC. It is unclear whether expression ever occurred in the SC with 

either treatment, but it is likely that SMN expression was increased over the short-term in ICV-

treated mice as was shown with previous work using this model (230).   
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Figure 4.1. Peripheral and spinal cord SMN levels after IV and ICV scAAV9-cba-SMN 

injection. (A) Western blot analysis was performed to identify SMN protein at 6 months in liver, 
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tibialis anterior muscle, and spinal cord of IV and ICV treated Smn2B/- mice. Mice were injected 

at P1 with 5x1010 vg of scAAV9-cba-SMN. Protein extracts from the tissues of 6-month-old 

Smn2B/+ heterozygous and P19 Smn2B/- mice were also loaded for comparison. Alpha-tubulin 

levels were assessed as loading control. (B-D) Quantification of the SMN signal from the 

western blot normalized to tubulin levels. (B-D: mean ± SEM, one-way ANOVA with Tukey’s 

post-hoc test; Smn2B/+: n=3, Smn2B/- IV: n=4, Smn2B/- ICV n=3 (P19 Smn2B/- excluded from 

analysis); p ≤ 0.001 for ***, n.s. = not significant). 

Figure 20 

 

Both routes of scAAV9-cba-SMN delivery significantly ameliorate SMA-like pathophysiology 

with more pronounced long-term effects after ICV administration 

 To compare the long-term impact after either IV or ICV injection of scAAV9-cba-SMN, 

mice were initially characterized for survival, weight, and motor function over the course of 6 

months. Weight and motor function were assessed every 2 weeks starting at 3 weeks of age, then 

every month starting at 3 months. While untreated Smn2B/- mice displayed a mean survival of 25 

days, all mice in our treatment group survived up to 6 months (Figure 4.2A), at which point they 

were sacrificed for tissue collection. Note that one mouse in the IV-treated group was euthanized 

at 2.5 months for reasons unrelated to the SMA-like phenotype (Figure 4.2A). Mice from both 

treatment groups gained weight equally over time, but never attained the weights of age-matched 

Smn2B/+ mice (Figure 4.2B). IV-treated mice were less active than Smn2B/+ mice in the open field 

test, while there was no difference in activity level between ICV-treated mice and Smn2B/+ mice 

(Figure 4.2C). IV-treated mice displayed motor impairment in the rotarod test, while ICV-treated 

mice did not (Figure 4.2D). Both treatment groups had significantly weaker grip strength 
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compared to Smn2B/+ mice, but ICV-treated mice scored significantly higher than IV-treated mice 

(Figure 4.2E). Thus, while both treatments equally extended survival and improved weight gain, 

ICV treatment better improved motor function scores. This contrasts with previously published 

short-term motor function data from these treatments, which suggested better recovery of muscle 

strength in IV-treated animals from P21 to P25 (230). This suggests that treatments targeting the 

motor neuron may be more important for long-term motor function rescue.   
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Figure 4.2. Impact of IV and ICV injected scAAV9-cba-SMN on SMA-like pathophysiology 

in Smn2B/- mice. (A) Kaplan Meier survival curves comparing IV and ICV scAAV9-cba-SMN 
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treated Smn2B/- mice to untreated Smn2B/- and Smn2B/+ mice up to 6 months. Analysis of: (B) 

weight, (C) open field test, (D) rotarod test, and (E) grip strength test from 3 weeks to 6 months 

(Smn2B/-: n=12, Smn2B/+: n=4, Smn2B/- IV: n=5, Smn2B/- ICV n=4; mean ± SEM, A: Kaplan-Meier 

survival analysis; B-E: two-way ANOVA, p≤ 0.001 for ###, with Bonferroni post-hoc test, p ≤ 

0.05 for *, p ≤ 0.01 for **, p ≤ 0.001 for ***). 

Figure 21 

 

ICV scAAV9-cba-SMN injection better protects against spinal cord motor neuron degeneration 

in Smn2B/- mice 

 Motor neuron number and plasma neurofilament light chain (NfL) levels were measured 

at 6 months to investigate the long-term rescue of motor neuron pathology after either IV or ICV 

route of delivery of scAAV9-cba-SMN (Figure 4.3). ChAT staining of motor neuron cell bodies 

in the anterior horn of the SC revealed that IV-treated mice had fewer alpha motor neurons than 

in the control Smn2B/+ mice (Figure 4.3A,C), while there was no difference in motor neuron 

number between ICV-treated mice and Smn2B/+ mice (Figure 4.3A,B). The quantification of the 

motor neuron cell bodies is shown in Figure 4.3D. This difference in motor neuron protection 

was further confirmed by plasma NfL levels, which were significantly elevated in IV-treated 

mice compared to both ICV-treated mice and Smn2B/+ mice (Figure 4.3E). NfL is a structural 

neuronal protein which is released into peripheral blood upon neuronal degeneration, and is 

therefore considered a candidate biomarker in neurodegenerative diseases such as SMA(297). 

Overall, these results showed that ICV treatment better protected motor neurons from SMA-

related degeneration up to 6 months after treatment. Interestingly, as neither treatment produced 
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a restoration of SMN protein in the SC at 6 months, it is possible that early restoration of SMN to 

the SC was sufficient to provide motor neuron protection. 

 

 

Figure 4.3. Impact of IV and ICV scAAV9-cba-SMN injection on motor neuron protection 

in Smn2B/- mice. Representative immunofluorescent images of sections of lumbar spinal cord 

anterior horns stained for ChAT (red) from 6-month-old Smn2B/+ mice (A), ICV treated Smn2B/- 

mice (B), and IV treated Smn2B/- mice (C). (D) Quantification of motor neuron cell bodies. (E) 
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Plasma NfL levels were assessed using single molecule array (Simoa) technology (n=3, mean ± 

SEM, one-way ANOVA with Tukey’s post-hoc test, p ≤ 0.05 for *, p ≤ 0.01 for **, p ≤ 0.001 for 

***, ns = not significant). 

Figure 22 

IV scAAV9-cba-SMN injection better rescues neuromuscular junction defects in Smn2B/- mice  
 
 Next, neuromuscular junction (NMJ) morphology was analyzed to further assess the 

health of motor neurons at 6 months after either IV or ICV delivery of scAAV9-cba-SMN in 

Smn2B/- mice. In SMA, NMJs are subject to morphological abnormalities, neurofilament 

accumulation, and denervation that impair function and lead to motor neuron loss. Neurofilament 

accumulation and endplate occupancy within NMJs of the transversus abdominis muscle were 

analyzed as a representation of NMJ pathology (Figure 4.4). NMJs from both treatments 

displayed no significant difference in the percentage of occupied endplates compared to Smn2B/+ 

mice (Figure 4.4H). NMJs from ICV-treated mice displayed significantly more neurofilament 

accumulation than Smn2B/+ mice, while neurofilament accumulation in IV-treated mice was not 

significantly different than Smn2B/+ mice (Figure 4.4G). The slightly better rescue of 

neurofilament accumulation in IV-treated mice may be the result of higher expression of SMN in 

the muscle of these mice compared to ICV delivery (Figure 4.1).  
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Figure 4.4. Impact of IV and ICV scAAV9-cba-SMN injection on neuromuscular junction 

pathology in Smn2B/- mice. Representative immunofluorescent images of transversus abdominis 

(TVA) muscle stained with bungarotoxin (red, endplates), and for neurofilament (NF) (green, 

axons) and synaptic vesicle protein 2 (green, pre-synaptic nerve terminals) from 6-month-old 

Smn2B/+ mice (A, E), ICV treated Smn2B/- mice (B, F), and IV treated Smn2B/- mice (C, G). 

Quantification of NF accumulation (D) and endplate occupancy (H). (Smn2B/+: n=3, Smn2B/- IV: 

n=4, Smn2B/- ICV n=3; B-C: arrow shows NF accumulation; F-G: arrow shows unoccupied 

endplate; D,H: mean ± SEM, one-way ANOVA with Tukey’s post-hoc test, p ≤ 0.05 for *, ns = 

not significant). 

Figure 23 

IV and ICV delivery of scAAV9-cba-SMN protect against liver and pancreatic defects in Smn2B/- 

mice 

 To evaluate the long-term rescue of non-neuronal organs, we assessed the impact of both 

treatments on peripheral organ defects that are present in Smn2B/- mice. Smn2B/- mice display 

pancreatic defects that produce cell fate imbalances of alpha and beta cells in pancreatic 

islets(34), and they display fatty acid metabolism defects leading to lipid accumulation in the 

liver(32). At 6 months after injection, both IV and ICV-treated mice displayed normal ratios of 

pancreatic alpha and beta cells (Figure 4.5A-D). Further, qualitative analysis of liver sections 

showed no evidence of microvesicular steatohepatitis and an absence of lipid accumulation 

(Figure 4.5E-G). Both treatments therefore appeared to equally rescue pancreas and liver 

pathology up to 6 months after treatment.  
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Figure 4.5. Impact of IV and ICV scAAV9-cba-SMN injection on peripheral organ defects 

in Smn2B/- mice. Representative immunofluorescent images of sections of pancreatic islets 

stained for glucagon (red) and insulin (green) from 6-month-old Smn2B/+ mice (A), ICV treated 

Smn2B/- mice (B), and IV treated Smn2B/- mice (C). An image of a P19 Smn2B/- mouse was 

included for reference (D). (E) Fraction of glucagon-positive alpha cells compared to total 

number of pancreatic islet cells. Representative images of H&E-stained liver sections from 6 

month-old Smn2B/+ mice (F), ICV treated Smn2B/- mice (F), and IV treated Smn2B/- mice (H). An 

image of a P19 Smn2B/- mouse was included for reference (I). (Smn2B/+: n=4, Smn2B/- IV: n=4, 

Smn2B/- ICV n=3; mean ± SEM, one-way ANOVA with Tukey’s post-hoc test, ns = not 

significant). 

Figure 24 

 

IV and ICV delivery of scAAV9-cba-SMN protects against muscle atrophy 
 
 Finally, tibialis anterior muscle was analyzed to determine the impact of both treatments 

on muscle fiber size at 6 months after either IV or ICV route of delivery of scAAV9-cba-SMN in 
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Smn2B/- mice. Muscle atrophy is a hallmark characteristic of SMA and is thought to be caused by 

both motor neuron degeneration and muscle intrinsic mechanisms. Both IV and ICV-treated 

mice showed comparable muscle fiber size to control Smn2B/+ mice (Figure 4.6A-D). Though no 

statistically significant difference was observed, ICV-treated mice trended towards lower fiber 

size (Figure 4.6D). This trend is like that observed in NMJ pathology, suggesting that 

overexpression of SMN in the muscle in IV-treated mice may provide an additional protective 

benefit. Overall, these results also suggest that long-term restoration of SMN to the SC is not 

necessary to protect against muscle atrophy. 

 

 

 
Figure 4.6. Impact of IV and ICV scAAV9-cba-SMN injection on muscle fiber size in 

Smn2B/- mice. Representative images of H&E-stained tibialis anterior muscle sections from 6-

month-old Smn2B/+ mice (A), ICV treated Smn2B/- mice (B), and IV treated Smn2B/- mice (C). (D) 

Quantification of muscle fiber size. (n=3, mean ± SEM, one-way ANOVA with Tukey’s post-

hoc test, ns = not significant).Figure 25 

Discussion 
 
 Our study compared the long-term effect of a peripherally directed IV AAV9-SMN 

treatment to a systemic ICV treatment in Smn2B/- mice. This was achieved through two different 
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routes of administration of the virus. Interestingly, at 6 months after injection, an increase in 

SMN protein was detected in the peripheral tissues but not in the SC of mice treated with both IV 

and ICV injection. However, based on our previous study, it is likely that a short-term increase 

of SMN protein in the SC was achieved by ICV injection(230). All mice from both treatments 

survived to 6 months, but ICV treated mice demonstrated better motor function than IV treated 

mice. This may have been a result of a greater motor neuron protection in ICV treated mice, 

which was demonstrated by a higher motor neuron count in the anterior horn and lower plasma 

NfL levels. In contrast, IV treated mice showed less neurofilament accumulation at motor 

endplates and trended towards larger muscle fiber size than ICV treated mice, highlighting the 

impact of muscle specific SMN restoration. Pancreas and liver pathology were also prevented by 

both routes of delivery of the virus. Overall, despite limited restoration of SMN to the SC, 

treated mice demonstrated an impressive rescue of the SMA-like phenotype, likely due to the 

rescue of peripheral organs. Further, it appears that a short-term rescue of SMN in the SC of 

ICV-treated mice may have been sufficient to protect motor neurons over the long-term, and that 

motor neuron protection is essential to maintaining motor function. 

 This study demonstrates that non-neuronal tissues continue to be important contributors 

to SMA disease throughout aging. These results agree with nusinersen preclinical trials that 

demonstrated a greater rescue when treatment was administered peripherally versus 

centrally(97), and demonstrated that a peripheral-specific SMN restoration provided a long-term 

rescue identical to that of a systemic SMN restoration(298). Here, we found similar results but 

with the use of an AAV9-SMN and in the Smn2B/- mouse model, supporting the idea that the 

rescue of the peripheral organs can compensate for low SMN levels in the SC. It is important to 

also note that our restoration of SMN may not have been entirely peripheral-specific. Though no 
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increase in SMN protein was detected, there remains a possibility that a low level of restoration 

to the motor neurons could have occurred but not been detected by western blot. This could also 

have contributed to the improved survival of motor neurons. 

The role of the peripheral organs in SMA pathology is not completely clear. Here, IV and 

ICV treatment with AAV9-SMN equally rescued the liver and pancreatic defects usually 

observed in Smn2B/- mice. Smn2B/- mice demonstrate liver steatosis and functional defects 

including impaired protein production, iron hemostasis, and reduced insulin like growth factor 

(IGF1) levels(32). IGF1 is an important factor in growth and development, is implicated in 

neuronal protection and regeneration(299,300), and has been shown to protect motor neurons and 

extend survival when used as a treatment in ALS mouse models(301),(302). Protection of the 

liver and in turn the IGF1 pathway would therefore likely provide a protective effect to Smn2B/- 

mice. Smn2B/- mice also show glucose metabolism defects in the pancreas(34), the protection of 

which would extend survival as metabolic syndrome is associated with higher mortality and 

cardiovascular disease(303). Muscle atrophy is a primary component of SMA pathology, and 

skeletal muscle development and maturation are intrinsically affected by SMN protein 

loss(30,31,190). Thus, the restoration of SMN protein to muscle tissue was likely an important 

contributor to the rescue achieved in IV-treated mice. Further, restoration of SMN to skeletal 

muscle also could have protected again neuromuscular junction defects that lead to retraction of 

nerve terminals and denervation of muscle(304). Moreover, there are several other peripheral 

organs implicated in SMA that were not explored in this study, including the immune organs, 

heart, and bones, that may have contributed to the rescue achieved by the peripheral SMN 

restoration.  
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Onasemnogene abeparvovec gene therapy has only been in use for 6 years, making it 

difficult to predict the long-term safety and efficacy of the treatment. The treatment delivers 

SMN1 cDNA into cells as an extrachromosomal episome, which can be lost over time in 

frequently dividing cells(305). The current study demonstrated the long-term efficacy of the 

treatment in Smn2B/- mice up to 6 months, but a longer time frame is needed to follow mice as 

they continue to age. SMN protein levels are highest during development and continue to 

decrease with age(306). The requirement for SMN is thus lower later in life, which may explain 

why a short-term increase of SMN protein in the SC was sufficient to protect motor neurons up 

to 6 months. This also emphasizes the well characterized importance of treating SMA patients 

early, when SMN requirements are highest. However, because SMN levels decrease with age, 

the effects of long-term overexpression could be harmful. Multiple studies have raised concerns 

about neurotoxicity in animal models(136,294), begging the question of whether over expression 

in non-neuronal tissues could also have negative effects.  

Our results indicate that peripheral tissues are important contributors to the survival of 

Smn2B/- mice and should therefore be considered important factors in the treatment of SMA 

patients. Further studies should investigate peripheral organs in detail to determine their 

individual contributions to SMA pathology. Our findings argue against the sole use of CNS-

directed treatments like nusinersen, as aging patients will likely experience peripheral organ 

impairments later in life. Onasemnogene abeparvovec presents as a promising alternative, but it 

is an irreversible treatment and thus the long-term effects need to be better understood. If the 

effects of treatment were to be lost in peripheral cells due to cell division over time, additional 

peripheral treatments such as risdiplam, or SMN-independent therapies that target peripheral 

organs, may be needed to maintain the effectiveness of the treatment over time. Follow-up 



 114 

studies for onasemnogene abeparvovec in the clinic and longer-term animal studies are therefore 

needed to better inform patients and physicians about their treatment decisions. 
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Materials and Methods 
 
Animals 
 
 Smn2B/- and Smn2B/+ mice were bred in our laboratory by crossing Smn+/- mice and 

Smn2B/2B mice on a C57BL/6J background. Animals were housed at the University of Ottawa 

Animal Facility. All experimental protocols on mice were approved by the Animal Care 

Committee of the University of Ottawa. Care and use of experimental mice followed the 

guidelines of the Canadian Council on Animal Care, and the Animals for Research Act.  

 

scAAV9-cba-SMN treatment 
 
 The scAAV9-cba-SMN vector was produced and delivered to P1 mice as previously 

described at 5 x 1010 vg/pup(230). Mice were injected intravenously through facial vein injection 

or by ICV injection. Mice were weighed every 2 weeks, then monthly after 3 months. Mice were 

monitored for survival up to 6 months. 

 

Motor function tests 
 

Mice were subject to three motor function tests: open field (Treat-NMD protocol 

DMD_M.2.1.002), rotarod (Jackson Laboratory protocol JAX-MNBF-ROT), and grip strength 

test (Treat-NMD protocol SMA_M.2.1.002). Tests were performed every 2 weeks, then monthly 

after 3 months. Tests were performed according to protocol with slight alterations. In brief, 

during the open field test mice were placed in the middle of the arena and recorded for 10 min. 

Testing was done in 100 lux light and four mice were tested at a time. Mice were rotarod tested 

accelerating from 4 to 45 rpm in 5 min for four trials, with a time between trials of 1 min. One to 

two mice were tested at any one time. For the grip strength test, each mouse was allowed to grip 
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the grate with both forepaws and was pulled gently away from the meter until it released the 

grate. Five pulls were completed, and the grams of force were recorded.  

 

Blood collection and plasma analysis 
 
 Blood was collected from 6-month-old mice at the time of euthanasia as previously 

described(230). Plasma NfL was measured by the Eastern Ontario Regional Laboratory 

Association and The Ottawa Hospital using the Simoa NF-Light® assay (Quanterix, Billerica, 

MA). 

 

Western blot 
 
 Upon euthanasia at 6 months, liver, tibialis anterior muscle, and SC were collected and 

flash frozen in liquid nitrogen for detection of SMN protein using western blot. Tissue 

processing and immunoblotting were performed as previously described(230). Antibodies are 

listed in Table 4.1. 

 

Tissue processing and staining 
 

Pancreas was collected and fixed in 4% paraformaldehyde (PFA) and 

immunohistochemistry was performed to visualize alpha and beta cells as previously 

described(230). Liver and tibialis anterior muscle were fixed in 1:10 dilution buffered formalin 

(Thermo Fisher Scientific, Waltham, MA) and stained with hematoxylin and eosin as previously 

described(230). SC was fixed in 4% PFA and immunohistochemistry was performed as 

previously described(230) to visualize motor neurons with choline acetyltransferase (ChAT). 
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Transversus abdominis muscle was fixed in 4% PFA and stained to visualize neuromuscular 

junctions as before (230). Antibodies are listed in Table 4.1. 

 

Table 4.1. List of antibodies/reagents used for immunohistochemistry and western blot 

Table 4
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Statistical analysis 
 

Data are presented as the mean ± standard error of the mean. One-way ANOVA with 

Tukey’s post-test or Two-way ANOVA with Bonferroni post-test were performed using 

GraphPad Prism 9 to compare multiple means. Significance was indicated by * for P ≤ 0.05, ** 

for P ≤ 0.01, and *** for P ≤ 0.001. Images were blinded prior to quantification. 
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Implications for SMA therapy 
 
Systemic SMN restoration is essential for SMA treatment 

 Our work has demonstrated the independent contributions of peripheral tissues to SMA 

pathogenesis and has emphasized the importance of treating patients systemically. Upon treatment 

with an IV administered scAAV9-cba-SMN, Smn2B/- mice showed a surprisingly robust rescue of 

weight, survival, motor function, and metabolic defects despite no detectable restoration of SMN 

protein to the spinal cord and no motor neuron protection. This rescue was comparable to that 

achieved with an ICV injection, which produced systemic restoration of SMN protein and 

protected motor neuron degeneration. When treated mice were aged, we demonstrated that a 

rescue of the peripheral organs with IV administered scAAV9-cba-SMN was sufficient to protect 

Smn2B/- mice up to 6 months of age.  

The importance of peripheral SMN restoration was clear in early pre-clinical nusinersen 

studies, where a systemic injection of ASO10-27 provided strikingly longer extension of survival 

than a CNS-directed administration (97). As ASOs are known to cross the blood-brain-barrier in 

neonatal mice, the group repeated the systemic injection using a decoy ASO that neutralizes the 

effects of ASO10-27 in the CNS. They found that peripherally restricted ASO10-27 treatment 

provided a 21-fold increase of survival to severe SMA mice, and protected tail length, motor 

function, motor neuron counts, and the neuromuscular junction (298). Based on these models and 

our experiments, it appears that peripheral restoration of SMN may be sufficient to protect 

against SMA. However, the finding that motor neuron-specific depletion of SMN is sufficient to 

cause an SMA-like phenotype in mice, albeit milder than that of a systemic depletion, suggests 

that all cell types contribute to SMA pathogenesis (219).  
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The field has debated the importance of targeting the peripheral tissues in SMN restoration 

therapies, with several studies of CNS-directed ASO and gene therapy treatments presenting 

impressive extensions of survival in mouse models of SMA. One study of a nusinersen-like ASO 

produced a 30-fold extension of survival in Delta 7 mice after ICV injection, which was equal to 

that achieved by systemic injection (307). An AAV-based SMN gene replacement therapy 

produced a 20-fold increase in the survival of Delta 7 mice when administered ICV, a 7-fold 

higher increase when compared to IV administration (308). However, as observed in our findings 

of ICV injection on neonatal mice, it is likely that a portion of the compounds crossed the blood-

brain-barrier in these studies and was not limited to the CNS. Moreover, the most impressive 

rescue observed in the ASO study was from simultaneous central and peripheral administration 

(307). Similar results are seen in an AAV9-SMN pre-clinical study, where an ICV injection 

causing systemic distribution of the virus provides a greater rescue to Delta7 mice than an 

intravenous injection, and a virus administered with a neuron-specific promoter was not 

sufficient to rescue Delta7 mice (193).  

Overall, these results emphasize the importance of targeting the entire body with SMN-

restoring treatments. Caution should therefore be taken in choosing CNS-directed treatments like 

nusinersen, versus systemic treatments like risdiplam and onasemnogene abeparvovec. Further, 

while IT onasemnogene abeparvovec therapy is the only gene therapy treatment option for 

heavier and older patients, this route of administration may not provide the same benefits as 

intravenous treatment. In fact, twice as many patients from IT onasemnogene abeparvovec 

clinical trials sought additional therapies compared to those from IV trials, indicating that the 

treatment effect may be less powerful. In older patients that cannot receive IV onasemnogene 

abeparvovec, alternative systemic treatments like risdiplam could be considered instead.  
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Early treatment is important 

 As observed in our studies, SMN restoring treatments can only provide a limited rescue 

effect. This is also evident in the wide variation in treatment responses among SMA patients and 

the significant portion of non-responders. In fact, several onasemnogene abeparvovec patients 

have begun to supplement treatment with either risdiplam or nusinersen due to a limited 

treatment effect, and this is now being explored in clinical trials (154,155). One reason for the 

limitations of the available treatments is that SMN levels may not be restored early enough when 

patients are treated postnatally.  

Pre-clinical data has demonstrated that the efficacy of a treatment is dependent on how 

early a drug is administered (309,310). In fact, a recent meta-analysis of 78 studies of SMN 

replacement therapies in mouse models identified the timing of a treatment to have a significant 

effect on survival, with prenatal treatment or treatment at birth producing the greatest effect 

(311). Similarly, early treatment is shown to produce the best outcomes in SMA patients treated 

with nusinersen and in onasemnogene abeparvovec clinical trials, with presymptomatic treatment 

producing the strongest effects (101,144,181,312). For these reasons, newborn screening 

programs have been implemented in several countries to allow for treatment of SMA patients 

before the onset of symptoms (313).  

Our data emphasizes that early treatment allows for an impressive rescue of SMA-like 

features in Smn2B/- mice, with injection at P1 extending survival up to the 6-month follow-up 

period. However, a limited protection was seen in many features, emphasizing that even early 

treatment is not sufficient to completely protect against SMA-like pathology. Further, it is 

important to note that the development of mice is delayed compared to humans, and that a P1 

mouse’s CNS may be more comparable to that of a prenatal human (314). Our results thus 
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support the widespread sentiment by researchers to continue to expand the availability of 

newborn screening worldwide to ensure the best outcomes for SMA patients. 

 These strategies could also eventually be expanded to encompass prenatal screening and 

prenatal treatment approaches. Patients show greater improvement in motor function when 

treated earlier, but a prenatal SMN restoration is likely to produce the greatest effect. Autopsy 

data from SMA fetuses show pathological changes at the level of the motor neuron, 

neuromuscular junction, and muscle at as early as 12 gestational weeks (6). SMN expression is 

also highest in the CNS and skeletal muscle prenatally, suggesting that postnatal treatment may 

miss an important therapeutic window (315). In a study of the Taiwanese mouse model, embryos 

were smaller than littermate controls and proteomic changes were found in several organs as 

early as embryonic day 14 (316). These results all point towards a need to explore the potential 

of prenatal SMA therapy. 

Long term effectiveness of gene therapy 
 
 Our 6-month follow up results have provided support for the long-term effectiveness and 

safety of scAAV9-SMN gene therapy treatment. However, there is still no long-term data to 

assess the true longevity of onasemnogene abeparvovec treatment in SMA patients. So far, the 

best data available is from a 7.5 year follow-up study, where all 10 children treated with the 

highest gene therapy dose had survived and maintained motor milestones (123). However, these 

results are confounded by the supplemental treatment of nusinersen in several patients. The long-

term effectiveness of gene therapy could be limited by the dilution of episomal SMN cDNA due 

to cell division over time. Permanent long-term expression would thus be restricted to non-

dividing cells such as neurons. Of note, the therapy could also not be readministered due to 

acquired AAV immunity by patients after treatment. Due to these concerns, it is important to 
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continue to monitor the long-term effectiveness of scAAV9-SMN gene replacement therapy in 

pre-clinical and clinical trials. A longer follow-up experiment in animal models would likely be 

beneficial, as the treatment effects did not appear to decline over time in our study. 

Ongoing safety concerns of gene therapy 
 
 Despite the impressive results achieved by onasemnogene abeparvovec treatment to date, 

the safety risks associated with gene therapy pose an obstacle to treatment. Administering a viral 

vector at the high dose required for IV penetration of the blood-brain-barrier can produce a 

dangerous immune response, leading to potentially fatal liver failure (130,132). A recent gene 

therapy trial for X-linked myotubular myopathy (XLMTM) saw similar results, with three 

patients dying of liver failure after administration of an AAV8 vector (317). Of note, these 

patients may have been more susceptible to liver failure as liver defects are a clinically 

significant feature of XLMTM (318). However, this begs the question of whether the liver 

abnormalities present in some SMA patients may increase their susceptibility to liver toxicity 

following onasemnogene abeparvovec administration.  

High AAV doses were also linked to DRG toxicity in preclinical trials (143). To avoid the 

use of high viral doses, especially in heavier patients, lower-dose IT administration is being 

explored. However, our work and others suggest that treatment of the peripheral organs is 

essential for SMN-restoration therapy, and that CNS-restricted administration does not provide 

the ideal treatment. Further, safety concerns have arisen around the use of CNS-restricted 

therapy from a pre-clinical mouse study that found that overexpression of SMN in the CNS lead 

to late-onset motor dysfunction and neurodegeneration (294). Overexpression of SMN was found 

to cause splicing dysregulation and transcriptomic abnormalities. This also raises concerns about 

attempting to combine SMN-restoration therapies when one treatment does not produce 
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sufficient effect, as too much SMN may result in toxic effects. To balance the risks and benefits 

associated with both routes of administration, research should prioritize the development of viral 

vectors that can achieve more efficient transduction at lower doses.  

SMN-independent therapies 
 
 Although SMN-dependent therapies have proven beneficial to many patients, patient 

outcomes can be further improved and the safety concerns of SMN overexpression can be 

avoided with the addition of SMN-independent therapies. Further, as SMA appears to begin 

developing prenatally, SMN-independent therapies can attempt to regenerate tissue damage that 

cannot be reversed by SMN restoration. They can also provide a therapeutic option for older 

SMA patients who did not have access to SMN-restoring therapies during the early therapeutic 

window.  

 Motor neuron regeneration through stem cell-based therapy has been explored in mouse 

models. Isolated spinal cord neural stem cells and embryonic-derived neural stem cells grafted 

intrathecally into Delta 7 mice resulted in improvements in motor function and extended survival 

(319,320). SMA patient-derived induced pluripotent stem cells were also genetically modified to 

produce functional SMN protein and subsequent implantation into Delta7 mice improved the 

disease phenotype (321). This approach was proposed for human studies but has yet to be 

approved for use in clinical trials (322).  

 Therapies that aim to regenerate muscle have been explored with much more success. 

Reldesemtiv works as a fast skeletal muscle troponin activator, aiming to enhance muscle force 

and improve motor function (323). This treatment has proven effective in phase 2 clinical trials 

of Type 2-4 SMA patients at improving walking distance and breathing pressure (324). Another 

strategy to target muscles focuses on myostatin inhibition to increase muscle mass. Apitegromab 
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is a monoclonal antibody that inhibits activation of myostatin, a regulator of skeletal muscle 

growth and strength (325). This treatment has shown success in Phase 3 trials, producing 

improvements in motor function in ambulatory and nonambulatory Type 2 and 3 SMA patients, 

and will be submitted to the FDA for approval by Scholar Rock in 2025 (326).  

 Overall, SMN-independent therapies appear to be able to regenerate muscle that has been 

subject to SMN-irreversible damage. These therapies, as well as additional strategies that can 

aim to regenerate other tissues affected in SMA, may be the best way to target older patients, 

treat non-responders, and optimize the outcomes of current SMA restorative treatments. 

However, to produce these treatments, we must develop a better understanding of the 

multisystem nature of SMA and the mechanisms of disease in each affected tissue.  

Implications for SMA as a multisystem disease  

This work has compiled a collection of evidence to support the theory that SMA is a multisystem 

disease. Firstly, the Smn2B/- mouse, a mouse model of SMA that demonstrates peripheral organ defects 

similar to those increasingly reported by SMA patients, demonstrated hepatic, muscular, and metabolic 

defects prior to the loss of motor neuron cell bodies in the spinal cord. Secondly, IV administered 

scAAV9-cba-SMN provided a long-term rescue of motor function and survival without any apparent 

effects on the spinal cord. Systemic SMN restoration has also proven to be more effective than CNS-

specific restoration at improving disease in several mouse models of SMA, as outlined above. Altogether, 

this evidence suggests that peripheral tissue defects precede motor neuron loss and may influence 

neurodegeneration. 
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The role of the liver in SMA pathogenesis 
 
 Reports from SMA patients and findings from animal models have described the 

involvement of several non-neuronal tissues in SMA including skeletal muscle (30,31), heart 

(197,200), vasculature (201), pancreas (34), liver (32,33), and immune organs (35). The Smn2B/-  

mouse model displays liver steatosis, damage, and dysfunction which develop before the onset of 

motor neuron degeneration. This was first observed at P13 in our study, prior to the onset of 

muscle atrophy, NMJ denervation, and pancreatic defects and was seen as early as P9 in other 

work (32). Additionally, higher proteomic differences were observed in the liver than the brain, 

SC, muscle, and heart of embryonic Taiwanese SMA mice (316). 

 The liver plays an important role in metabolism, detoxification, growth, and 

development, and the impacts of a potentially dysfunctional liver on the etiology of SMA disease 

should not be overlooked. The early emergence of liver pathology in mouse models, as well as 

the striking effectiveness of peripheral centred therapy, point towards an important role for the 

liver and metabolism in SMA pathogenesis. In fact, two recent studies from our laboratory have 

described the impact of the liver on other systems in Smn2B/-  mice, revealing a connection 

between liver dysfunction and pancreatic pathology. A liver-directed scAAV9-SMN under the 

control of an albumin promoter rescued the liver phenotype in Smn2B/- mice and consequently 

protected against pancreatic defects (209). Further, a liver-specific SMN depletion in Smn2B/- 

mice produced a pancreatic phenotype similar to that of Smn2B/- mice, suggesting that pancreatic 

defects may be a result of liver steatosis (327).   

 The liver is also an important producer of growth factors and neurotrophic factors. For 

example, IGF1 has been found to be significantly decreased in serum of SMA patients and SMA 

mouse models (33,97,207). IGF1 is a neurotrophic factor produced by the liver that also plays an 
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important role in growth and development (328). Delayed growth is a hallmark symptom of 

SMA and is seen as early as the embryonic stage in SMA mice, indicating that early liver defects 

could be responsible. Treatments that increase IGF1 expression have shown to protect motor 

neuron degeneration and improve the phenotype of severe and Delta 7 mice (329,330). As IGF1 

is also a neurotrophic factor, treatment with human neural progenitor cells over-expressing IGF1 

has also been shown to protect neurons and restore motor function in a rat model of Parkinson’s 

disease (331). This suggests that growth and neurodevelopment pathways may be disrupted early 

in SMA mice due to liver defects, contributing to the development of SMA.  

Overall, there is a need for further investigation into the SMN-dependent molecular 

pathways contributing to liver defects and the impacts of liver pathology on other systems in 

SMA patients. Liver-directed treatment options should also be explored as a method of 

improving the outcomes of available therapies. IGF1 therapy presents as a possible SMN-

independent treatment option, as it has been used to treat children with growth hormone 

deficiency and can penetrate the blood-brain-barrier (332). Further, the susceptibility of SMA 

patients to liver defects should be taken into account during treatment with onasemnogene 

abeparvovec, which is known to cause potentially life-threatening hepatotoxicity (130), and for 

patients taking risdiplam, which is metabolized by the liver (333). Nusinersen treatment may be a 

favourable option for patients with hepatic impairment, as it is primarily metabolized by the 

kidneys (334). 

NfL as a biomarker for SMA 
 
NfL as a prognostic biomarker and marker of disease progression 

 The above work outlined a potential role for NfL as a prognostic biomarker, as it was 

elevated in Smn2B/- mice several days prior to the onset of motor neuron degeneration. In patient 
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studies, NfL levels were found to be higher in the serum of patients with fewer SMN2 copy 

numbers, and have been found to be associated with earlier age of disease onset, indicating its 

potential for the prognosis of SMA (185,232,335). Currently, the best tool for determining the 

prognosis of an SMA patient is through genetic profiling of SMN2 copy number. However, there 

is variability in disease presentation between copy numbers and this number does not change 

over time to reflect disease progression. Our work also showed a progressive increase in NfL 

levels as the disease phenotype worsened in Smn2B/- mice, indicating its potential as a marker of 

disease progression. Nevertheless, long-term assessments of NfL levels in SMA patients would 

be needed to determine its potential as a disease progression biomarker, but this is complicated 

by SMA patients being typically treated at the earliest possible stage of disease. 

NfL as a pharmacodynamic biomarker 
 
 Nusinersen studies have found declines in plasma pNF-H and CSF NfL levels over time 

in treated patients (336,337). However, this should be interpreted with caution as NF levels are 

known to decline with age in infants. We observed this trend in our mouse study as well, where 

both heterozygous and Smn2B/- mice showed early elevations in NfL that declined quickly with 

age. One study using age-matched sham-control treated infants found that blood pNF-H levels 

declined more rapidly in nusinersen treated patients than placebo treated patients, indicating the 

utility of NFs as biomarkers of treatment response (179). However, NFs have not yet shown 

useful as biomarkers of other SMA treatments. In our work, Smn2B/- mice treated with IV 

scAAV9-SMN showed elevations in NfL equal to those of untreated Smn2B/- mice, while ICV 

treated mice had lower NfL levels than IV-treated and untreated Smn2B/- mice. These results were 

observed at P19 and again at 6 months after injection. This indicated that NfL is likely only 

representative of motor neuron degeneration, as this feature was only rescued in ICV-treated 
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mice while survival, motor function, and peripheral features were rescued by both treatments. 

These results further enforce the influence of the peripheral tissues on survival and motor 

function and suggest that caution should be taken when using NfL as a sole biomarker for SMA. 

Multiple biomarkers may instead be needed to monitor the full picture in an SMA patient, 

especially in those receiving systemic treatments. NfL may be more suitable for nusinersen-

treated patients as this treatment mainly targets the CNS.  

Alternative molecular biomarkers for SMA  

 As we are beginning to recognize the metabolic features of SMA, molecular biomarkers 

like IGF1, insulin-like growth factor binding protein 6 (IGFB6) and dipeptyl peptidase IV 

(DPPIV) have been found to be reduced in SMA patients and are being explored as potential 

biomarkers (208,338,339). Our lab recently demonstrated a restoration of IGF1 levels in Smn2B/- 

mice after a liver directed scAAV9-SMN treatment (209). Another group restored DPPIV levels 

in Delta 7 mice after ASO treatment (339). Serum creatinine and creatine kinase are biomarkers 

of muscle mass and muscle function that have been shown to correlate with disease severity and 

motor function in SMA patients (340,341). Overall, NfL is only representative of a small portion 

of SMA pathology, and it is not a useful biomarker in older patients. There is a need to 

implement additional biomarkers into clinical trials to allow for better monitoring of patients’ 

responses to treatment. A better understanding of the multi-system nature of SMA is essential to 

identifying these biomarkers. 

 

Conclusion  

 Our findings, along with the breadth of evidence continuing to emerge in the field, 

underscore the complexity of SMA as a multisystem disease. We have demonstrated the 
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importance of peripheral SMN restoration in the treatment of SMA and have suggested that a 

systemic restoration provides the most effective treatment. While early treatment is critical to 

SMN-dependent therapy, the limitations of these therapies highlight the need for further 

investigation into additional SMN-independent treatments. A more diverse set of biomarkers 

must also be developed to monitor all aspects of SMA, including neuronal, muscular, and 

metabolic features. All of this can be achieved with a deeper understanding of the mechanisms of 

the disease and the function of the SMN protein in each affected tissue.  
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Appendix A. Plasma levels of NfL (A), Tau (B), and UCHL1 (C) in Smn2B/-;SMN2+/- mice 

at various timepoints, compared to 18-month-old Smn2B/+;SMN2+/- controls. P19 Smn2B/- 

mice were included for comparison. (n= 2-7 for each time point) 
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