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ABSTRACT 

Amyotrophic lateral sclerosis (ALS) is a devastating progressive and 

neurodegenerative disease. In early stages of ALS, there are known pathological 

changes in the structure of neuromuscular junctions (NMJ); however, all current 

gene therapies for ALS target the central nervous system. Evidence pointing to a 

“dying-back” hypothesis, where the disease begins at peripheral sensory neurons 

and moves to the CNS, suggests that it may instead be beneficial to target 

peripheral muscles, axons, and NMJs. Microtubules make up an important part of 

the NMJ cytoskeleton, allowing transport of important molecules and structural 

stability. In ALS, the microtubules are found to have critical deficits affecting 

microtubule-dependent transport. To address this issue, we singularly injected 

Stathmin1 via an AAV9 intracerebroventricular (ICV) injection at P0-P5 in a 

SOD1G93A ALS mouse model (both males and females). Stathmin1 (Stmn1) is a 

protein that depolymerizes microtubules in the cytoskeleton to allow the 

breakdown of “diseased” microtubules to make room for the body to build new, 

healthy ones. This study was designed to target the degenerative processes of 

skeletal muscle NMJs in ALS using an AAV9 injection of Stmn1 to upregulate this 

gene. We examined the effects of this treatment by assessing overall survival, limb 

function, swallowing function, and respiratory function. By analyzing these 

parameters, we concluded that the Stmn1 injection does not have a beneficial or 

detrimental effect on respiratory or swallowing function at the 6 week timepoint, or 

limb function up to 17 weeks in the SOD1G93A mouse model, but it does have a 

slight beneficial effect on disease onset and overall survival at the 17 week time 
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point. These results suggest a possible explanation for the mechanisms of ALS 

and a potential target for treatment.
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Chapter 1 

INTRODUCTION AND BACKGROUND 

 

Neuromuscular Diseases 

Neuromuscular diseases (NMDs) are medical conditions that are either acquired 

or inherited and cause the impairment of muscles through a breakdown of 

communication within the nervous system. This is caused by the deterioration or 

death of upper and/or lower motor neurons. Upper motor neurons are located in 

the cerebral cortex and send signals to the brainstem or spinal cord, and lower 

motor neurons originate in the spinal cord and brainstem and innervate muscles 

and glands throughout the body (Genc et al.,  2019). Synaptic inputs from upper 

motor neurons normally send signals to lower motor neurons to initiate or inhibit 

voluntary movement (e.g., the lower motor neurons in the hypoglossal nucleus to 

facilitate swallowing and tongue movements) (Sawczuk & Mosier, 2001; Williams 

et al., 2020). If these motor neurons are not communicating and functioning 

properly, muscle function is impaired. NMDs primarily affect the upper and lower 

motor neurons, muscles, and neuromuscular junctions (Swash & Schwartz, 2013).  

 Worldwide in 2016, 330,918 people had a motor neuron disease, which 

equates to approximately 4.5-5.0 individuals of every 100,000 people. Motor 

neuron diseases of relevance to this study include amyotrophic lateral sclerosis 

(Ralston et al., 1999), spinal muscular atrophy (SMA), hereditary spastic 

paraplegia, primary lateral sclerosis, progressive muscular atrophy, and 

pseudobulbar palsy (Logroscino et al., 2018). ALS, SMA, Multiple Sclerosis (MS) 
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and Muscular Dystrophy (Ragagnin et al., 2019) are among the most common 

NMDs, and involve disease of the motor neurons (McDonald, 2012). NMDs vary 

by symptoms, treatments, age of onset, and life expectancy, among other things 

(Table 1.1).   

Some neuromuscular diseases have symptoms that occur in infancy or 

childhood while others have an onset that is experienced in middle to late 

adulthood. Symptoms for NMDs primarily depend on the area of the body that is 

affected at onset of disease. Common symptoms of ALS and MS include speech 

problems, numbness, trouble walking, and fatigue; both of these NMDs have onset 

of variable symptoms in adulthood depending on the area of the body first affected 

(Ghasemi et al., 2017; Jaiswal, 2019). Unlike ALS and MS, MD onset is typically 

during early childhood or teen years and includes curvature of the spine and 

abnormal enlargement of the calves (Lovering et al., 2005). SMA has variable 

symptoms depending on the type (1-4). Type 1 and 2 develop in the first few 

months of life and include developmental delays, breathing, and swallowing 

difficulties. Type 3 develops in early childhood and consists of trembling hands and 

difficulty rising from sitting. Type 4 develops during adulthood and includes 

trembling, twitching, and difficulty breathing (Table 1.1) (Kolb & Kissel, 2015).   

Although these diseases result in variable symptoms and ages of onset, all 

four of these NMDs express symptoms of motor dysfunction and dysregulation of 

microtubules in the cytoskeleton of affected cells, which impairs cell structure and 

function (Clark et al., 2016; Khairallah et al., 2012; Kolb & Kissel, 2015; Van den 

Berg et al., 2017) (Table 1.1). Microtubules also facilitate axonal transport which is 
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Table 1.1. Neuromuscular Diseases. 

NMD NMJ/ Microtubule 
deficits 

Age of Onset Life Expectancy 

ALS - Microtubule 
instability causing 
NMJ dismantling2 

- 40-70 years1 - 3-5 years after 
diagnosis (small 
percentage live 
up to 10 years 
post diagnosis)1 

SMA - SMN deficiency 
impairs 
microtubule 
networks in Smn-
deficient cells 

- Impaired 
maturation of 
NMJs4 

- Type 1: 

• At birth or first few 
months of life 

- Type 2:  

• First 6-12 months of 
life 

- Type 3:  

• Early childhood or 
adolescence 

- Type 4: 

• Around 30 years3 

- Type 1: 

• Many do not 
live past age 2 

- Type 2-4: 

• Normal life 
expectancy3 

MS - Demyelination 
causing 
dysregulation of 
axonal transport 
and deficient 
microtubule 
cytoskeleton 
function5 

- 20-40 years of age6 - Normal life 
expectancy6 

MD - Absence of 
dystrophin, results 
in a disorganized 
and denser 
microtubule 
cytoskeleton8 

- Duchenne MD: 

• 3-6 years 

- Becker MD: 

• Teens to mid-20s7 

- Duchenne MD: 

• Early 20s 

- Becker MD: 

• Late adulthood7 
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important for normal mitochondrial recycling, vesicular and mRNA transport, and 

signaling of key survival factors from the neuron’s peripheral synapses (Clark et 

al., 2016). In motor neurons, microtubules are distinctly organized. Axonal 

microtubules are oriented with the β-tubulin (favors polymerization or build up) 

“plus” end positioned away from the cell body, and the α-tubulin (favors 

depolymerization or breakdown) “minus” end facing the opposite direction (Kelliher 

et al., 2019). Microtubules in dendrites have mixed polarity depending on the 

organism and structure of the neuron (Clark et al., 2016; Kelliher et al., 2019). All 

NMDs relevant to this study possess symptoms of motor neuron dysfunction in 

addition to microtubule dysregulation. For this study, we are focusing on a therapy 

that will potentially delay motor neuron degeneration and decrease microtubule 

pathology in ALS. 

 

Amyotrophic Lateral Sclerosis  

ALS is a devastating progressive neuromuscular disorder in which upper and lower 

motor neurons degenerate or die (Brooks et al., 2000 & Munsat, 2000). ALS is 

characterized by the progressive atrophy of muscles and eventual loss of ability to 

control voluntary movements. Approximately 90% of all cases are sporadic ALS 

(sALS), where the disease occurs without a family history but can be due to 

interactions between genetic, environmental, and age-dependent factors (Brooks 

et al., 2000). A smaller percentage of cases are familial ALS (fALS), resulting from 

genetic influence (Krakora, Macrander, & Suzuki, 2012 2012). 
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 ALS affects 1 in 50,000 people per year worldwide, which is approximately 

5,760 to 6,400 new diagnoses per year (Fred, 2017). Symptoms of ALS can be 

difficult to determine in early stages of the disease. Some of the early symptoms 

include: fasciculations (muscle twitches) in the arm, leg, shoulder, and/or tongue; 

tight and stiff muscles (spasticity); muscle weakness; slurred and nasal speech; or 

difficulty chewing or swallowing (Krakora et al., 2012) (Table 1.1). These 

symptoms gradually become more obvious as the disease progresses. Eventually, 

individuals will not be able to stand or walk, and will develop difficulty with breathing 

and swallowing (Boillée et al., 2006). Most people diagnosed with ALS die of 

respiratory failure 3-5 years from symptom onset. Only 10 percent of people with 

ALS survive for 10 years or more (Fred, 2017). 

Because there is currently no test that can provide a definitive diagnosis of 

ALS, it is predominantly diagnosed with a detailed review of the patient’s symptom 

history, and physical examinations that must convincingly display lower motor 

neuron and/or upper motor neuron degeneration in four central nervous system 

(CNS) regions (Table 1.2) (Brooks et al., 2000). Sometimes, nerve conduction 

tests, electromyography, and blood and urine samples may be collected to rule out 

other, more treatable diseases or disorders (Fred, 2017). 

 Clinical presentation of ALS is variable and depends on initial symptom 

onset. Bulbar onset of ALS can be the result of upper or lower motor neuron 

degeneration, and is present in 25% of ALS patients. Bulbar onset of ALS is 

arguably the most devastating variant of the disease, with the fastest decline, 

shortest survival (<2 years after diagnosis), and a reduced quality of life due to 
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Table 1.2. Lower motor neuron and upper motor neuron signs in four CNS 

regions. (Modified from Brooks, 2000).  

 Brainstem Cervical Thoracic Lumbosacral 

Lower motor 
neuron signs  
Weakness, 
atrophy, 
fasciculations 

- Jaw, face 
- Palate 
- Tongue 
- Larynx 
- Gag reflex 

- Neck, arm, hand 
- Diaphragm 

- Back, 
abdomen 

- Back, 
abdomen 

- Leg, foot 

Upper motor 
neuron signs 
Pathologic 
spread of 
reflexes, etc. 

- Forced 
yawning 

- Spastic tone 
- Clonic jaw 

- Hoffmann reflex 
- Spastic tone 
- Preserved reflex 

in weak limb 

- Loss of 
superficial 
abdominal 
reflexes 

- Spastic tone 

- Extensor 
plantar 
response 

- Spastic tone 
- Preserved 

reflex in 
wasted limb 
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complications with breathing, swallowing, and speech (Shellikeri et al., 2017). 

Spinal onset disease can also be the result of upper or lower motor neuron 

degeneration (Cleveland & Rothstein, 2001). Spinal onset is present in 

approximately 70% of ALS patients and involves muscle weakness or atrophy in 

the trunk and limbs, slowed motor responses in limbs or appendages, and muscle 

fasciculation. This weakness in the trunk and limbs causes twitching or cramping 

of muscles, loss of motor control, tripping or falling, and difficulty rising from sitting 

(Cleveland & Rothstein, 2001; Shellikeri et al., 2017). Bulbar changes, such as 

swallowing and speech difficulties, are exhibited as the disease progresses in 85% 

of patients that initially present with spinal onset ALS (Shellikeri et al., 2017). The 

remaining 5% of ALS cases aren’t identified as bulbar or spinal onset, and show 

initial symptoms involving the trunk and respiration (Kiernan et al., 2011). All three 

types of ALS onset are being studied via animal models, and more commonly, 

rodent models.  

There are multiple rodent models that are used to study ALS. Superoxide 

dismutase 1 (SOD1) mutations are commonly used in ALS models because the 

disease progression that results in rodents due to this mutation parallels that which 

is observed in humans with ALS. More recently, mutations in other genes have 

also been found to be causative for ALS. The Tar DNA binding protein (TDP-43) 

was found to be a large component of protein aggregate in ALS cases (Neumann 

et al., 2006). There have also been mutations found in a DNA and RNA binding 

protein (FUS) affecting DNA and RNA processing (McGoldrick et al., 2013). 

However, the SOD1 rodent model is the most commonly used model, and various 
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mechanisms have been implicated in the pathology of ALS using this model 

(McGoldrick et al., 2013). There are over 100 different mutations that are found in 

this gene throughout all coding regions (Philips & Rothstein, 2015). Some common 

SOD1 mutant lines used for research in ALS are G37R, G85R, G86R, and G93A 

(Ghasemi & Brown, 2018; McGoldrick et al., 2013; Greensmith, 2013; Thomsen et 

al., 2014). Mutations in other genes are also used in rodent models to study ALS, 

which include TAR DNA binding protein 43 (TDP-43) and Valosin-containing 

protein (VCP) (Ghasemi & Brown, 2018; Philips & Rothstein, 2015). These rodent 

models serve to study different aspects of ALS that are a result of progression of 

symptoms and disease. Some common areas of focus for current ALS research 

include dysphagia (swallowing deficits), breathing deficits, limb function, and 

survival.  

 

Tongue and Swallowing Function 

Swallowing is a complex physiologic process which involves volitional and reflexive 

activities that allow people and animals to pass food from the oral cavity to the 

stomach (Matsuo & Palmer, 2008). The entire process uses more than 30 muscles, 

six cranial nerves, and three cervical spinal nerves (Figure 1.1). Swallowing can 

be divided into four primary phases according to location of the bolus: oral 

preparatory, oral transport, pharyngeal, and esophageal (Matsuo & Palmer, 2008).  

During the oral preparatory phase, liquid is ingested, or solid food is broken 

down via mastication and addition of saliva, and a bolus is formed. The facial 

muscles (orbicularis oris and buccinators) seal the lips and collapse the spaces 
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between the cheek and gumline to contain the ingesta within the oral cavity (Shaw 

& Martino, 2013). After the food is masticated or the liquid ingested, the tongue 

holds the bolus against the hard palate in preparation for the next phase (Matsuo 

& Palmer, 2008). This posterior seal protects the airway by preventing premature 

movement of the bolus into the pharynx (Lucci et al., 2018). The normal duration 

for the oral preparatory phase varies on what is being ingested; for example, solid 

food can take up to 12 sec and liquid can take up to 2 sec to move from start to 

finish (Soares et al., 2015). 

In the oral transport stage, normally lasting one second or less, the intrinsic 

(superior and inferior longitudinal, and transverse) and extrinsic (genioglossus, 

hyoglossus and styloglossus) muscles of the tongue propel the bolus into the 

pharynx (Figure 1.1) (Bailey & Fregosi, 2004; Shaw & Martino, 2013). The soft 

palate is elevated to seal off the nasal cavity. A closed pressure loop created within 

the oral cavity, pharynx, and esophagus generates movement of the bolus in a 

rostral-caudal direction for quadrupeds, and super-inferior for humans (Shaw & 

Martino, 2013). 

The pharyngeal transport stage is the shortest stage, only lasting about a 

second, but also the most complex, requiring the rapid coordination of nearly all 

the muscles in Figure 1.1 (Lucci et al., 2018; Shaw & Martino, 2013). A swallow 

can be induced voluntarily or triggered reflexively by tactile, chemical, or thermal 

stimuli acting on receptors in the pharynx (Ertekin, 2011). Contact of the bolus with 

the anterior faucial pillars may trigger the pharyngeal stage, although the exact 

trigger location and adequate stimulus is still relatively unknown (Shaw & Martino, 
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2013). Passage of the bolus safely without aspiration is crucial to avoid food or 

liquid being inhaled into the lungs. This could lead to dehydration, malnutrition, 

pneumonia, or pulmonary edema. To prevent this, at initiation of the pharyngeal 

transport stage, the larynx and vocal folds are closed and respiration ceases. The 

pharyngeal muscles contract to elevate the pharynx (Matsuo & Palmer, 2008). A 

series of wave-like contractions in the tongue push the bolus into the upper 

esophagus (Lucci et al., 2018). Pharyngeal peristalsis, the wave-like contractions 

of the pharyngeal muscles, aid in this process. At the same time, the larynx and 

hyoid bone are elevated, positioning the larynx below the tongue base (Ertekin, 

2011; Shaw & Martino, 2013). The upper esophageal sphincter (UES) is opened 

by elevation of the larynx and pharynx, and the negative pressure of this process 

draws the bolus into the esophagus (Lucci et al., 2018). Relaxation of the 

cricopharyngeal muscle in synchrony with laryngeal/pharyngeal elevation further 

facilitates this opening. Once the bolus fully enters the esophagus, the 

cricopharyngeal muscle returns to a fully contracted state (Shaw & Martino, 2013). 

Esophageal peristalsis is then activated, propelling the bolus through the relaxed 

lower esophageal sphincter (Silverman et al.) into the stomach (Lucci et al., 2018).  

After the bolus passes through the LES, both the LES and UES return to 

their “resting” contracted state to prevent reflux from the stomach and/or 

esophagus into the airway. The LES, unlike the UES which is composed of skeletal 

muscle, is composed of smooth muscle that is involuntarily controlled by the 

autonomic nervous system. A peristaltic wave allowing movement of the bolus 

through the LES is composed of two parts; an initial wave of relaxation to 
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accommodate the bolus, followed by a wave of contraction to propel it through the 

LES and into the stomach (Matsuo & Palmer, 2008).  

 In ALS, progressive loss of motor function due to damage of cranial nerves 

V, VII, IX, X, XI and XII affects the face, mouth, pharynx, and larynx, resulting in 

speech and swallowing impairments (Perry et al., 2018). The hypoglossal motor 

neurons are particularly vulnerable to this disease, and loss of these neurons 

results in tongue weakness and atrophy (Perry et al., 2018; Ragagnin et al., 2019). 

Tongue weakness can be a prognostic indicator of shorter survival in ALS, and the 

link between tongue weakness and survival is likely due to swallowing impairment 

(Perry et al., 2018; Yunusova et al., 2019). Dysphagia emerges in 85% of patients 

during the advanced phases of ALS, but is also a symptom of onset in 20% of 

patients, so prompt assessment of swallowing function is crucial in establishing 

optimal intervention (Onesti et al., 2017; Perry et al., 2018). One goal of current 

interventions for dysphagia in ALS is to prevent airway aspiration during ingestion 

of food and liquid. Aspiration is one of the leading causes of death in ALS patients 

along with respiratory failure, malnutrition, and dehydration (Onesti et al., 2017).  

 

Respiratory Function 

The respiratory system is composed of multiple organs responsible for taking in 

oxygen and expelling carbon dioxide. These organs include the nose, tongue, 

pharynx, larynx, trachea, bronchi, diaphragm, and lungs (Peate, 2018). Pumping 

air from the lungs is performed by active contraction of the diaphragm during 

inspiration, whereas expiration is passive when a person is not exercising. In 
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contrast, during high intensity exercise, abdominal muscles play an active role in 

expiration (Figure 1.2) (Molkov et al., 2014). The respiratory system is functionally 

separated into two zones: the conduction zone (nose to bronchioles), and the 

respiratory zone (alveolar duct to alveoli) (Patwa & Shah, 2015).  

As people and animals breathe, oxygen enters the conduction zone, 

beginning with the nose or mouth, and passes through the sinuses, which regulate 

the temperature and humidity of the air we breathe. During nasal breathing, the 

soft palate is lowered and positioned near the tongue, which is elevated, dilating 

the retro-palatal airway. During oral breathing, however, the soft palate elevates 

and the tongue lowers, separating the nasal cavity from the pharyngeal airway. 

This movement of the tongue during breathing is facilitated by the hypoglossal 

nerve (CN XII), which is responsible for motor innervation of the majority of the 

muscles of the tongue (Matsuo & Palmer, 2008). After the air passes through the 

nasal sinuses or the oral cavity, the air then passes to the pharynx, through the 

larynx, to the trachea, and into the bronchial tubes (Peate, 2018). The pharyngeal 

airway is elongated during inspiration due to a constant traction on the larynx, 

pharynx, and  trachea from negative intrathoracic pressure (Patwa & Shah, 2015). 

The oxygen is then directed to the bronchial tubes and they split to carry oxygen 

to the lobes of each lung. There are three lobes on the right side and two lobes on 

the left to make room for  

the heart (Peate, 2018). Oxygen then enters the respiratory zone. Alveolar 

ducts connect the respiratory bronchioles to alveolar sacs. These small, spongey 
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Figure 1.2. Diaphragm’s Role in Breathing (Dezube, 2019) 
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sacs called alveoli line the inside of each lobe, and this is where carbon dioxide 

and oxygen exchange occur (Patwa & Shah, 2015; Peate, 2018). 

 Extremely small blood capillaries in the alveolar walls pick up oxygen and 

drop off carbon dioxide, which is then exhaled out of the body (Peate, 2018). The 

lungs have no skeletal muscle of their own, so breathing is controlled by the 

diaphragm which is a muscle located below the lungs.  

The diaphragm is attached to the base of the sternum, the lower parts of 

the rib cage, and the spine (Figure 1.2) (McCool & Tzelepis, 2012). During 

inspiration, the diaphragm contracts and moves downwards and the chest and 

lungs expand. During exhalation, the diaphragm relaxes and the chest contracts 

pushing air out of the lungs (Figure 1.2) (Peate, 2018). The diaphragm is 

innervated by the phrenic (C3-C5), and vagus (cranial nerve X) nerves. Phrenic 

motor neurons receive input from the pre-Bötzinger complex and the 

retrotrapezoid/ parafacial complex, both located in the ventral respiratory column, 

which affects phrenic nerve output, and ultimately the diaphragm to regulate 

respiratory rhythm (Bordoni et al., 2018). The vagus motor neurons that originate 

from the dorsal motor nucleus (DMN) in the medulla of the brainstem are 

responsible for regulation of respiration through parasympathetic control of organs 

it innervates, including the lungs. Efferent vagus nerve fibers that originate from 

the nucleus ambiguus are visceral branchiomotor fibers that help to mediate 

swallowing and breathing through the control of respiratory muscles, including the 

pharynx and larynx, the palatoglossus of the tongue, and muscles of the soft 

palate. In addition, airway-related vagal preganglionic neurons found in the 
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nucleus ambiguus also contribute to breathing by sending their output along the 

vagal efferents to the pulmonary viscera to modulate airway resistance (Bordoni 

et al., 2018; Shellikeri et al., 2017; Thomas et al., 2020). Loss of these inputs or 

motor neurons can lead to respiratory muscle weakness.  

Respiratory failure is the most frequent cause of death in all ALS patients 

(Lyall, et al., 2001 Leigh, & Moxham, 2001). This failure may be attributed directly 

to weakness in the diaphragm or secondary to bronchopneumonia typically caused 

by dysphagia-related aspiration (Kurian et al., 2009 & Swingler, 2009). A decrease 

in FEV1, the amount of air one can force out of their lungs in one second, and 

FVC, the amount of air that can be forced out of one’s lungs after taking the 

deepest breath possible, of more than 20% in the supine position compared to the 

erect position is used in a clinical setting to suggest diaphragmatic weakness in 

ALS (Khan et al., 2011). Patients that experience respiratory complications in ALS 

have shown improved quality of life and survival with early use of intermittent 

positive pressure ventilation (PPV), meaning that it could be a potential therapy 

used early-on in disease progression of ALS (Khan et al., 2011; Lyall et al., 2001). 

Currently, there are no clinical studies identifying how often and long PPV should 

be used with onset of respiratory complications. However, because hypercapnia 

in ALS patients usually first occurs at night, night-time PPV is generally used in the 

early stages of disease and is only a temporary treatment that is not normally 

utilized as the disease progresses (Dorst & Ludolph, 2019).  
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Limb Function  

Lower and upper limb function is essential for many activities that people and 

animals perform everyday including walking, running, and manipulation of objects. 

For many animals, these functions are crucial for survival. Understanding the 

functions and pathology of lower and upper limb muscle groups can help clinicians 

identify abnormalities and disorders during an exam. The lower limbs are 

composed of more than 30 muscles in which the lumbar nerve and sacral plexus 

innervate. The sacral plexus is composed of the sciatic nerve (L4 through S3), 

posterior femoral nerve (S1 through S3), superior gluteal nerve (L4 through S2), 

and inferior gluteal nerve (L5, S1 and S2) (Silverman et al., 2017; Stein et al., 

2012). The upper limbs are composed of many muscles separated into anatomical 

compartments. These muscles allow fluid movements of the hands, arm, and 

shoulder, and are innervated by the musculocutaneous (C5-C6), axillary (C5-C6), 

radial (continuation of posterior cord), median (C6-T1), and ulnar (C8-T1) nerves 

(Hegmann et al., 2018). 

The muscles of the lower limbs can be divided into four groups: the gluteal 

muscles, thigh muscles, leg muscles, and foot muscles (Silverman et al., 2017; 

Stein et al., 2012). The muscles of the upper limbs are divided into 

axioappendicular muscles, scapulohumeral muscles, rotator cuff muscles, and 

muscles of the anterior and the posterior compartments of the arm. The hand is 

divided into the thenar, the hypothenar, the adductor compartment, and short 

muscles of the hand (Hegmann et al., 2018). These muscles work together in 
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complex processes that allow voluntary locomotion and manipulation of objects 

(Guéro, 2018; Silverman et al., 2017; Stein et al., 2012). 

 In spinal and bulbar onset of ALS, there is a combination of upper and lower 

motor neuron loss. In terms of presentation, upper motor neuron loss includes 

spasticity, weakness, and brisk deep tendon reflexes, whereas lower motor neuron 

loss leads to fasciculations, wasting, and weakness in muscles (Figure 1.3) 

(Kiernan et al., 2011). Spinal onset ALS is associated with slower progression and 

a better prognosis than the other variants (Kiernan et al., 2011; Kurian et al., 2009). 

Studies have shown that men are more likely to initially present with limb 

dysfunction (spinal onset), while women are more likely to experience bulbar onset 

(McCombe & Henderson, 2010). Limb dysfunction, however, is not a cause of 

death for patients with ALS. Patients with spinal onset ALS eventually develop 

dyspnea and/or dysphagia and are likely to die from respiratory complications 

caused by weakness in respiratory muscles, malnutrition, or dysphagia-related 

pneumonia (Kurian et al., 2009). 

 

Neuromuscular Junction (NMJ) Dysfunction 

Neuromuscular Junctions (NMJs) are the synapse where the axon terminal of a 

motor neuron meets the motor endplate, a highly excitable region of the muscle 

fiber plasma membrane. When the motor endplate is depolarized by acetylcholine, 

the action potential spreads across the muscle's surface, following depolarization, 

generating contraction (Krakora et al., 2012). These axon terminals are filled with 

microtubules that facilitate vital neuronal functions. Microtubules in the NMJs 
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Figure 1.3. Upper motor neurons send signals to facial and jaw musculature and lower 

motor neurons, which send signals to muscles throughout the body. (Muscular Dystrophy 

Association). 
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facilitate transportation of important molecules, mitochondrial recycling, vesicular 

and mRNA transport, and signaling of key survival factors from the neuron’s 

peripheral synapses (Clark et al., 2016). Any deficiency in the microtubules within 

the NMJ would lead to abnormalities in all of these important functions, causing a 

characteristic peripheral “dying back” of motor neurons (Figure 1.4) (Clark et al., 

2016; Krakora et al., 2012). Some studies have looked at the possibility of a “dying 

forward” mechanism as well, focusing on the death of motor neurons being the 

initial stage of ALS, leading to eventual dysfunction of the neuromuscular junctions 

due to axonal degeneration stemming from the neuronal cell body rather than the 

NMJ (Dadon-Nachum et al., 2011).  

 Several studies using SOD1G93A models have found that NMJ degeneration 

occurs in the early stages of ALS disease progression, before motor neuron loss 

begins, aligning with the dying-back hypothesis (Figure 1.3) (Krakora et al., 2012).  

NMJs are composed of a dense network of actin filaments and microtubules 

(Jasmin et al., 1990; Ralston et al., 1999). The organization of microtubules in 

NMJs, however, is still unknown. Motor neuron loss may be a direct cause of 

microtubule dysfunction in NMJs, negatively impacting axonal transport and the 

structure of NMJs. NMDs commonly diminish the mass of microtubules in motor 

neurons, resulting in corruption of polarity patterns, axonal transport, and cell 

structure (Matamoros & Baas, 2016). In both familial and sporadic ALS, 

microtubule mediated deficits in axonal transport are seen as a “tipping point” for 

motor neuron survival. The dysfunction is due to an alteration in microtubule 

associated proteins (MAPs) causing the rapid growth and shrinkage of microtubule 
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Figure 1.4. “Dying back” hypothesis. (Clark, Yeaman, Blizzard, Chuckowree, & Dickson, 

2016) (a) Healthy, functioning communication of NMJ and motor neuron. (b) In the dying back 

hypothesis (one hypothesis for the cause of ALS), a progressive distal to proximal 

degeneration occurs. 
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polymers (Clark et al., 2016). However, the pathophysiology of microtubule 

dysfunction and its functional impact is still poorly understood in ALS (Clark et al., 

2016; Krakora et al., 2012). 

 

Rodent models of ALS 

In 1993, cytosolic copper-zinc superoxide dismutase (SOD1) was the first gene to 

be isolated and implicated as a cause of ALS (Ghasemi & Brown, 2018). In familial 

ALS (~10% of all ALS cases), more than 170 mutations in SOD1 have now been 

detected as causative in up to 20% of cases (Ghasemi & Brown, 2018; Philips & 

Rothstein, 2015). In sporadic ALS, SOD1 is causative in up to 3% of cases 

(Acevedo-Arozena et al., 2011). SOD1 is a 153 amino acid protein involved in the 

conversion of superoxide to hydrogen peroxide (Philips & Rothstein, 2015). In 

general, the clinical signs seen with SOD1 rodent models are similar to the signs 

of adult onset progressive motor neuron disease in humans, in which there are 

varying ages of onset and disease progression rates (Ghasemi & Brown, 2018). 

SOD1G93A rodent models use a human SOD1 promotor to ubiquitously 

overexpress SOD1 (Philips & Rothstein, 2015). Because studies have found that 

knocking out SOD1 is not able to recapitulate disease phenotype, overexpression 

of SOD1 likely causes disease through a, still unknown, toxic gain of function 

acquired by the mutant protein (Acevedo-Arozena et al., 2011). There is also a 

possibility that SOD1 loss of function may play a modifying role in ALS (Saccon et 

al., 2013). However, distinguishing a cause from effect continues to be the 
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challenging factor in determining whether disease is caused from a toxic gain of 

function or loss of function (Huai & Zhang, 2019).  

Different SOD1G93A mouse lines have different transgene copy numbers 

and background strains leading to variable disease onset time points and 

progression rates. In the high copy number (HCN; expression of ~25 copies of the 

mutant transgene) SOD1G93A mouse model, with a C57B6/SJL background, mice 

have a clinical onset of approximately 90 days, and reach disease end-stage at 

approximately 120-140 days (Gurney et al., 1994; Tu et al., 1996). In this model, 

the first signs of disease onset are a plateau in growth and body weight, followed 

by a tremor in one or more limbs (Gurney et al., 1994; Heiman-Patterson et al., 

2005). This model has primarily hindlimb deficits, and there is evidence that the 

HCN SOD1G93A mice develop symptoms of oral dysfunction at as early as 60 days 

of age (Lever et al., 2009). This finding would suggest that oral dysphagia may be 

an initial clinical symptom of ALS in this model. In the low copy number (LCN; 

expression of ~8 copies of the mutant transgene) SOD1G93A mouse model, with a 

C57B6/SJL hybrid background, mice have an onset of variable limb muscle 

weakness at approximately 180 days, and reach disease end-stage at 

approximately 280-336 days (Gurney et al., 1994; Osman et al., 2019; Canto Dal 

& Gurney, 1997). A rat model of SOD1G93A is also commonly used to study ALS. 

In this model, with an L26H background, rats have a clinical onset at approximately 

120-140 days, and reach end-stage at approximately 170-200 days (Thomsen et 

al., 2014). Because the first signs of disease in all three rodent models is a plateau 

and decline in body weight followed by limb weakness and respiratory deficits, 
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disease onset is determined by a “peak” body weight that can only be isolated after 

body weight begins to decline (Thonhoff et al., 2007). The HCN and LCN SOD1 

mouse models and the SOD1 rat model are the most common rodent models used 

to study ALS (McGoldrick et al., 2013). Table 1.3 compares the three SOD1G93A 

rodent models relevant to this study based on age of clinical onset, age of end-

stage, initial clinical symptom, and background strain (Smittkamp et al., 2010). 

 The LCN mouse model and rat model are considered translational to human 

ALS because the disease progression is comparable to that of human ALS patients 

relative to the symptoms developed. This includes degeneration of motor neurons 

and impaired NMJ integrity which leads to limb paralysis and premature death 

(Morrice et al., 2018). The rat model, however, lacks XII motor neuron 

degeneration and dysphagia at end-stage, but both the LCN and HCN mouse 

models show evidence of XII degeneration and dysphagia. Between the HCN and 

LCN mouse models, only the LCN model develops significant tongue atrophy due 

to its increased lifespan, which then allows the progression and detection of other 

translational bulbar deficits that is similarly found in humans with ALS (Osman et 

al., 2019). The HCN mouse model also has a more aggressive disease course and 

shorter lifespan than the other two SOD1G93A models due to the high copies of the 

human SOD1 mutation, therefore making this model the least comparable to a 

disease progression timeline found in human patients. Due to these reasons, the 

LCN model would be the ideal model to use for dysphagia studies (Osman et al., 

2019; Smittkamp et al., 2010; Thomsen et al., 2014).  However, for this thesis, the 

aggressive disease course and shorter lifespan of the HCN SOD1G93A mice is 
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Table 1.3. SOD1G93A rodent models 
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beneficial in order to obtain preliminary results. To determine if a treatment is 

beneficial or harmful before moving forward with more translational models, rapid 

results are needed. 

 

Current Treatments of ALS 

The main objective of current ALS pharmacological and non-pharmacological 

therapeutic treatments is to prevent degeneration of motor neuron function and/or 

treat symptoms. To achieve this goal, interventions must be directed towards 

modification of ALS pathogenesis; however, the etiology of ALS is remarkably 

diverse and so development of effective therapies is a major challenge (Ludolph & 

Jesse, 2009). ALS is a severe clinical disease, and so pressure from patients, 

families, and the public push for fast therapeutic development. There have been a 

number of large clinical trials which have not been successful, and very few 

treatments have been marketed for ALS in the last few decades (Ludolph & Jesse, 

2009; Petrov et al., 2017) (Table 1.4).  

 The U.S. Food and Drug Administration (FDA) has approved two 

pharmaceutical treatments aimed at slowing the progression of ALS: Riluzole and 

Edaravone (Jaiswal, 2019). In 1995, Riluzole was the first approved 

pharmaceutical treatment for ALS in the US, and is only mildly effective in 

increasing survival up to 3 months (Petrov et al., 2017). Riluzole is a glutamatergic 

neurotransmission inhibitor (blocks excessive glutamate release from motor 

neurons) that is administered as oral medication. In 2017, Edaravone was 

approved for treatment in ALS and is only effective on patients that meet strict 
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Table 1.4. Summary of current treatments for ALS  

Treatment Target Model Used 
Problems/ 
Benefits 

AAV Viral 
Vector 

- Transduce dividing 
and non-diving 
cells6 

- SMA mouse 
model 

- SOD1G93A mouse 
model6, 29 

- Invasive 

- Increased survival6 

Lentiviral 
Vectors 

- Transduce diving 
and non-dividing 
cells6 

- SOD1G93A mouse 
model 

- SOD1G93A rat 
model6, 29 

- Limited to in vivo  

- Increased survival 
and delayed 
disease onset6 

Small Interfering 
RNA 

- Post- 
transcriptional 
mechanism of gene 
silencing mediated 
by small interfering 
RNA molecules6 

- SOD1G93A mouse 
model6 

- Difficulties of 
stably delivering 
siRNA to specific 
cell types 
hampered the 
translation 

- Unexpected 
toxicity or an 
increase in off-
target effects due 
to necessity of 
high dose6 

Antisense 
Oligonucleotides 

- Selectively target 
and bind mRNA6 

- C9-450 mouse 
model 

- SOD1G93A mouse 
model6 

- Repeated direct 
administrations 
into the CSF 
increases the 
possibility of 
complications 
associated with 
this delivery route6 

Physical 
Therapy 

- Manage symptoms 
by strengthening 
muscles21 

- Human trials21 - Limited benefits 

- Only beneficial to 
patients at early 
stages of disease20 

Drug Therapy - Riluzole- glutamate 
blocker 

- Edaravone- 
relieves the effects 
of oxidative 
stress17, 42 

- Human trials17 - Minor increases in 
survival 

- Only beneficial to 
patients with 
specific criteria17 
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inclusion criteria; patients with milder symptoms and shorter duration of illness 

(Jaiswal, 2019). Edaravone is an antioxidant drug found to be effective in halting 

ALS in the early stages, and treated patients showed greater functional ability than 

untreated patients after 6 months of disease progression. The exact targets of 

Edaravone are unknown, but it is a reactive oxygen species (ROS) inhibitor that 

scavenges hydrogen peroxide (H2O2) and protects cells against oxidative stress 

(Jaiswal, 2019; Petrov et al., 2017). 

In sALS, the etiology is still unexplained in 90% of cases, although there is 

evidence that spontaneous genetic mutations are one possible cause, so gene 

therapy may be a feasible treatment for sALS as well (Kiernan et al., 2011; Mejzini 

et al., 2019). Gene therapies targeting genes associated with sALS, including 

APEX1, ATXN2, CHMP2B, HFE, NEFH, SMN1, SMN2, PON 1, PON2, PON3, 

PRPH, VEGF and PGRN, have had variable outcomes (Chen et al., 2013) (Table 

1.4).  

 Some gene therapies also include non-viral strategies, for example, small 

interfering RNAs (siRNA) and antisense oligonucleotides (ASO). However, viral 

vector mediated strategies are favored because ASOs and siRNAs are rapidly 

degraded by endonucleases and require repeated invasive injection into the 

central nervous system for ALS treatment (Cappella et al., 2019). However, short 

hairpin RNA (shRNA) is an artificial RNA molecule with a tight hairpin turn that can 

be used to silence target gene expression and is self-replicating in the nucleus of 

cells, so it may be a viable option (Sliva & Schnierle, 2010).  All current gene 

therapies target the central nervous system, but evidence pointing to the “dying-
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back” hypothesis suggests that it may instead be beneficial to target peripheral 

muscles, axons, and neuromuscular junctions.  

 Most other treatments for ALS focus on managing symptoms of the disease. 

These treatments include physical therapy and exercise, dietary counseling, 

speech therapy, and occupational therapy (Kiernan et al., 2011). These therapies 

can help improve quality of life and prevent patient need of a respirator, 

tracheostomy, or feeding tube until later stages of the disease. Endurance exercise 

beginning in early stages of the disease can also delay disease onset and increase 

survival (Majmudar et al., 2014). However, there is currently no treatment that has 

shown any significant improvement in the critical functions that are impaired in 

ALS. Swallowing, breathing, and speech are important processes that when 

impaired, decrease the quality of life significantly. With current treatments, patients 

may have increased lifespan, but their quality of life is not maintained (i.e., patients 

still must decide if they want to be placed on a ventilator or have a feeding tube 

placed to stay alive).  

Identifying mechanisms of disease pathways and disease modifiers allows 

us to effectively diagnose and treat neurodegenerative diseases. By identifying 

“resistant” or “susceptible” neuronal populations that are either resistant or highly 

susceptible to ALS specifically, we are able to identify potential therapeutic targets. 

In a previous study, a small number of genes were identified that are likely to be 

involved in either the resistance or susceptibility of NMJ populations in both ALS 

and SMA. Three candidate genes (Celf5, Pgrmc1 and Stmn1) were found to 

significantly extend survival in an SMA model. These genes all underlie a cellular 
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defect relating to NMJ pathology (Murray et al., 2015). Stmn1 is one of the three 

candidate genes which are planned to be investigated in ALS, and has been 

previously investigated (and found to be beneficial) in an SMA mouse model 

(Villalón et al., 2019).   

Previous studies have also identified that gene expression of Stmn1 in the 

SOD1G93A mouse model, which we have utilized for this study, is variable at 

different stages of the disease. Stmn1 is upregulated at the pre-symptomatic and 

symptomatic stages and downregulated at disease end-stage (Bellouze et al., 

2016). These results suggest that upregulating the Stmn1 protein may be most 

beneficial at end-stage in this model; thus, AAV vector injection of the Stathmin 1 

(Stmn1) protein will be further investigated in this thesis. 

 

Stathmin-1 Protein (Stmn1) 

Stathmin-1 is a protein that plays an important role in cell cycle progression 

(Machado-Neto & Traina, 2015). This protein is highly expressed during embryonic 

development, and in all adult cells, it is expressed during cell proliferation and in 

nervous tissues (Machado-Neto & Traina, 2015; Nemunaitis, 2012). Normal 

microtubule function follows a pattern of stabilization and destabilization during 

various positions of the cell cycle and transition between these two phases is 

regulated by microtubule-stabilizing and microtubule-destabilizing proteins 

(Nemunaitis, 2012). Upregulation of the Stmn-1 protein allows quicker 

destabilization of diseased microtubules and new, healthy microtubules grow in 

their place (Clark et al., 2016).  
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Previous studies have shown that AAV-9 intracerebroventricular injection 

(ICV) of Stmn1 in an SMA (spinal muscular atrophy) mouse model significantly 

increased survival and weight gain compared to untreated SMA mice. Injected 

SMA mice were also found to have increased motor function, reduced NMJ 

pathology, and motor neuron cell preservation (Villalón et al., 2019). A study using 

C57BL/6 mice that were either wild-type (STMN1+/+), heterozygous (STMN1+/-), or 

null (STMN1-/-) has shown that an improvement of pathology is observed with an 

overexpression of the Stmn1 gene. It was observed that this gene contributes to 

tubulin dimer or polymer partitioning by regulating the tubulin level and increasing 

catastrophes at the beta-tubulin “plus” end. This helps to set the number of 

microtubules per cell and increases microtubule density when it is diminished 

(Ringhoff & Cassimeris, 2009). This data suggests that Stmn1 could be a potential 

therapeutic target for diseases that involve deficient microtubule density, such as 

ALS (Clark et al., 2016). 

 

 

Goal of the Study 

This project is designed to target the degenerative processes of skeletal muscle 

NMJs in ALS using an ICV injection of AAV9-STMN1 in an HCN SOD1G93A mouse 

model. Stmn1 has previously been AAV9 ICV injected in an SMA mouse model 

and the effects were found to be beneficial (Osman et al., 2019), but this same 

procedure has yet to be done in a SOD1G93A ALS mouse model. Because this 

study is aiming for preliminary results to determine if the Stmn1 treatment is 
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beneficial for ALS similar to what was observed in the SMA model, the HCN 

SOD1G93A mouse model is being used. This model will allow a more rapid disease 

course than the LCN SOD1G93A mouse model so that preliminary results can be 

obtained faster.  

 For this study, we wanted to determine if an AAV9-STMN1 ICV injection 

was beneficial in an ALS mouse model. To do this, we compared multiple outcome 

measures between three test groups: vehicle injected wild-type (WT), vehicle 

injected HCN SOD1 mice, and AAV9-STMN1 injected HCN SOD1 mice (males 

and females were included in each group). These outcome measures assessed 

survival, limb function, swallowing function, respiratory function, motor neuron 

survival, and muscle and NMJ pathology. We allocated the mice in this study to 

either a behavioral arm or survival arm based on parameters described in the 

methods section below. The behavioral arm of the study was used to assess limb, 

swallowing, and respiratory function, and to quantify temporal changes in disease 

onset and disease course. The survival arm was used to assess any adverse 

effects of the gene therapy or effects on overall lifespan of the mice. Thus, we 

tested the hypothesis that ICV injection of AAV9-STMN1 in HCN SOD1 mice would 

lead to disease protection by delaying onset of disease and increasing lifespan. 

Ultimately, our goal is to delay the onset of disease and extend survival in ALS 

patients. 

 The parameters that were used to assess general health and disease 

progression were body condition scoring (BCS) and clinical scoring. These scoring 

systems are a subjective semiquantitative method of assessing body fat and 
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muscle (Clingerman & Summers, 2012). The other outcome measures that were 

used to determine survival throughout the study were body weights and lifespan 

based on a humane study end-point of 20% body weight loss from maximum. 

These quantitative measures provided objective data to compare survival in 

experimental groups. Specifically, we hypothesized that the AAV9-STMN1 injected 

mice would have a delayed onset of body weight plateau and subsequently slower 

weight decline and so, ultimately, a longer lifespan when compared to the vehicle 

injected littermates. This result was observed in previous studies with SMA AAV9-

STMN1 injected mice (Villalón et al., 2019). 

 Limb function was assessed by two behavioral tests: the walking 

corridor/righting reflex test and the hanging wire test. Because we expected the 

AAV9-STMN1 to delay onset of muscle weakness by delaying motor neuron 

degeneration, we hypothesized that the AAV9-STMN1 injected ALS mice would 

perform the walking corridor test faster than vehicle injected HCN SOD1 littermates 

due to a lesser degree of muscle pathology. The AAV9-STMN1 injected mice were 

also expected to perform the righting reflex test faster and for longer (i.e., more 

days) than vehicle injected HCN SOD1 littermates. For the hanging wire test, we 

hypothesized that the AAV9-STMN1 injected mice would hang on to the wire for 

longer (more weeks and longer amounts of time) when compared to vehicle 

injected HCN SOD1 littermates. In previous studies with SMA mice, there was a 

lesser degree of muscle pathology found in the AAV9-STMN1 injected mice 

(Villalón et al., 2019). Observing these results would suggest that the AAV9-
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STMN1 injection delays the onset and slows the progression of limb dysfunction 

in ALS mice. 

 Swallowing function was assessed by videofluoroscopic swallowing 

studies. This study is a radiographic procedure that provides a view of oral, 

pharyngeal, and esophageal function during swallowing to facilitate dysphagia 

research (Lever et al., 2015). We hypothesized that the AAV9-STMN1 injected 

mice would have increased lick rates, decreased inter-lick-intervals, increased 

swallow rates, decreased inter-swallow-intervals, and decreased pharyngeal 

transit times and esophageal transit times versus vehicle injected HCN SOD1 

littermates. Furthermore, we hypothesized that the AAV9-STMN1 injection would 

slow the progression of swallow deficits due to a decrease in genioglossus muscle 

weakness and hypoglossal deterioration. In previous studies of HCN SOD1G93A 

mice, WT mice were shown to have increased lick rate and increased mastication 

rate than the SOD1 mice resulting from pathology in the hypoglossal nucleus 

(Lever et al., 2009). Because the AAV9-STMN1 injection was found to result in a 

lesser degree of pathology in the motor neurons of SMA mice, we expected similar 

results in the ALS mice. 

 Furthermore, we hypothesized that the AAV9-STMN1 injection would also 

delay respiratory muscle weakness by delaying motor neuron degeneration and 

preserving phrenic nerve function. Loss of motor neurons leads to symptomatic 

respiratory muscle fatigue in the diaphragm, which causes hypercapnia and 

hypoxemia (De Carvalho et al., 2019). Thus, because the AAV9-STMN1 injection 

was found to improve motor neuron cell preservation, we hypothesized that AAV9-
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STMN1 injected mice would have breathing function (increased tidal volume, 

frequency, minute ventilation, and mean inspiratory flow) that was preserved for 

longer versus vehicle injected HCN SOD1 littermates (Villalón et al., 2019). These 

outcome measures were assessed by Whole Body Plethysmography (WBP). WBP 

is used to measure respiratory parameters in conscious unrestrained subjects 

(Nichols et al., 2015). 

 As it was previously shown in SMA mice, the AAV9-STMN1 injection is 

expected to decrease NMJ pathology and, ultimately, delay the death of motor 

neurons (Villalón et al., 2019). NMJ pathology will be assessed by Dr. Lorson’s 

lab; NMJs present at resistant and susceptible motor units will be examined. We 

hypothesize that the AAV9-STMN1 injected mice will have more fully innervated 

NMJs, and less partially innervated or denervated NMJs in the limb and trunk 

muscles than the untreated mice (i.e., the NMJs of treated mice will have 

decreased pathology). Motor neurons in the facial and hypoglossal nucleus and 

lumbar motor column (L1-L6) will also be counted by Dr. Lorson’s lab to determine 

survival, which will be identified by a cell body and nucleus. Because of the 

expected improved NMJ pathology, we hypothesize that the AAV9-STMN1 

injected mice will have more surviving motor neurons than the vehicle injected 

mice at end-stage. Lastly, Dr. Lorson’s lab will also assess muscle pathology by 

hematoxylin and eosin staining of the gastrocnemius, quadriceps, and intercostal 

muscles. AAV9-STMN1 injected mice are hypothesized to have less muscle 

pathology than the vehicle injected mice due to the delay in motor neuron death. 
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These results would suggest that the injection directly contributes to overall 

disease protection. 

 In this thesis, we aimed to collect and review preliminary results of 

behavioral testing and survival of HCN SOD1G93A AAV9-STMN1 injected mice. 

Since we utilized behavioral testing techniques that were developed for this study, 

I also evaluated the effectiveness of the modified walking corridor/motivated 

righting reflex and modified hanging wire test in assessing limb function for HCN 

SOD1G93A mice. Our long-term goal is to evaluate all of the above outcome 

measures and determine the effectiveness of the AAV9-STMN1 treatment on limb 

function, swallow function, respiratory function, delaying disease onset and 

extending survival. The preliminary results included in this thesis will contribute to 

the direction of future studies involving AAV9-STMN1 treatment for ALS in different 

ALS models, as well as provide insight into possible pathological microtubule-

related mechanisms that contribute to the symptoms of ALS. 
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Chapter 2 

METHODS 

Animals  

A colony of transgenic mice expressing the high copy number mutant human 

SOD1G93A gene was established by cross-breeding transgenic [B6SJL-

TgN(SOD1-G93A)1/Gur/J] males with wild-type (WT) [B6SJLF1/J hybrid] females 

obtained from the Jackson Laboratory (Bar Harbor, ME). Offspring of these 

breeders were genotyped by Hailian Shen in Dr. Lorson’s lab the week of birth 

using PCR of tail DNA. Researchers were blind to the genotype of the animals until 

the phenotypes became obvious due to symptom expression. Animals were 

housed in group cages of no more than 4 per cage, in a temperature-controlled 

room maintained under a 12:12 light:dark cycle in a standard animal facility. 

Animals were allowed unlimited access to standard food pellets and water (except 

during some experimental testing, described below). Daily health monitoring was 

performed by veterinary staff.   

Weights were conducted starting at birth for all animals. After behavioral 

conditioning at 4-5 weeks of age, all mice in the study were allocated to either a 

behavioral or survival arm of the study based on their performance of behavioral 

tests during conditioning. Overall in this thesis, there were 17 HCN SOD1G93A 

AAV9-STMN1 injected transgenic mice, 6 HCN SOD1G93A vehicle injected 

transgenic mice, and 7 non-transgenic (WT) vehicle injected age-matched 

littermates. Nine SOD1 AAV9-STMN1 injected mice, 6 SOD1 vehicle injected 

mice, and 7 WT vehicle injected mice were allocated to the behavioral testing arm 
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of the study. Eight SOD1 AAV9-STMN1 injected mice were allocated to the 

survival arm, and were first used for troubleshooting purposes. 

 

Intracerebroventricular (ICV) Injection and Treatment Groups 

To induce overexpression of Stathmin-1 (Stmn1) in neurons and astrocytes in the 

central nervous system, 1 × 1011 viral particles of scAAV9-STMN1 were delivered 

via an intracerebroventricular (ICV) AAV9 (adeno-associated viral) vector-based 

delivery system (Villalón et al., 2019; Hammond et al., 2017). Fifteen HCN mice 

underwent a single ICV injection the week of birth (postnatal day (PND) 0 (day of 

birth) - PND5) with 6.75 µL viral vector + 1 µL of 0.05% w/v trypan blue dye 

(1.0 × 1011 AAV9-STMN1 viral genomes). Another 15 HCN mice underwent a 

single ICV vehicle injection at the same time with 6.75 µL phosphate buffered 

saline (PBS) + 1 µL 0.05% w/v trypan blue dye. The needle used for this injection 

was a calibrated and sterilized glass micro-liter micropipette attached to a PE-10 

PVC tube 31.75 cm long and a 3 ml single-use syringe plunger which controls the 

vacuum of the entire apparatus (Figure 2.1). The syringe was replaced for each 

cohort  and the needle was replaced for each injection. 

The tip of the micropipette was broken with a spatula and adjusted for a 2 

mm penetration in the skull, to serve as the needle. This needle was then placed 

diagonally in the microcentrifuge tube containing the injection solution. The 

injection solution was then loaded into the needle but not the tubing or syringe by 

gently pulling the plunger of the syringe to create a vacuum in the needle. For the 

injection (Figure 2.2), the needle was inserted 2 mm deep in the left ventricle of 



39 
 

Figure 2.1. Components of i.c.v. injection. A calibrated and sterilized glass micro-liter 

micropipette attached to a 3 ml single-use syringe plunger through a long PE-10 PVC tube of 

variable length used for vector injection. Injections were performed in the left lateral ventricle 

by Caley Smith in Dr. Lorson’s lab. 
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Figure 2.2. Map used for intracerebroventricular injection. Modified from Glascock et al., 

2011. The red circles highlight the lateral ventricles which permit successful injection. Located 

approximately 0.25 mm lateral to the sagittal suture, and 0.50–0.75 mm rostral to the neonatal 

coronary suture.  
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the skull, perpendicular to the skull surface, at a location approximately 0.25 mm 

lateral to the sagittal suture and 0.50–0.75 mm rostral to the neonatal coronary 

suture. Although there are two ventricles that can be targeted for the injection, only 

one injection in either of the ventricles is necessary.  

Dr. Lorson’s lab has performed AAV9-STMN1 injections in both the right 

and left lateral ventricles and had the same distribution of the Stmn1 vector 

expression throughout the CNS. Accurate injection in one of the ventricles allows 

distribution of either viral vector or PBS and trypan blue in both the right and left 

cerebral hemispheres and olfactory bulbs approximately 60 minutes post-injection 

due to the connectivity of the cerebral ventricles (Glascock et al., 2011).  

 

Mouse Identification 

Genotyping 

The week of birth (PND0-PND5), mice were genotyped by polymerase chain 

reaction (PCR) amplification of tail DNA so that AAV9 and vehicle injections could 

be administered (PND0-PND5) to HCN SOD1G93A transgenic mice (n=23). 

Genotyping also allowed us to determine which mice in the study were non-

transgenic (WT) (n=7). No more than 1 mm of the tail was removed via tail snip 

(Figure 2.3). If genotyping results were inconclusive, a second tail snip of no more 

than 1 mm was collected without general anesthesia or local anesthetic. Using a 

protocol optimized from the Jackson Laboratory of Bar Harbor, ME, tail snips were 

first placed into 30 µL of lysis buffer (25mM NaOH/0.2mM EDTA) in a 1.5 ml 

Eppendorf (EP) microcentrifuge tube and incubated at 98°C for 1 h. 30 µL 
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Figure 2.3. Tail snip measurement for genotyping. An example from this study of 

the appropriate tail length (1mm). 



43 
 

neutralization buffer was then added to the above EP microcentrifuge tube, mixed 

well, and cooled on ice for 10 min. The EP microcentrifuge tube was then 

centrifuged 12,000 g x10 min. The resulting supernatant was used as the genotype 

PCR DNA template. The following reagents were equally aliquoted into a number 

(N) of 0.2 µL PCR tubes, if we have (N-1) samples: (2.5µL)xN of 10x Thermopol 

Reaction Buffer, (1.0 µL)xN of 10 µM dNTP, (0.5 µL)xN of 10 µM OLMR 0113, (0.5 

µL)xN of 10 µM OLMR 0114, (0.5 µL)xN of 10 µM OLMR 7338, (0.5 µL)xN of 10 

µM OLMR 7339, (0.2 µL)xN of Taq DNA Polymerase, 1.0 µL of the DNA template 

and (18.3 µL)xN of ddH2O for a total of 24 µL of reagent. Primers were sequenced 

for; OLMR 0113 5’-CATCAGCCCTAATCCATCTGA, OLMR 0114 5’-

CGCGACTAACAATCAAAGTGA, OLMR 7338 5’-

CTAGGCCACAGAATTGAAAGATCT, and OLMR 7339 5’-

GTAGGTGGAAATTCTAGCATCATC (Sigma-Aldrich; St. Louis, MO). A 1 µL DNA 

template was added into each PCR tube, except the control. One µL of ddH2O was 

added into the last tube as a negative control. The PCR tubes were then placed 

into an Eppendorf Mastercycler nexus gradient thermocycler (Invitrogen; Waltham, 

MA), using the following conditions: (1) 95°C for 2.5 min, (2) 95°C for 30 sec, (3) 

58°C for 30 sec, (4) 68°C for 30 sec, and start again at step (2), totaling 36 cycles. 

A 1.5% Agarose gel (with ethidium bromide) was prepared to run the PCR product. 

Following electrophoresis, the DNA was transferred to a nylon membrane. 

This membrane was then prehybridized in Church’s Buffer (0.5 M NaP04, 7% SDS, 

10 mM EDTA) at 65°C for 1 h as previously utilized (Lorson et al., 2011). The 

membrane was hybridized overnight at 63°C with boiled probe and Church’s buffer 
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(prepared from molecular biology grade SDS, monosodium phosphate, EDTA and 

BSA Fraction V using DNase, Rnase and Protease-free water). The next day, the 

membrane was washed successively with 10× SSC/1% SDS, 2× SSC/1% SDS, 

0.5× SSC/1% SDS each for 20 min at 63°C and then exposed to film. 

 

Marking of Animals 

Beginning at birth, each mouse in a litter was marked with an industrial Sharpie in 

chronological order starting at 1 for identification purposes (i.e., no duplicate 

numbers per cage). The belly and shoulder/hindlimb of each pup were marked with 

thick, dark strokes every other day until fur was present using a combination of 

numbers and shoulder/hindlimb markings (Figure 2.3). The marking scheme 

shown in table 2.1 below was used when marking the dorsal side of the pups. The 

nature of these unique markings being isolated to independent limbs of the mouse 

allows easy identification even after grooming from the mother. Grooming can 

cause spots of the marking to lighten or disappear, making roman numerals difficult 

to decipher with certainty, however, these markings provided certain identification.  

 The belly of the pups in each cage was marked using an industrial Sharpie 

to provide a second form of identification only used if the dorsal markings were 

unclear. Beginning with Roman numeral one, Roman numerals were marked on 

the belly for all numbers except 8 and 9 which were written as the numbers 

themselves for more accurate identification. On the back, the pups were marked 

using a combination of forelimb and hindlimb markings unique to each 

identification marking. For pups numbered 1-16, the dorsal markings are included 
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in the table below (Table 2.1). More than 16 markings were not needed because 

no litter included more than 16 pups. At the time of marking, mice were also 

assigned a “mouse identification number” unique to each mouse so that it could 

be identified and linked to the corresponding data throughout the study. Once fur 

was present, typically around 14-15 days of age, the pups were marked as needed 

with a fur dye solution (0.5 g basic fuchsin, 3.0 ml phenol, 5.0 ml ethyl alcohol, 41.5 

ml distilled water) using the same marking combinations until weaning. 

 

Weaning and Ear Punching 

Metal identification tags interfere with VFSS testing; therefore, we used ear 

punching for individual mouse identification purposes after weaning. At weaning 

(19-21 days), ear punching was performed without general anesthesia or local 

anesthetic, with no more than 2 ear punches per mouse (left and right) (Figure 

2.4). For re-identification purposes after 21 days of age, 1 or 2 ear punches were 

performed as necessary, without general anesthesia or local anesthetic as used in 

a protocol previously developed for mice  (Osman et al., 2020). Ear hemorrhage 

was controlled using manual pressure, cauterization, or a chemical coagulant 

applied directly to the wound. OAR veterinary staff monitored animals for 

inflammation or infection following these procedures until the wounds were healed 

(Figure 2.4.).  

  At the same time as weaning and ear punching, mice were separated into 

group cages first by sex and then coat color, with no more than 4 mice per cage 

and as few mice with the same coat color per cage as possible. An exercise wheel  
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Figure 2.4. Representative right ear punch collection. 
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may interfere with behavioral testing outcome data for this study, so instead, cages 

included a metal wire ring for enrichment and to reduce aggression in the group-

housed cages. 

 

Body Weight 

Weight loss from maximum body weight is a commonly used indicator of clinical 

disease onset in SOD1 mice (Lever et al., 2009). Dr. Lever’s extensive work with 

the HCN-SOD1G93A model has identified that a 20% reduction from maximum body 

weight is the optimal study endpoint criterion for dysphagia studies. Regardless of 

disease progression, all mice are still able to access food and water in the home 

cage at this humane study endpoint; therefore, testing can be sufficiently 

conducted without risking missing data from mice that are unable to actively 

participate. For our experiments, body weight (g) was collected for each mouse 

using a digital balance. To avoid any variation, weighing was performed at 

approximately the same time every day and the same day of the week.  

 This project worked on optimizing a body weight protocol for the HCN 

SOD1G93A mice throughout their life. As pups, the amount of body weight loss or 

lack of weight gain that would necessitate euthanasia and represent a true “failure 

to thrive” is ultimately unknown in this model. Therefore, we propose that weighing 

the mice three times weekly, beginning at birth, would allow monitoring for early 

adverse effects of the gene therapy necessitating euthanasia prior to weaning. We 

defined this point as 15% weight loss or failure to gain weight over two consecutive 

weeks. After reaching a body weight maximum in adulthood, if mice reach a weight 
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loss of 10% from this maximum, this suggests acceleration of disease. We 

proposed weighing the mice daily once they reach this threshold to detect when 

they have reached the humane study endpoint (20% reduction from maximum 

body weight). SOD1G93A mouse body weights vary considerably during the course 

of a week (Hatzipetros et al., 2015). This thesis also serves to determine if 

averaging a window of three weights, including the maximum weight and the two 

surrounding weights, would allow a more accurate representation of a “maximum” 

body weight used to determine percent body weight loss for euthanasia. This 

thesis also is optimizing the use of a “sliding window” that averages two versus 

three consecutive weights at a time to calculate percent weight loss following 

maximum body weight until the study end-point is reached (20% reduction from 

maximum body weight) .  

 

Assessment of General Health and Disease Progression 

This study worked to optimize mouse condition scoring methods to assess general 

health and disease progression of the HCN SOD1G93A mice. We proposed 

simultaneously using the two methods below to provide detailed, qualitative 

documentation for the progression of disease. This will further aid in determination 

of possible effects relating to the treatment (AAV9-STMN1 injection).  

 

Body Condition Score 

Body Condition score (BCS) involves assigning an animal points based on 

observable hind limb motor deficits in order to identify animals as they progress 
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through five different stages of disease (Table 2.2). BCS was evaluated for each 

mouse three times weekly, beginning at 4 weeks of age, until mice reached 

disease end-stage criteria. Body condition score was evaluated on a 1-5 scale. 

BCS of 1 represented emaciation, whereby vertebrae were segmented and visible 

with little overlaying flesh; ischial tuberosities and dorsal pelvis were visible. BCS 

of 2 represented under-conditioned, whereby vertebrae were visible with some 

overlaying flesh detected on palpation and pelvic prominences were easily 

palpable. BCS of 3 was a well-conditioned mouse; vertebrae and pelvis were 

palpable with slight pressure. BCS of 4 was over-conditioned; vertebrae and pelvis 

were palpable with firm pressure. BCS of 5 was obese; mouse appeared round 

and plump, and the spine and pelvis were not palpable (Table 2.2).  

 

Qualitative Condition Score 

Qualitative condition was scored on a 1-3 scale on three parameters (appearance, 

provoked behavior (response to stimuli), and natural behavior) to assess general 

health and disease progression (Table 2.2). All parameters were assessed in the 

mouse’s normal enclosure three times weekly, beginning at 4 weeks of age, until 

mice reached disease end-stage criteria.  

An appearance score of 1 indicated a normal, healthy mouse evident by 

bright eyes, shiny coat, well groomed, and a natural posture. An appearance score 

of 2 indicated early pathology or discomfort by the presence of one of the following 

traits: dull or unkempt coat, squinted eyes, slight kyphosis. An appearance score 
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Table 2.2. Summary of health assessment tests. This table allows a visual representation of 

the differences in scoring parameters between the two tests and exemplifies the need for both 

tests in this study. 

 

Health Assessment Scoring Test Score Parameters 

Body Condition Score 

1 Emaciated 

2 Undercondtioned 

3 Conditioned well 

4 Over conditioned  

5 Obese 

Qualitative 
Condition Score 

Appearance Score 

1 Normal, healthy 

2 One abnormal appearance trait 

3 >One abnormal appearance trait 

Natural Behavior 
Score 

1 Active 

2 Decreased activity 

3 Immotile 

Provoked Behavior 
Score 

1 Prompt response         

2 Delayed/labored response 

3 Weak/no response 
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of 3 indicated more severe pathology by the presence of piloerection and kyphosis, 

with or without squinted eyes.   

A natural behavior score of 1 indicated a normal, healthy mouse evident by 

an active mouse that interacts with environment and other mice (if applicable). A 

behavior score of 2 indicated decreased activity and/or social isolation. A behavior 

score of 3 indicated a marked decrease in activity with possible immotile and/or 

social isolation.  

 Provoked behavior was judged by placing a hand in the enclosure and 

gently nudging the mouse. A score of 1 was assigned to mice that either quickly 

run away from or turn toward the hand. A score of 2 was assigned to mice that 

have a delayed or labored response. A score of 3 was assigned to mice that do 

not respond or provide only a very minimal response indicating muscle weakness 

such as slow head turning only. 

 

Behavioral Assessment 

Prior to testing, weeks 4 and 5 served as a behavioral conditioning period, with 

mice undergoing training sessions consisting of “mock testing” three times a week 

for 2 weeks, whereby mice were exposed to all test conditions. All testing (and 

behavioral conditioning) included a 1-2 hour acclimation period in the test room. 

 

Hanging Wire Test 

For this project, limb function assessment in HCN SOD1G93A mice was optimized 

using the Hanging wire test (HWT) and Walking Corridor/ Motivated Writing Reflex 
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test (described below), tested 2x/week beginning at 6 weeks of age. For the HWT, 

mice were placed on a wire mesh screen (30 X 43 cm with 11 x 11 mm squares of 

1.25 mm diameter wire) that we surrounded by a plastic, black colored “barrier” 

wall ~7.0 cm below the wire mesh screen during testing to prevent the mice from 

escaping to the other side. This barrier was made by the University of Missouri 

Physics Machine Shop. The wire mesh screen and connected barrier were 

suspended ~35 cm above a thick layer of soft bedding at the bottom of a large 

plastic bin to cushion the mouse if it fell. The large plastic bin was lined with a 

plastic bag for easy clean-up purposes (Figure 2.5).  

 The hanging wire screen was gently shaken to prompt the mouse to grip 

the wire before the screen was inverted above the bedding, with the mouse’s head 

declining first. This test assessed paw grip endurance by measuring the time (in 

seconds) that each mouse could hold onto the inverted screen before falling and 

therefore is effective in quantifying limb function. For this study, each mouse was 

given up to three attempts per session to reach a cutoff time point of 5 minutes 

(300 seconds). Animals that were unable to hold onto the screen by the end of the 

2-week behavioral conditioning period were determined unable to perform the task 

even at peak limb function so they were not included in the sampling pool and 

allocated to survival analysis. Thereafter, the best trial (i.e., longest latency to fall) 

for each mouse at each weekly time point was recorded for use in statistical 

analysis. Once mice could not hold on to the screen for more than 2.5 minutes, 

they were also tested using the “motivated righting reflex test” (below). Once mice 

could not hold onto the screen for more than 30 seconds, they were tested using 
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Figure 2.5. Hanging wire test components. Timer and 3D printed timer holder used to easily 

record the time it takes for a mouse to hold on to the wire mesh screen up to 5 minutes and 

the wire mesh screen is suspended ~35 cm above the base of the plastic bin. 
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a smaller wire mesh screen (15 x 21.5 cm) that was manually held approximately 

20 cm into the test bin so that when the mouse fell, it fell a shorter distance and 

was not injured.  

 

Walking Corridor/ Motivated Righting Reflex Test 

Limb function was also assessed using a modified custom “walking corridor and 

righting reflex” device, a protocol this thesis is working to establish in Dr. Lever’s 

lab. The main walking corridor component was a clear polycarbonate tube (38 x 5 

x 5 cm) that fit within several structural components that were made using our lab’s 

3D printer and non-toxic, food-safe plastic filament. These structural components 

created an open corral entrance and an exit holding chamber with a trap door that 

prevented mice from re-entering the corridor after each test run. The components 

also darkened the interior of the chamber (which mice prefer) while providing 

strategically located windows for visual observation of mice during testing. The 

corridor was set to 10-degree incline challenge to accentuate motility deficits 

(Figure 2.6). 

 For our study, the walking corridor test was placed on a height adjustable 

desktop riser to allow for easy manipulation of the mouse in the “corral entrance” 

and easy visualization of the mouse in the running window used for determination 

of the run stop time. Mice were suspended by the tail and gently released into the 

walking corridor “corral entrance” with the snout facing the corridor opening. The 

time (in seconds) it took each mouse to find the corridor opening and walk/run the 

entire corridor length (35 cm, 10% incline) to reach the holding chamber was 
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Figure 2.6. Walking corridor/ motivated 

writing reflex test. (A) labelled 

components of the walking corridor/ 

motivated writing reflex test (B) Foot pedal 

timer used to record the mouse run-time. 
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recorded using a foot pedal timer (Figure 2.6). The location of the corridor opening 

never changed because this task was designed to measure motor performance 

rather than cognitive function. If a mouse became “stalled” in the corridor, a 

telescoping sponge was used to gently guide the mouse through to the holding 

chamber which contained a “house”, similar to the one that remains in their cage 

at all times, positioned with the entrance of the house facing the corridor. This 

provided familiarity in the holding chamber to further motivate the mouse.  

 During the training weeks, the mice must be trained to run in only one 

direction; therefore the “stalled” mice were guided through the corridor, so they 

were not learning the wrong task. The “guided” trials were not indicative of the 

mouse’s maximum performance, so instead of recording run time, it was 

documented that the telescoping pointer was used. Animals that were unable to 

find/traverse the corridor within 10 seconds by the end of the 2-week behavioral 

conditioning period were not included in the sampling pool. Thereafter, testing 

occurred weekly (until mice began to show signs of limb weakness, described 

below), with each mouse given up to three attempts to find/traverse 

the corridor. The best trial (i.e., shortest latency to traverse the corridor) for 

each mouse at each weekly time point was recorded for use in statistical analysis. 

If the telescoping pointer was used after the training period, then the “stalled” 

mouse was given one extra run to replace the stalled run. 

 We collected pilot data to determine the ideal task cut-off time for the 

Hanging Wire test representing an indicator of limb weakness. We determined this 

cut-off time to be 30 seconds, and once a mouse could no longer hang on for this 
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amount of time, the walking corridor test was converted into the “motivated righting 

reflex test”. The same walking corridor was used; however, mice were placed on 

their side in the “corral entrance”, with the snout facing the corridor opening so that 

the mice were “motivated” to escape into the corridor that they were conditioned 

to recognize. A camera was used to record the “righting” component of the 

motivated righting reflex test. The videos were examined to determine two time-

based measures (see below). The time (seconds) it took for the mouse to traverse 

the corridor and reach the holding chamber after being placed at the entrance of 

the walking corridor was recorded. This test was performed twice for each side (left 

versus right) each week, and the best trial (i.e., shortest combined latency for the 

mouse to right itself and then traverse the corridor) for each mouse at each time 

point was determined and recorded for use in statistical analysis. We then 

investigated how performance on the “motivated righting reflex” correlated with 

body weight loss in the HCN SOD1G93A model, especially at the standard humane 

endpoint (i.e., 20% body weight loss). 

 

Walking Corridor/ Motivated Righting Reflex Analysis 

The motivated righting reflex test was performed twice for each side (left and right) 

each week and the best time out of three trials was determined by analyzing videos 

recorded via a USB web camera attached to a flexible arm that is clamped to the 

desktop riser.  The camera is positioned at a slightly downward angle such that the 

entire corral entrance is in view and positioned so that the walking corridor is visible 

during testing. While examining the videos, the “start” for the righting time was 
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when the researcher released their fingers from the pinned mouse in the corral 

entrance. The “stop” time was when the mouse stabilized itself upright on all four 

limbs. For the second measure, the “start” time was when the mouse stabilized 

itself upright on all four limbs, and the “stop” time was when the mouse passed 

beyond the 5 cm circle marker in the corral entrance. 

 

Videofluoroscopic Swallow Study (VFSS) 

Mice underwent VFSS testing following our established protocol and custom 

equipment (Figure 2.7) (Lever, T.E., Brooks, R.T., et al, 2015). Mice were 

behaviorally conditioned starting at 4 weeks of age 1-2 times per week for 2 weeks. 

To familiarize mice to the testing components during priming, mice were exposed 

to the standard VFSS test chamber (15 x 5 x 5 cm polycarbonate tube) and a 

chocolate-flavored solution (3% chocolate-flavored water without contrast agent) 

similar to the one used during testing, in the home cage for 2-3 hours. The 

chocolate solution was administered via a sipper tube inserted through a hole on 

the top of the VFSS test chamber during priming to familiarize the mouse with the 

solution; however, a peg bowl was used to administer the chocolate solution during 

testing (described below). 

 Based on previously published research on wild-type rodents, HCN 

SOD1G93A transgenic mice, and LCN SOD1G93A transgenic mice (Lever et al., 

2009), a restricted water schedule was used in which animals did not receive water 

for 12-16 h overnight to motivate mice to drink while being video recorded. During 

the water restriction, a test chamber (with one endcap) was placed in the home  
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Figure 2.7. VFSS testing chamber setup. (A) VFSS x-ray testing machine. (B) 

representative fluoroscopic image; Jaw motion (closed/ open) and bolus flow are 

assessed frame by frame in a lateral plane allowing quantification of swallow outcome 

measures. (C)Contrast solution fed through contrast delivery catheter into a peg-bowl. 

Testing was performed by Kate Osman in Dr. Lever’s lab. 

Webcam 

A. B.

[

C.

G



61 
 

cage overnight for the mice to explore. This same test chamber was used during 

VFSS testing the following morning after washing with tap water and drying with a 

Kimwipe. VFSS testing of individual mice was performed once every other week 

beginning at 6 weeks of age in the lateral plane using our miniaturized, low energy 

fluoroscope (The LabScope, Glenbrook Technologies, Newark, NJ). Each mouse 

was enclosed in the VFSS test chamber from the home cage, after removal of 

overnight debris. Mice were easily coaxed to enter the chamber by strategically 

placing the chamber opening in front of a mouse inside the home cage, or by 

suspending a mouse by the base of the tail over the chamber opening. The mouse 

was then enclosed in the chamber by simply attaching the 2nd endcap, which 

contained a small peg-bowl to administer the chocolate solution during testing. The 

standard liquid test solution (chocolate-flavored water with 50% iohexol added; 

Omnipaque 350, GE Healthcare) was manually administered, at room temperature 

within 4 hours of preparation, into the peg-bowl via a custom syringe delivery 

system.  

The test chamber prevented escape while creating a quiet, low anxiety 

environment that restricted extraneous exploratory behaviors. Immediately after 

enclosing the mouse, the test chamber was positioned on a remote-controlled lift 

table within the c-arm portion of our miniature fluoroscope. A webcam positioned 

above the chamber provided real-time viewing of the mouse at all times. VFSS 

testing was performed in the lateral (horizontal) plane while remotely adjusting the 

lift table as needed to maintain the swallowing mechanism (snout to stomach) of 

each mouse in the fluoroscopy field of view during voluntarily drinking from the 
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bowl, as shown in Figure 2.7 and 2.8. To minimize radiation exposure, the 

fluoroscope was manually activated via a foot pedal only when the mouse was 

positioned in front of the peg bowl, as visualized via the webcam. The total 

radiation exposure time for individual mice during a single VFSS test was typically 

2-5 minutes, depending on behavioral compliance. 

 

VFSS Analysis 

At a later time, videos recorded during VFSS testing were manually clipped into 5-

second videos using Pinnacle Studio 18 software (Pinnacle Systems Inc. Mountain 

View, CA), which were then analyzed utilizing our semi-automated custom jaw 

tracking interface (Figure 2.8). The metrics that were used to analyze the videos 

in this study were ones that have been previously defined using HCN SOD1G93A 

and LCN SOD1G93A models. These metrics were sensitive to swallowing changes 

over time and showed statistically significant differences in swallowing behavior 

(Osman et al., 2020). A combination of one, two, three, four or five second clips 

adding up to fifteen seconds were clipped for each mouse for further analysis. Five 

second clips were preferred to allow the most accurate calculation of VFSS 

parameters, but if a five second clip with continuous and uninterrupted drinking 

was not available, then a combination of the other length videos were used. These 

clips served as the framework for video analysis. The semi-automated JawTrackTM 

software was used by one independent reviewer to identify the maximum opening 

and closing of the upper and lower jaw, lick rate, swallow rate, inter-swallow 

interval (ISI), inter lick interval (ILI), pharyngeal transit time (PTT), and esophageal 
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Figure 2.8. Representation image of the JawTrack software. Specific drinking behaviors 

were tracked by analysis of clipped videos (three, five second clips). ILI= inter-lick interval, 

PTT= pharyngeal transit time, ISI= inter-swallow interval. 



64 
 

transit time (ETT) (Figure 2.8). All tracked videos were verified by at least two 

trained reviewers, where the second reviewer was blinded to the values 

determined by the first reviewer. Any reviewer discrepancies were resolved by 

group consensus (Osman et al., 2020).  

 

Whole Body Plethysmography (WBP) 

Respiratory function was studied using a whole-body, flow-through 

plethysmograph (Data Science International; New Brighton, MN) once a week 

beginning at 6 weeks of age. Testing was done on the same day every week. An 

individual mouse was placed in the plethysmograph and respiratory activity was 

detected via pressure changes in the chamber as the animal inhaled and exhaled.  

Two mice were able to be tested at the same time in separate chambers 

(Figure 2.9). Mice were initially acclimated to the chamber while breathing room 

air [21% O2, balance nitrogen (N2); flushed at ~3 liters/min]. Once the mice were 

calm, typically within 5-10 min, recording began. Three experimental conditions 

were investigated: normoxia [21% O2, balance nitrogen (N2); flushed at ~3 

liters/min] for 30 minutes, followed by hypercapnia (21% O2, 7% carbon dioxide 

(CO2), balance N2; 5 min) for 5 minutes, and finally hypoxia + hypercapnia (10.5% 

O2/7% CO2; 5 min) for 5 minutes. Immediately following testing, mice were 

returned to normoxia in the chamber for 10 minutes before being returned to the 

home cage. Data was analyzed to calculate respiratory outcome measures which 

included: tidal volume, respiratory frequency, inspiratory time, expiratory time, 

peak inspiratory flow, peak expiratory flow mean inspiratory flow, and minute 
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Figure 2.9. Whole body plethysmography chamber. Testing was performed by Catherine 

Smith in Dr. Nichols’ lab. 
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ventilation (Figure 2.9).  

 

Euthanasia 

For this study, transgenic mice were euthanized following a 20% weekly average 

body weight loss from body weight maximum. Non-transgenic mice were 

euthanized once all transgenic littermates were euthanized. Kate Osman in Dr. 

Lever’s lab euthanized the mice by an overdose of sodium pentobarbital and 

subsequent transcardial perfusion with 30 mL of 0.9% sodium chloride solution 

(0.9 g NaCl + 100 mL deionized water, sterilized) at 4°C, followed by 30 mL of 4% 

paraformaldehyde in 1X PBS (pH 7.4) at 4°C. All tissue was then post-fixed in 4% 

paraformaldehyde for future processing.  

 

Statistical and Data Analysis 

Parameters for VFSS and WBP at the 6 week time point were calculated using the 

data from 9 SOD1 AAV9-STMN1 mice, 6 SOD1 vehicle injected mice, and 7 WT 

vehicle injected mice. However, at the 11 week timepoint, one SOD1 AAV9-

STMN1 mouse was euthanized due to fight wounds and was therefore excluded 

from any statistical analysis that included timepoints at and beyond 11 weeks. This 

included results for body weights, hanging wire studies, and walking corridor 

studies which were analyzed up to 17 weeks. We also collected data for 3 WT 

vehicle injected mice, 1 SOD1 vehicle injected mouse and 1 SOD1 AAV9-STMN1 

injected mouse but due to a mix-up of the mouse ID which inhibited accurate 

identification of these mice, they are not included in this thesis. 
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Lifespan was analyzed (in days) between the SOD1 vehicle injected mice 

and SOD1 AAV9-STMN1 injected mice via mean comparisons of data. All 

behavioral data and body weight data were found to be normally distributed. Six 

week WBP data was compared between the three experimental groups using a 2-

way ANOVA with repeated measures. If significant differences were detected 

following the 2-way ANOVA with repeated measures, individual comparisons were 

made using a Fisher's least significant difference (LSD) post hoc test. A linear 

mixed-model ANOVA (similar to a repeated measures ANOVA) was used to 

analyze data at 1, 3, 6, 12, 14, 16 and 17 weeks for the body weights, and 

beginning at 6 weeks for the hanging wire and the walking corridor/ motivated 

righting reflex test to compare the three experimental groups. If significant 

differences were detected following the mixed-model ANOVA, pairwise 

comparisons were made using a Bonferroni post hoc test. A one-way ANOVA was 

used to analyze the effect of treatment group on disease onset age, and compare 

VFSS data between experimental groups. If significant differences were detected 

following the one-way ANOVA, a Bonferroni post hoc test was used to reveal 

statistically significant differences between groups. Two-sided p values of less than 

0.05 were considered significant. Based on the a priori research hypothesis 

(directional), each p-value in the ANOVA tests and Bonferroni comparisons were 

cut in half to see if they truly fell below the 0.05 threshold. All values were 

expressed as means ± 1 S.E.M, and statistical analyses were performed using 

Sigma Plot version 12.0  (Systat Software Inc., San Jose, CA, USA) or IBM SPSS 

Statistics 24.  
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Chapter 3 

RESULTS 

All mice in this study (SOD1 Stmn1 injected; n=17, SOD1 vehicle injected; n=8, 

WT vehicle injected; n=7), a total of 32 mice, were allocated to either survival or 

behavioral arms of the study based on several indicators described above. Eight 

SOD1 AAV9-STMN1 (Stmn1 injected) mice were first studied for troubleshooting 

purposes to optimize behavioral testing and were allocated to the survival arm of 

the study and were only included in the survival results. Seven WT vehicle injected 

mice, 6 vehicle injected SOD1 mice, and 9 Stmn1 treated SOD1 mice were 

included in VFSS and WBP analysis. One SOD1 Stmn1 mouse from this group 

was excluded from body weight, hanging wire and walking corridor analysis 

because it was euthanized at 11 weeks due to fight wounds. A summary of the 

animals included in this thesis, their genotype, observed phenotype, treatment and 

current status is included in Table 3.1.  

 

Stmn1 injection increases survival but has no effect on body weight 

 Figure 3.1. includes the mean survival (in days) for the 11 SOD1 mice in 

this study that have reached end-stage, including the 8 SOD1 Stmn1 injected mice 

in the survival arm and the 2 SOD1 Stmn1 injected mice from the behavioral arm. 

The two SOD1 groups were compared; the 9 SOD1 Stmn1 injected mice lived an 

average of 135 days, while the SOD1 vehicle injected mice lived an average of 
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Table 3.1. Summary of Animals Included in this Thesis. 
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Figure 3.1. Comparison of survival (in days) for SOD1 Stmn1 and SOD1 vehicle 

injected mice. For the mice that have reached end-stage, SOD1 Stmn1 injected mice 

(n=9) lived an average of 9 days longer than the SOD1 vehicle injected mice (n=2). 
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126 days. Thus, the 9 treated SOD1 mice lived an average of 9 days longer than 

the 2 SOD1 vehicle injected mice. 

 Figure 3.2 shows complete body weight data for 8 Stmn1 treated SOD1 

mice, 6 vehicle injected SOD1 mice, and 7 vehicle injected WT control mice over 

17 weeks. A mixed model ANOVA revealed body weight was significantly different 

between the SOD1 Stmn1 injected and WT vehicle injected mice (F2(between 

groups),18(within groups) = 1379.222, p < 0.05). Specifically, the treated SOD1 Stmn1 

injected mice had decreased body weights when compared to the WT vehicle 

injected mice at 3, 6, 16 and 17 weeks (week 18 was excluded from analysis due 

to incomplete data) (Bonferroni Post-hoc pairwise comparisons = p < 0.05) (Figure 

3.2). The two SOD1 groups were not significantly different at any timepoint, and 

the SOD1 vehicle injected group was not significantly different from the WT group 

at any time point (p > 0.05). 

 Sex differences in body weight were also compared to identify any possible 

significant differences between groups(SOD1 Stmn1 injected [Female (n=6), Male 

(n=3)], SOD1 vehicle injected [Female (n=4), Male (n=2)], and WT vehicle injected 

[Female (n=4), Male (n=3)] (Figure 3.3)). Male SOD1 vehicle injected mice had 

significantly decreased body when compared to the WT vehicle injected mice (F2,8 

= 2.390, p < 0.05) (Bonferroni post-hoc = p < 0.05) (Figure 3.3.). However, the 

male SOD1 groups were not significantly different from each other and the male 

SOD1 Stmn1 injected mice were not significantly different from the WT vehicle 

injected mice (p > 0.05), and there were no significant differences between groups 

for females (p > 0.05) (Figure 3.3.). 
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Figure 3.2. Overall Body Weight Results. There was a significant decrease in body 

weight for the SOD1 Stmn1 injected mice vs. the WT vehicle injected mice, but no 

significant differences were detected  between any other groups. Asterisk: p < 0.05, ns: 

non-significant. Week 18 excluded from analysis due to incomplete data. 
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Figure 3.3. Body Weight Results- Sex Differences. There were no significant 

differences in body weight between groups for females. For males, there was a 

significant decrease in body weight for the SOD1 vehicle injected mice vs. the WT 

vehicle injected mice (p < 0.05). Asterisk: p < 0.05, ns: non-significant. Week 18 

excluded from analysis due to incomplete data. 
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 Disease onset was determined by identifying a peak in body weight followed 

by a steady decline. The age of the mouse (in days) at the peak in body weight 

served as disease onset timepoint. A one-way ANOVA revealed that overall, there 

were no significant differences in age of disease onset between SOD1 groups. 

When analyzed by sex, there were no significant differences in age at peak body 

weight between any group for the females. However, the male SOD1 vehicle 

injected mice had a significant earlier peak in body weight when compared to the 

WT mice (F1,19 = 8.979, p < 0.05) (Bonferroni post hoc = p < 0.05). Although the 

male SOD1 vehicle injected mice and male SOD1 Stmn1 injected mice did not 

have a significant difference in age at peak body weight (p > 0.05), it is noted that 

there was a 12 day delay in disease onset for the SOD1 Stmn1 injected mice when 

compared to the SOD1 vehicle injected mice (Figure 3.4). 

 

Behavioral testing results  

Nine Stmn1 treated SOD1 mice, 6 vehicle injected SOD1 mice, and 7 vehicle 

injected WT controls were allocated to the behavioral testing arm of the study. Only 

the 6 week results are included for VFSS and WBP for these mice due to 

incomplete analysis. For hanging wire and walking corridor, there were 8 SOD1 

Stmn1 injected mice, 6 SOD1 vehicle injected mice, and 7 WT vehicle injected 

mice included in analysis at all timepoints; one SOD1 Stmn1 injected mouse was 

excluded because it was euthanized at 11 weeks due to a fighting injury.  
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3.4. Disease Onset Results- Sex Differences. No significant differences in disease 

onset age between any female test group. Male WT had a significantly delayed peak 

body weight when compared to the SOD1 vehicle injected mice. Male SOD1 Stmn1 

injected mice had a non-significant mean 12 day delayed disease onset when 

compared to the SOD1 vehicle injected mice. Asterisk: p < 0.05.   
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Stmn1 injection does not significantly impact hanging wire performance 

The Hanging Wire test was one of many behavioral tests performed to assess limb 

function throughout progression of ALS. This test was performed three times 

weekly beginning at 6 weeks of age on 3 groups of mice: vehicle injected WT 

control mice (n=7), vehicle injected SOD1 mice (n=6), and Stmn1 treated SOD1 

mice (n=8). The two experimental groups and one control group were compared 

by analyzing the longest duration a mouse was able to hold onto the wire within 3 

trials up to 300 seconds. A mixed model ANOVA revealed both SOD1 groups held 

on for an observably shorter duration than the WT mice. However, there was only 

a significant difference between the performance of the Stmn1 treated SOD1 mice 

beginning at 14 weeks of age when compared to the vehicle injected WT mice 

(F2,18 = 336.865, p < 0.05) (Figure 3.5), and there were no differences between 

SOD1 groups (p > 0.05). The Stmn1 treated mice held on for a consistently shorter 

duration than the WT mice at 14, 16 and 17 week timepoints (Tukey post hoc = p 

< 0.05). Overall, the WT mice observably held on consistently from 6 to 17 weeks 

of age, whereas the SOD1 groups declined in how long they held on over time. 

 

Stmn1 injection has no significant effect on walking corridor performance 

The walking corridor was another behavioral test performed to assess limb function 

throughout progression of the disease. This test was performed three times weekly 

beginning at 6 weeks of age on the same three groups of mice: vehicle injected 

WT control mice (n=7), vehicle injected SOD1 mice (n=6), and Stmn1 treated 
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Figure 3.5. Hanging Wire Time Results. The SOD1 Stmn1 injected mice performed 

significantly worse than the WT vehicle injected mice at 14, 16 and 17 weeks. No other 

groups were significantly different. Asterisk: p < 0.05, ns: non-significant. Week 18 

excluded from analysis due to incomplete data. 
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SOD1 mice (n=8). The shortest duration run from one end of the corridor to the 

other for each mouse was analyzed. There were no significant differences in run-

time found between groups from 6 to 17 weeks of age (p > 0.05) (Figure 3.6). 

 

Stmn1 injection has no significant effect on swallowing function 

VFSS was performed using a previously published protocol (Lever et al., 2009) on 

three experimental groups, vehicle injected WT control mice (n=7), vehicle injected 

SOD1 mice (n=6), and Stmn1 treated SOD1 mice (n=9), once every other week 

starting at 6 weeks of age. Using a one-way ANOVA, we found statistically 

significant differences between both SOD1 groups  vs. the WT controls at the 6 

week timepoint for lick rate (F2,19 = 8.864, p < 0.05). Both SOD1 groups had a 

slower lick rate than the WT vehicle injected group (Bonferroni post hoc pairwise 

comparisons = p < 0.05), but there were no significant differences between the 

SOD1 groups (p > 0.05) (Figure 3.7). At 6 weeks, there was also a significant 

difference in inter-lick interval of the SOD1 Stmn1 injected group vs. the WT 

vehicle injected mice (F2,19 = 8.916, p < 0.05), where the SOD1 Stmn1 injected 

mice performed worse and had increased inter-lick intervals when compared to the 

WT vehicle injected mice (Bonferroni post hoc pairwise comparisons = p < 0.05). 

There were no significant differences between any of the other groups (p > 0.05). 

At 6 weeks, there were no significant differences between any of the experimental 

groups for the other VFSS parameters we analyzed (swallow rate, inter-swallow 

interval, pharyngeal transit time and esophageal transit time; p > 0.05) (Figure 3.8).  
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Figure 3.6. Walking Corridor Time Results. There were no significant differences 

observed between groups at any timepoint (p > 0.05). Week 18 excluded from 

analysis due to incomplete data. 
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Figure 3.7. Lick Rate Results. Lick rate was significantly slower in both SOD1 

groups when compared to the WT mice. Inter-lick interval was significantly 

increased  for only the SOD1 Stmn1 injected mice when compared to the WT. The 

SOD1 Stmn1 injected and SOD1 vehicle injected groups were not significantly 

different. Asterisk: p < 0.05, double asterisk: p < 0.001, ns: non-significant. 
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Figure 3.8. Observed Differences for Swallow Rate and Lick-Swallow Ratio. The 

SOD1 vehicle injected mice had a slower swallow rate and higher lick swallow ratio 

when compared to the SOD1 Stmn1 injected mice, but these were not statistically 

different. 
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Stmn1 injection does not significantly impact respiratory function  

The three experimental groups, vehicle injected WT control mice (n=7), vehicle 

injected SOD1 mice (n=6), and Stmn1 treated SOD1 mice (n=9), underwent whole 

body plethysmography testing. At 6 weeks of age, frequency at hypercapnia and 

max was significantly different from baseline (F2,19 = 15.007, p < 0.001), where 

frequency was significantly increased at hypercapnia and max vs. baseline for the 

WT mice and the SOD1 Stmn1 injected mice, but frequency was only significantly 

increased at max vs. baseline for SOD1 vehicle-injected mice (Fisher LSD post 

hoc pairwise comparisons = p<0.05; Figure, A). There were no significant 

differences in inspiratory time between testing conditions for any of the 

experimental groups (p > 0.05; data not shown). For expiratory time and peak 

expiratory flow, hypercapnia and max conditions were significantly different from 

the baseline for all groups (F2,19 = 32.354, p < 0.001 for expiratory time; F2,19 = 

113.902, p < 0.001 for peak expiratory flow), where the expiratory time and peak 

expiratory flow decreased and increased respectively from the baseline for all 

experimental groups and peak expiratory flow for WT and SOD1 vehicle groups at 

hypercapnia was significantly decreased from max (Fisher LSD post hoc pairwise 

comparisons = p<0.05; data not shown). In addition, there was also a significant 

treatment effect with peak expiratory flow (F2,19  = 5.662, p = 0.012) where it was 

significantly decreased during hypercapnia and max when comparing WT vehicle 

injected mice to SOD1 vehicle injected mice and SOD1 Stmn1 injected mice 

(Fisher LSD post hoc pairwise comparisons = p<0.05; data not shown). For peak 

inspiratory flow, significant differences were found between hypercapnia and max 
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Figure 3.9. Respiratory results. (A) Frequency; hypercapnia and max were 

significantly increased from baseline for WT vehicle injected and SOD1 Stmn1 

injected mice, max was significantly increased from baseline for SOD1 vehicle injected 

mice, (B) normalized tidal volume; hypercapnia and max were significantly increased 

from baseline for all groups and hypercapnia was significantly decreased from max 

for all groups, (C) normalized minute ventilation; hypercapnia and max were 

significantly increased from baseline for all groups and hypercapnia was significantly 

decreased from max for SOD1 vehicle injected mice, and (D) normalized mean 

inspiratory flow; hypercapnia and max were significantly increased from baseline for 

all groups and hypercapnia was significantly decreased from max for the SOD1 

vehicle injected mice. Asterisk: p < 0.05 vs. baseline, #: p < 0.05 vs. hypercapnia. 
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conditions and the baseline conditions (F2,19 = 12.326, p < 0.001): peak inspiratory 

flow was increased for WT vehicle injected mice when comparing hypercapnia and 

max to baseline, and peak inspiratory flow was increased when comparing max 

conditions vs. baseline conditions for the SOD1 vehicle injected and SOD1 Stmn1 

injected mice (Fisher LSD post hoc pairwise comparisons = p<0.05; data not 

shown). In addition, there was also a slight treatment effect with the peak 

inspiratory flow (F2,19  = 3.379, p = 0.056) where it was decreased during 

hypercapnia when comparing WT vehicle injected mice to SOD1 vehicle injected 

mice, and during max when comparing WT vehicle injected mice to SOD1 Stmn1 

injected mice (Fisher LSD post hoc pairwise comparisons = p<0.05; data not 

shown). 

 Because the experimental groups (WT vs. SOD1) differ from each other in 

relation to overall body weight, which directly affects ventilation, tidal volume, 

minute ventilation, and mean inspiratory flow were all normalized to body weight 

to accurately compare across groups (Figure 3.9, B-C). The timepoint (i.e., 

baseline vs. hypercapnia and max) was significantly different for normalized tidal 

volume (F2,19 = 166.036, p < 0.001), normalized minute ventilation (F2,19 = 100.931, 

p < 0.001), and normalized mean inspiratory flow (F2,19 = 35.232, p < 0.001). All 

three parameters were significantly increased during hypercapnia and max 

conditions vs. baseline for all groups, normalized minute ventilation and 

normalized mean inspiratory flow were significantly increased at max vs. 

hypercapnia in SOD1 vehicle injected mice, and normalized tidal volume was 
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significantly increased at max vs. hypercapnia for all groups (Fisher LSD post hoc 

pairwise comparisons = p<0.05; Figure 3.9, B).  
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Chapter 4 

DISCUSSION  

The main findings from this study were that there were no observed significant 

beneficial or detrimental effects of the Stmn1 treatment when compared to the 

SOD1 vehicle injected littermates at 6 weeks for swallowing function and 

respiratory function, and up to 17 weeks for limb function or body weight; although 

for the 11 SOD1 mice that have reached end-stage, there was an increase in 

survival. The Stmn1 gene therapy vector treatment administered via i.c.v. at birth 

resulted in neither increased or decreased limb function, respiratory function or 

swallowing function when compared to the SOD1 vehicle injected mice. These 

results suggest that the Stmn1 injection is safe and does not cause any observed 

detrimental effects.  

The first goal of this study was to obtain preliminary results to determine if 

the Stmn1 treatment is beneficial for ALS similar to what was observed in an SMA 

model (Osman et al., 2019). To address this goal, we assessed survival, disease 

onset, limb function, swallowing function, and respiratory function. For this thesis, 

we were able to analyze results for VFSS and WBP at the 6 week timepoint for 6 

WT vehicle injected, 7 SOD1 vehicle injected and 9 SOD1 Stmn1 injected mice. 

Results for body weight, hanging wire test and the walking corridor test were 

analyzed from 6 to 17 weeks for 6 WT vehicle injected, 7 SOD1 vehicle injected 

and 8 SOD1 Stmn1 injected mice.  One SOD1 Stmn1 injected mouse was 

excluded from analysis because it was euthanized at 11 weeks due to fight 

wounds. We were also able to analyze disease onset for these groups using body 
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weight data. Survival was compared between 9 SOD1 Stmn1 injected mice and 2 

SOD1 vehicle injected mice that have reached end stage. 

 

Stmn1 injection increases survival and does not have a significant effect on body 

weight or disease onset  

We hypothesized that the Stmn1 treated mice would have increased 

survival and a delayed onset of peak in body weight and subsequently delayed 

disease onset when compared to the SOD1 vehicle injected mice. The results from 

this thesis conclude that survival is increased in SOD1 Stmn1 injected mice by 9 

days when compared to the SOD1 vehicle injected mice, which is equivalent to 

approximately 3 years in humans (Dutta & Sengupta, 2015). We also found, when 

analyzing disease onset by sex, that the SOD1 Stmn1 injected female mice had 

no significant disease onset differences, but male SOD1 Stmn1 injected mice had 

a mean of 12 days delayed onset when compared to the SOD1 vehicle injected 

mice. This finding was not significant; however, we believe this finding is clinically 

relevant because the 12 day delay in disease onset we saw in the treated male 

SOD1 mice is equivalent to approximately 4 years in humans (Dutta & Sengupta, 

2015). Further testing with a larger sample size for each sex will need to be 

conducted to confirm this conclusion. 

Clinically, these results suggest that Stmn1 may have a beneficial effect on 

overall survival of ALS. The differences we observed in disease onset between 

sex may provide insight into the possible involvement of sex-related changes on 
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the mechanisms of microtubule dysfunction found in ALS. Previous studies have 

shown the onset of sporadic ALS in males is more likely to begin in the spinal 

regions, while females tend to experience onset in the bulbar region (McCombe 

and Henderson, 2010). Because we found that Stmn1 treatment may have a 

beneficial effect on the disease onset of males, the Stmn1 treatment may be more 

beneficial for patients experiencing limb-onset ALS. Stmn1 is an important protein 

for cell cycle progression and upregulation of this protein allows the destabilization 

of diseased microtubules and the growth of new microtubules (Clark et al., 2016; 

Machado-Neto & Traina, 2015). Limb-onset, or spinal onset ALS begins with 

cellular loss that results in muscle wastage and atrophy (Clark et al., 2016). Our 

results suggest that the Stmn1 treatment may have a positive effect on cell cycle 

progression and subsequently preventing this cellular loss. 

 

Stmn1 injection does not significantly impact limb function 

We also hypothesized that the SOD1 Stmn1 injected mice would perform 

the walking corridor test faster and hold on to the hanging wire test for more weeks 

and longer amounts of time than the SOD1 vehicle injected littermates. This thesis 

found that there were no significant differences in walking corridor run time 

between any of the test groups. However, this thesis only included data for the 

mice at 6-17 weeks of age due to the study being ongoing, so further conclusions 

at disease end-stage will be reached once data is complete for these groups. This 

thesis also found that the SOD1 Stmn1 injected mice held on for an observably 

lesser amount of time for weeks 6-17 when compared to the SOD1 vehicle injected 
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littermates. It was expected that both SOD1 groups would perform worse on the 

hanging wire than the WT vehicle injected group. However, the SOD1 vehicle 

injected mice were found to not perform significantly different from the WT vehicle 

injected mice which is contrary to our hypothesis. The SOD1 vehicle injected mice 

were also found to not perform significantly different from the SOD1 Stmn1 injected 

mice. These results suggest neither a beneficial or detrimental effect of the Stmn1 

injection on hanging wire performance. Further conclusions will be reached once 

data is complete. The results we found for both limb assessing behavioral tests 

perhaps can be attributed to the incomplete behavioral data. 

 

Stmn1 injection may have a beneficial effect on swallowing function 

For swallowing function, we hypothesized that the SOD1 Stmn1 injected 

mice would have an increased lick rate, decreased inter-lick interval, increased 

swallow rate, decreased inter-swallow interval, and decrease pharyngeal and 

esophageal transit times when compared to the SOD1 vehicle injected littermates. 

This thesis found that at a 6 week timepoint, the only significant differences in 

swallowing function were lick rate and inter-lick interval. Both SOD1 groups had a 

slower lick rate than the WT mice and the SOD1 Stmn1 injected mice had a larger 

inter-lick interval than the WT vehicle injected mice, which is consistent with 

previous studies (Osman et al., 2020). Although at the 6 week timepoint there were 

no other significant differences found, there were some interesting trends 

suggesting a slight beneficial effect of the SOD1 Stmn1 injected group when 

compared to the SOD1 vehicle injected group. The results showed an observable 



90 
 

decrease in the lick-swallow ratio and esophageal transit time and an observable 

increase in the swallow rate for the Stmn1 treated SOD1 mice when compared to 

the SOD1 vehicle injected mice. The SOD1 Stmn1 treated mice were trending 

back towards normal (WT vehicle injected controls), unlike the SOD1 vehicle 

injected mice. These findings suggest that an Stmn1 injection may have a 

beneficial effect on the swallowing deficits observed in SOD1G93A mice at 6 weeks 

of age (Lever et al., 2015). This is consistent with our hypothesis of a benefit from 

Stmn1 treatment on swallowing deficits. But because these findings were only 

observed and not significant, analysis will need to be conducted on further 

timepoints to determine the effect of Stmn1 treatment on swallow function in 

SOD1G93A mice. 

 

Stmn1 injection may have a beneficial effect on respiratory function 

For respiratory function, we hypothesized that the SOD1 Stmn1 injected 

mice would have breathing function (increased tidal volume, frequency, minute 

ventilation and mean inspiratory flow) that was preserved for longer when 

compared to the SOD1 vehicle injected littermates. This thesis found that at 6 

weeks of age, there were no significant differences for any parameters between 

the SOD1 Stmn1 injected and SOD1 vehicle injected mice. As expected, all 

parameters were significantly different when comparing baseline to hypercapnia 

and/or max, which is consistent with past reports (Tankersley et al., 2007). 

Although there were no significant differences found between groups for 

respiratory parameters at this time point, there were some observable trends that 
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suggest a potential benefit of the Stmn1 injected that may emerge at later time 

points. For frequency, inspiratory time, expiratory time, tidal volume, minute 

ventilation and mean inspiratory flow, the SOD1 Stmn1 injected mice had values 

for all 3 conditions that were trending back towards normal (WT vehicle injected 

mice), whereas the SOD1 vehicle injected mice did not follow this pattern. This 

suggests that there is a slight benefit of the Stmn1 injection on respiratory function 

which may be clinically applicable. However, since these findings were only 

observed and not significant, analysis will need to be conducted on further 

timepoints to determine the effect of Stmn1 treatment on respiratory function in 

SOD1G93A mice. 

 

The walking corridor and hanging wire tests may be ineffective in distinguishing 

beneficial vs. detrimental effects of Stmn1 on limb function for disease onset and 

progression  

The second goal of this study was to evaluate the effectiveness of the 

behavioral techniques used to assess limb function; the modified walking corridor/ 

motivated righting reflex and modified hanging wire test. The preliminary results 

from this thesis have identified the walking corridor and hanging wire behavioral 

techniques as potentially ineffective in assessing and documenting limb function 

throughout disease onset and progression of disease. The performance for all 

groups on the walking corridor test were consistent from 6 to 17 weeks of age with 

no significant differences between groups. This suggests that this behavioral test 

is learned by all experimental groups and is consistently performed before the 
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rapid progression of disease observed at end-stage. However, there are no 

observed differences between the SOD1 groups and the WT group up to 17 

weeks, and so this test does not identify differences between groups at these time 

points. Once complete data is collected for all groups, overall performance will be 

analyzed, and the walking corridor will be evaluated in effectiveness of 

documenting limb function at end-stage. 

The hanging wire behavioral test was consistent from 6 to 17 weeks of age 

for the WT mice but steadily declined over time for both SOD1 groups. These 

results are expected as the disease progresses. However, the SOD1 Stmn1 

injected mice were the only group found to be significantly different from the WT 

mice at 14, 16 and 17 week time points. It cannot be determined from this data if 

performance on the hanging wire test is an effective indicator of disease 

progression due to the SOD1 vehicle injected group not performing significantly 

different from the WT, which was expected. Once data is complete for all groups, 

this test will be evaluated in effectiveness of documenting disease progression up 

until end-stage. 

 

Conclusion and future directions 

In this thesis, we were able to observe non-significant trends with body 

weight and behavioral testing (swallowing and respiratory functions). However, we 

were not able to conclude any effect of the Stmn1 treatment on these functions. 

We were able to definitely identify that the Stmn1 treatment does not have any 
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detrimental effect and is safe to administer to the SOD1 mice. A major limitation 

for this thesis project is timeframe: there was one timepoint analyzed for VFSS and 

WBP (6 weeks), and body weights, hanging wire and walking corridor studies were 

only assessed until 17 weeks of age. This timeframe only allowed limited analysis 

and conclusion of the data. This study is ongoing and further analysis will be 

performed once the data is completed and all mice in the study have reached end-

stage. The long-term and future goals of this study is to include complete 

behavioral data for all timepoints, survival data for all test groups, and identify 

effects of the Stmn1 treatment on motor neuron survival, and NMJ as well as   

muscle pathology. Once all of the mice in this study reach end-stage (only 9 SOD1 

Stmn1 injected mice and 2 SOD1 vehicle injected mice have reached end-stage), 

histological and molecular analyses will be conducted by Dr. Lorson’s laboratory. 
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