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Abstract

Amyotrophic lateral sclerosis (ALS) and spinocerebellar ataxia (SCA) are neurodegenerative disorders that result
in progressive motor dysfunction and ultimately lead to respiratory failure. Rodent models of neurodegenerative
disorders provide a means to study the respiratory motor unit pathology that results in respiratory failure. In addition,
they are important for pre-clinical studies of novel therapies that improve breathing, quality of life, and survival. The
goal of this review is to compare the respiratory phenotype of two neurodegenerative disorders that have different
pathological origins, but similar physiological outcomes. Manuscripts reviewed were identified using specific search
terms and exclusion criteria. We excluded manuscripts that investigated novel therapeutics and only included those
manuscripts that describe the respiratory pathology. The ALS manuscripts describe pathology in respiratory
physiology, the phrenic and hypoglossal motor units, respiratory neural control centers, and accessory respiratory
muscles. The SCA rodent model manuscripts characterized pathology in overall respiratory function, phrenic motor
units and hypoglossal motor neurons. Overall, a combination of pathology in the respiratory motor units and control

centers contribute to devastating respiratory dysfunction.
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Introduction

Amyotrophic lateral sclerosis (ALS) and spinocerebellar ataxia (SCA) are progressive neuromuscular disorders that
eventually lead to respiratory insufficiency. Pathology in rodent models of neurodegenerative diseases helps inform
mechanisms of respiratory dysfunction [1,2]. These models are important for developing novel therapies that target the
entire body including the respiratory system in order to prevent respiratory failure, increase quality of life, and prolong
survival in patients [3,4].

ALS is a fatal neurodegenerative disease that causes progressive paralysis. The primary cause of death in ALS
patients is respiratory failure [5-10]. Approximately 5-10% of ALS is familial and the remaining patients carry a
diagnosis of sporadic ALS. ALS is a heterogeneous disease with a high degree of variability in the pattern of
neurodegeneration, age of onset, and rate of progression [6,11,12]. Most patients with ALS only have a life expectancy

of 2-5 years, depending on symptom onset [6,13,14]. More than 70% of ALS patients experience limb weakness first
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and are thus categorized as limb-onset. Patients with limb-onset ALS experience bulbar and respiratory muscle
dysfunction later in the disease progression. Bulbar-onset ALS occurs in approximately 25% of patients and is
characterized by dysfunction of muscles involved in tongue coordination, speech, swallowing, and vocal cord function
[5,6,15]. In contrast to patients with limb-onset ALS, patients with bulbar-onset ALS have a faster disease progression
[13,15], since bulbar muscles are essential for airway protection, and proper upper airway patency [16,17]. Therefore,
bulbar muscle involvement can lead to recurrent aspiration, infections and upper airway obstruction. Further, in
approximately 3-5% of patients, respiratory muscle dysfunction occurs at disease onset [5,18]. Patients with
respiratory-onset ALS have a significantly shorter survival time than both bulbar- and limb-onset ALS [18],
emphasizing the importance of respiratory muscles in ALS patient survival [19]. Although non-invasive ventilatory
support can improve survival and quality of life for many patients, patients with severe bulbar dysfunction do not have
a significant survival benefit [14,20,21]. The only other option for patients with severe bulbar dysfunction is invasive
ventilatory support which has a substantial negative impact on their quality of life [2,14,22]. Thus, respiratory failure
is the leading cause of death in ALS patients, so it is crucial to precisely understand the mechanism by which this disease
results in respiratory failure.

Spinocerebellar ataxia (SCA) is a group of rare, progressively neurodegenerative disorders with an autosomal
dominant mode of inheritance. Most spinocerebellar ataxias are polyglutamine disorders caused by abnormally long
CAG repeats which produce proteins with polyglutamine expansion which are misfolded, toxic, and aggregate in cells.
Depending on the protein affected, different cellular pathologies can be present which result in neurodegeneration,
especially in the cerebellum [23,24]. Because SCA predominately affects the cerebellum, the disease is defined by ataxia,
loss of balance, and dysarthria, however, there are over 40 subtypes that have different symptoms and patterns of
disease progression [23,24]. Almost all types of spinocerebellar ataxia have bulbar symptoms, such as difficulty
speaking and swallowing. Difficulties swallowing can lead to aspiration and respiratory infection [23]. In addition, a
review of patient case studies with a variety of types of SCA revealed that death due to respiratory infection and failure
is extremely common [25-31]. Despite the severity of this group of diseases, little research is published on the specific
involvement of respiratory dysfunction in SCA patients.

Due to the inevitable and devastating respiratory dysfunction that leads to ventilator dependence and fatality in
these neurodegenerative diseases, it is critically important to understand how ALS and SCA affect the respiratory
system. This understanding will facilitate the development of novel respiratory-targeted therapies. Transgenic rodents
allow researchers to characterize the different components of the respiratory system and identify how each contributes

to overall disease pathophysiology.

Methods and Results of Literature Search

See supplement for search terms used and results of the literature search. Figure 1 shows how manuscripts were

excluded for each disease, leading to the final set of included manuscripts.

Amyotrophic Lateral Sclerosis Rodent Models

Mutations in over 40 genes have been associated with ALS. Among those genes, 3-5% of ALS patients harbor
mutations in the SOD1 gene [7,12,14]. The SOD1 gene encodes the Cu/Zn superoxide dismutase (SOD1) protein
responsible for limiting oxidative damage by reducing toxic reactive oxygen species [11,12,32]. Transgenic rodent
models with a mutation that expresses the dominant-negative human SOD16934 protein are the primary ALS models to
date that characterize respiratory dysfunction. Two SOD16934 mouse models have been used to assess respiratory
measures in ALS — the B6SJL-Tg (SOD1*G93A)1Gur/J mouse (hereafter referred to as “Gurney mouse”) [33] and the
B6.Cg (SOD16934)1Gur/J mouse (hereafter referred to as “Wooley mouse”) [34]. The Gurney mouse was developed by
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the hemizygous insertion of SOD16934 into Chromosome 12 of a mixed C57BL/6J and SJL mouse. These mice develop
paralysis and have a lifespan of approximately 19 weeks. The Wooley mouse was generated by back-breeding the Gurney

mouse onto a pure C57BL/6J mouse, to reduce phenotypic variation produced by the mixed B6SJL background.
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Figure 1: Diagram demonstrating how manuscripts were excluded as a result of the exclusion criteria

The Wooley mouse has a longer survival time than the Gurney mouse and survives about 22 weeks [34]. A similar
rat model, the NTac:SD-Tg(SOD16934)L26H rat, has also been developed on a Sprague Dawley background (hereafter
referred to as “Howland rat”) [35]. A mouse model which harbors a missense mutation in murine Sod1 that leads to the
production of SOD1686R — the FVB-Tg(Sod1686R)M1Jwg/J mouse (hereafter referred to as “SOD1G86R mouse”)— has
also been generated [36]. The Howland rat has an 8-fold greater expression of SOD16934 relative to endogenous SOD1
expression, which increases throughout the rat’s lifespan. This rat becomes symptomatic at approximately 115 days of
age then rapidly declines within two weeks of onset [35]. In addition to mutant SOD1 models, Cho et al. created the
SLICK-H::Ranbp2flex/flox mouse (hereafter referred to as “Cho mouse”), a Ranbp2 conditional knockout model, by
crossing a Ranbp2 Exon 2 floxed mouse with single-neuron labeling with an inducible Cre-mediated knockout (SLICK)
mouse. Cho mice have a very rapid disease progression, immediately presenting with paralysis and respiratory deficits

and usually meeting endpoint criteria around 10 days of age [37].
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SOD1 dysfunction

SOD16934 protein aggregates in neuronal cells and confers a gain of function that is hypothesized to result in the
increase of several toxic by-products that lead to oxidative stress. The mutated SOD1 protein forms insoluble protein
complexes that aggregate in the cytoplasm of cells in the spinal cord of motor neuron cell cultures, transgenic mice, and
humans with SOD1 mutations, and is thought to contribute to neurodegeneration in the SOD1 mutated form of ALS
[38]. Howland rats have increased immunostaining for markers of SOD1 in putative phrenic motor neurons as
compared to wild type littermates [35]. SOD1 immunostaining has a significant, progressive increase throughout the
Howland rats’ lives and is highest at end stage. A gain of function of the SOD16934 protein and the increase in free
radicals is also thought to contribute to an increase in oxidative stress and the progression of ALS [35]. Normally,
minimal free radicals such as nitric oxide and superoxides are produced and those that are, are converted to less toxic
products by proteins such as SOD1 [39]. In ALS, there is excessive production of nitric oxide, believed to be a result of
glutamate excitotoxicity [39]. When nitric oxide levels are elevated and SOD1 activity is normal or reduced, nitric oxide
binds to superoxide to form peroxynitrite, which is toxic to the cell.

In addition, the mutated SOD16934 protein has elevated nitrating activity and catalyzes the addition of peroxynitrite
to tyrosine residues, creating nitrotyrosine [39]. Cha et al. studied whether nitrotyrosine is elevated in tissues of the
central nervous system in order to determine whether the Gurney mouse has increased NO production which would
contribute to increased oxidative stress [39]. Astrocytes throughout the spinal cord of SOD16934 mice are robustly
immunoreactive for nitrotyrosine [39]. These nitrotyrosine immunoreactive astrocytes are localized to the grey matter
but are also seen in the brainstem. In the brainstem, nitrotyrosine immunoreactive neurons are observed in important
respiratory neurons such as the hypoglossal nucleus, the dorsal motor nucleus of vagus and the nucleus ambiguous
[39]. The red nucleus and other structures in the midbrain also contain nitrotyrosine immunoreactive neurons. In
contrast, nitrotyrosine immunoreactivity is not observed in the wildtype control mice. These results indicate an
increase in nitric oxide production in the transgenic SOD16934 mice [39]. Nitric oxide is a free radical that has been
implicated in ALS pathogenesis and could be a result of glutamatergic excitotoxicity in ALS neurons [40]. The selective
increase of nitric oxide in vulnerable neurons in the brain and spinal cord could explain the differential vulnerability
seen in ALS patients and the SOD16934 mouse model as neurons exposed to the increased oxidative stress are more

vulnerable to injury and cell death [39,41].

Overall Respiratory Function

Similar to ALS patients, rodent models of ALS have progressive respiratory dysfunction. A few studies have used
whole body plethysmography to assess awake, spontaneous ventilation and forced oscillometry to assess respiratory
resistance and compliance [2,7,42]. When awake, spontaneous ventilation is assessed, no significant differences in
respiratory parameters are seen between SOD16934 mice and wild type mice until end stage disease [2,7,42]. However,
following the onset of symptoms when the mice are exposed to a respiratory challenge, tidal volume, minute ventilation,
and peak inspiratory flow progressively increase compared to wildtype controls [7,42]. Finally, prior to end stage,
SOD1%934 mice experience a significant and rapid decline in breathing both at baseline and during a respiratory
challenge [2,7,42]. Stoica et al. examined the respiratory mechanics of the SOD16934 mice and found that there is a
significant increase in respiratory resistance and decrease in compliance starting at 13 weeks of age that progresses

until there is severe restrictive respiratory disease at end stage [2].

Phrenic motor neurons and phrenic nerve
Degeneration of phrenic motor neurons is a major contributor to the respiratory decline demonstrated using whole

body plethysmography. Phrenic motor neurons innervate the diaphragm-the major muscle of breathing. These
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neurons are located in the ventral horn of the mid-cervical spinal cord (C3-C5) and their degeneration results in
significant respiratory insufficiency. In multiple rodent models of ALS, a decrease in phrenic and C3-C5 motor neuron
is documented [42-47]. Phrenic motor neuron loss is progressive and begins before the onset of symptoms [44].

Magnetic resonance imaging (MRI) can noninvasively assess neurodegeneration in the phrenic motor nucleus and
the cervical spinal cord [48,49]. MRI demonstrates that the thickness of the cervical spinal cord progressively decreases
with disease progression in the SOD1686R mice. At end stage disease, the cervical spinal cord thickness is also
significantly reduced as compared to wildtype. MRI is also used to assess iron content in the spinal cord. Prior autopsy
studies have found low levels of iron accumulation in the nervous system [50]. Dysregulation of iron homeostasis is
hypothesized to play a role in disease progression and atrophy and is a potential biomarker for diagnosing patients at
symptom onset [50]. Iron content in the upper cervical spinal cord is significantly elevated in the SOD1686R mice at
symptom onset but is no longer significantly elevated as compared to wild type at the end stage of the disease due to
atrophy of the cervical spinal cord [48]. MRI can also assess spin-spin relaxation time (T2), which is a marker of motor
neuron degeneration. The T2 value progressively increases in the upper cervical spinal cord of Gurney mice. In addition,
T2 is greater in end stage Gurney mice compared to tg-SOD1 mice overexpressing normal SOD1 protein, and wildtype
controls. T2 values of Gurney mice are significantly higher in the central cervical spinal cord and even more significantly
elevated in the ventral cervical spinal cord as compared to wildtype mice [49]. Therefore, non-invasive techniques also
provide evidence for neurodegeneration in the spinal cord, especially in the regions of the spine that harbour phrenic
motor neurons.

Another neurodegeneration marker is glial activation, which is also an indicator of neuroinflammation. PET and
CT scans following tail vein injection of the radioligand, 18F-DPA-714, confirm the presence of activated glial cells in
the region of the phrenic motor nucleus of the cervical spinal cord of Gurney mice [51]. 8F-DPA-714 tags translocator
protein (TSPO) expressed in activated glial cells. Uptake of 18F-DPA-714 is significantly higher in cervical spinal cords
of symptomatic SOD16934 mice as opposed to wild type SOD1 control mice [51]. Immunohistochemistry staining in the
cervical spinal cord for TSPO and Ibai, which is a marker for microglia confirmed the non-invasive PET scan results
[51]. TSPO and Iba-1 immunostaining is more robust in SOD15934 mice as opposed to wild type SOD1 mice, and TSPO
colocalizes with Iba-1 when microglia are activated. Together these results demonstrate increased microglial activation
in symptomatic SOD1%934 mice, which suggests neuroinflammation and neurodegeneration [51]. In addition,
endogenous factors can exacerbate this neuroinflammation and neurodegeneration. For example, hyperstimulation of
the phrenic nerve results in a decrease in motor neuron survival and microgliosis [52].

Along with robust spinal and phrenic motor neuron pathologies, phrenic nerve pathology also contributes to
atrophy and denervation of the diaphragm that leads to respiratory failure in ALS. At end-stage, Howland rats suffer
from a reduction of myelinated fibers in the phrenic nerve. However, there is not a significant difference between the
number of myelinated fibers at the proximal and distal segments of the nerve, suggesting that the nerve is not
undergoing a “dying back” mechanism. There are rare regenerating clusters of fibers in the proximal segment [47].
SLICK-H::Ranbp2flex/flox mice have a significantly decreased g-ratio, while there is not a significant difference in axon
diameter, indicating that the reduction in g-ratio is a result of hypermyelination [37]. Functional deficits accompany
these pathological morphologies. For example, Wooley mice have a different diaphragm response when stimulating the
diaphragm through the phrenic nerve versus stimulating the diaphragm directly [53]. When stimulating the phrenic
nerve, there is a higher time to peak, lower rate of force generation, and lower diaphragm force generated than when
stimulating the diaphragm directly or stimulating the phrenic nerve of a wild type mouse. In addition, stimulating

through the phrenic nerve increases the susceptibility to intratetanic fatigue [53].
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Diaphragm neuromuscular junction (NMJ) and muscle pathology

The neuromuscular junction (NMJ) between the phrenic nerve and the diaphragm also degenerates during the
ALS disease progression. When denervation occurs, the morphology of the NMJ changes. Following denervation of the
diaphragm in Gurney mice, the presynaptic terminals disappear and the primary fold flattens [54]. At symptom onset,
most presynaptic nerve terminals of SOD16934 mice have NMJs with similar morphology to wild type. However, a
portion of the NMJs have abnormal morphology. Around 40% of presynaptic nerve terminals in SOD16934 mice have
mitochondria that are vacuolated and have pale, empty matrices and disorganized cristae [54]. Gurney mice also have
a significant decrease in total synaptic vesicle density at the presynaptic nerve terminal but the size and morphology of
those vesicles as well as their distribution in relation to the presynaptic plasma membrane is not significantly different
from the wild type control [54]. Ex vivo, these SOD16934 mice have a significant increase in neurotransmission failure
in the diaphragm both at tetanic frequency and firing frequency [53]. Exogenous factors such as hyperstimulation can
increase denervation and thus speed up the ALS disease progression. Although Lepore et al. used hyperstimulation of
the phrenic nerve as the exogenous factor that increased diaphragm NMJ denervation [52], other exogenous factors
such as hypoxia and exposure to toxins have been hypothesized to exacerbate ALS disease progression. These exposures
can account for some of the variability in disease onset and the progression of respiratory dysfunction in ALS patients [52].

NMJ pathophysiology changes throughout disease progression and is different during the pre-symptomatic phase
than in the symptomatic stage of disease. Rocha et al. conducted intracellular recordings of NMJs by stimulating the
phrenic nerve and measuring the evoked activity of the NMJ [55]. During the pre-symptomatic stage, Gurney mice have
a significant increase in endplate potential (EPP) amplitude, quantal content, miniature endplate potential (MEPP)
amplitude, and giant MEPPs (GMEPP) frequency. There is also a significant decrease in MEPPs rise time as compared
to age-matched wildtype. Although the pattern of neuromuscular transmission in the pre-symptomatic SOD16934 mice
significantly differs from age matched wildtype controls, they do not significantly differ from adult wildtype mice,
suggesting early maturation of NMJs in Gurney mice. In addition, there is no significant difference between the MEPPs
decay time, which indicates that there is not a decrease in acetylcholinesterase [55]. This is confirmed in another study
which found that acetylcholinesterase activity in the diaphragm of the Cho mice and control mice are not significantly
different [37]. These results provide evidence of disruptions in neurotransmission in ALS rodent models which was
confirmed by Rizzuto et al. who found evidence of increased instances of failed neurotransmission in Wooley mice using
diaphragm electromyography (EMG) recordings [53,55].

Increase in the pre-symptomatic amplitude of MEPPs indicates a higher permeability of the postsynaptic cell to
cations possibly as a result of increased acetylcholine release which is supported by the increase in quantal content of
EPPs [55]. Because there is no significant difference in acetylcholinesterase activity [37,55], the dysfunction could be
the result of acetylcholine influx into the synaptic cleft [55]. Adenosine A2A receptors fine tune the release of
acetylcholine into the synaptic cleft. The role of A2A receptors changes in pre-and post-symptomatic Gurney mouse
NMJs. In pre-symptomatic Gurney mice, an agonist for A2A significantly increases the frequency of MEPPs, the
amplitude of EPPs, frequency of GMEPPs and quantal content of EPPs, meaning there is a significant increase in the
amount of acetylcholine released into the synaptic cleft via an increase in intracellular Ca2* [56]. During the
symptomatic stage of disease, a decrease in mean amplitude of EPPs, mean amplitude of MEPPs, and mean rise time
of MEPPs in the SOD1%934 NMJs in the symptomatic stage could be a result of disruption in cation influx as a result of
decreased sensitivity to acetylcholine [55]. In addition, A2A agonists do not facilitate increases in EPPs amplitude or
frequency of MEPPs or GMEPPs providing additional evidence for decreased acetylcholine sensitivity [56].

Pathology in the phrenic nerves and NMJs leads to diaphragm pathology. The diaphragms of Howland rats have
dramatic atrophy at end stage as a result of partial denervation of the diaphragm [47]. Only 53.18% of diaphragm muscle
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fibers are innervated in Gurney mice at end stage [54]. Denervation of the diaphragm leads to decreased mean muscle
fiber diameter which could result in the change in MEPP amplitude observed in intracellular recordings of NMJs
[54,55]. However, despite significant pathology in phrenic motor neurons, phrenic nerves, neuromuscular junctions,
and diaphragm, the diaphragm EMGs of end stage Howland rats do not have a significantly different raw root mean
square EMG amplitude during normoxia, maximum chemoreception stimulation (7%CO- and 10.5% O-), augmented
breath or tracheal occlusion as compared to wild type [47]. This suggests that remaining phrenic motor neurons are
compensating by increasing activity. Although the EMG amplitude is normal, the transdiaphragmatic pressure of the
Howland rats are significantly lower than in wild type controls during normoxia and tracheal occlusion [47]. The
reduced transdiaphragmatic pressure suggests weakness in the diaphragm which could be a result of changes in
diaphragm morphology. In addition, respiratory frequency during maximum chemoreception stimulation is
significantly lower in Howland rats as compared to wild type. The frequency of augmented breaths is also significantly
higher in Howland rats [43]. The compound muscle action potential (CMAP), which is a functional assessment of
diaphragm function, is not significantly different in 8 and 12 week old Howland rats as compared to wild type, however,
at 16 weeks Howland rats have a decline in CMAP which continues to decline over the next two weeks as rats reach end
stage [47]. Hyperstimulation of the phrenic nerves exacerbates the CMAP reduction, suggesting that exogenous factors

can worsen diaphragm function [52].

Hypoglossal motor neurons and nerves

Hypoglossal motor neurons and nerves regulate the shape, stiffness and position of the tongue and thereby
maintain airway patency during breathing [17]. ALS patients with involvement of the hypoglossal have bulbar
dysfunction and have difficulty swallowing, speaking and maintaining an open airway [15]. Difficulty swallowing can
lead to aspiration and increased risk for respiratory infections. In addition, decreased ability to coordinate the tongue
during breathing and maintain an open airway can result in airway obstruction during sleep, which can lead to
decreased quality of life and respiratory failure [57]. Morphological and physiological changes are present in
hypoglossal (XII) motor neurons of rodent models of ALS, although not as consistently as in the phrenic motor neurons.
XII motor neurons of Gurney mice have significant vacuolation in the neuropil of axons, dendrites, and glial cells, but
not in the motor neuron cell bodies [52,58]. Cytochrome oxidase activity, which can be used as a marker for cellular
metabolism, is not significantly different at end stage in Howland rats as compared to wildtype rats [16].

Unlike phrenic motor neurons, XII motor neurons counts do not consistently decrease in number but are still
vulnerable to cell death during ALS disease progression. Both Howland rats at 60 days of age [13] and Gurney mice at
endpoint [59] have a significant decrease in XII motor neurons. In contrast, Gurney mice at around 117 days of age [47,
51] and Howland rats at 60 days of age [46] have decreased motor neuron counts that are not statistically different from
wildtype. Different immunostaining procedures were used by the different researchers which could account for some
of this variability, however, the decreased significance in motor neuron loss suggests that the hypoglossal nucleus is not
as severely implicated in the rodent SOD1693A model as in humans [16,47].

Hedlund et al. analyzed gene expression data of Howland rats to determine the similarities between cervical and
XII motor neurons, which are vulnerable, and cranial nerve III and IV motor neurons which are not vulnerable [46].
Differential gene expression is found between these “vulnerable” and “not vulnerable” cranial nerves. Peripherin and
placental growth factor are predominantly localized to cervical motor neurons which are more vulnerable in ALS [46].
On the other hand, guanine deaminase, IGF-1I, Gucy1as, and early growth response 1 protein are predominantly found
in cranial nerve IIT and IV motor neurons and largely absent in cervical and XII motor neurons [46]. Furthermore,
motor neurons pretreated with IGF-II and guanine deaminase prior to glutamate-induced toxicity, have increased

motor neuron survival. The presence of IGF-II and guanine deaminase in cranial nerve III and IV could provide
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protective effects that are absent in the more vulnerable XII and cervical motor neurons, including phrenic motor
neurons [46].

As in the cervical spinal cord, MRI images and PET scans show increased neurodegeneration and
neuroinflammation in the XII motor nucleus of Gurney mice [49,51]. MRI analysis shows a significant increase in T2
values in the XII nucleus in the medulla that progressively increase, demonstrating progressive neurodegeneration
[49]. All time points have significantly elevated T2 values relative to wild type and the T2 values at 9o and 110 days are
significantly elevated as compared to tg-SOD1 control. At 9o days of age, the XII motor nucleus also has significantly
elevated apparent diffusion coefficient, which is another measure of neurodegeneration [49]. In addition, PET scans
and the 18F-DPA-714 tracer to mark activated glial cells reveals increased microglia activation in the XII motor nucleus.
Furthermore, there is robust positive staining for TSPO and Iba-1 colocalization demonstrating the presence of
activated microglia [51].

When XII neuron viability is assessed following axotomy, there is no significant difference between microglial
activation or neuronal viability in 8-week-old Wooley mice and wildtype mice 3 days after XII nerve axotomy, however,
the 17-week-old Wooley mice have significantly less activated microglia [60]. However, 21 days after axotomy, neuronal
viability is significantly higher and CD3 positive T cells are significantly lower in 17-week-old wildtype mice compared
to SOD1%934 mice [60]. In contrast, there is no significant difference between T cell activation in the 8-week-old groups.
17-week-old mice in the wildtype group have increased immunostaining for GDNF, IBF-1, Arginase 1, MC class II and
iNOS as compared to 8-week-old wildtype and mSOD16934 and 17-week-old SOD15934 mice [60]. Neurotrophic factors
such as IGF-1 and GDNF are significantly lower in 17-week-old Wooley mice as compared to 17-week-old wildtype mice.
Together, these results suggest that the XII motor nucleus of Wooley mice have a decrease in neuroprotective factors
which could lead to increased cell vulnerability [60].

Abnormal development and firing of XII motor neurons could also contribute to disease progression. Johnson et
al. studied a mechanism for neurotoxicity using Gurney mice treated with MeHg to hasten the progression of the
disease. Significantly higher amounts of Ca2* and another divalent cation like Zn2* are present in SOD16934 mice as
compared to wild type as a result of Ca2* and Zn2* permeable AMPA receptors. Enhanced activation of these AMPA
receptors as a result of glutamate-mediated excitotoxicity and enhanced release of glutamate leads to the release of
excess Ca2* and Zn2* which are neurotoxic and lead to cell death [61]. Patch-clamp recordings of XII motor neurons in
Gurney mice also show hyperexcitability of XII motor neurons. During early stages of life, before the onset of symptoms
or cell death, hypoglossal motor neurons of Gurney mice have increased excitability and fire at significantly higher rates
than SOD1 wild type mice. There is not a significant difference between groups in action potential firing potential, action
potential duration, afterhyperpolarization amplitude, resting membrane potential, input resistance, or mean maximal
rate of action potential but Gurney mice have significantly higher action potential amplitudes. By testing the effects of
a persistent Na+ current inhibitor, Riluzole, van Zundert et al. found that persistent Na+ current is a key mechanism to
motor neuron hyperexcitability. In addition, Gurney mice have a significantly increased frequency of SAMPA and sIPSC
currents and significantly decreased mean sNMDA decay constant. Gurney mice also exhibit early maturation of XII
motor neurons [62]. These results demonstrate that disturbances in cation homeostasis and hyperexcitability of motor
neurons could lead to increased vulnerability and cell death in the hypoglossal motor nucleus.

Respiratory control center and accessory muscles

Respiratory neural control centers are essential to the maintenance of proper respiratory rhythm. Gurney mice
have a significant decrease in motor neurons in the dorsal motor nucleus of vagus [13,59] which is important in relaying
important sensory information from the lungs to respiratory control centers. In addition, Howland rats have a trend

towards a decrease in motor neurons in the dorsal motor nucleus of the vagus, but that trend was not significant [13].
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The nucleus ambiguus is important in innervating the pharynx and larynx which are also important in maintaining
airway patency. Gurney mice have a significant decrease in motor neuron counts in the nucleus ambiguus which is
accompanied by astrogliosis, indicative of neuroinflammation and neurodegeneration [59]. Dysfunction in the nucleus

ambiguus could contribute to decreased airway patency and bulbar dysfunction [59].

The intercostal motor neurons control the intercostal muscles which are involved in respiratory expiration and are
recruited to assist with breathing during an increased respiratory challenge. In ALS, the intercostal muscles are
recruited during resting conditions to compensate for decreased diaphragm output. Howland rats have a significant
decrease in intercostal motor neuron counts as compared to wild type controls, demonstrating neurodegeneration. The
normalized root mean square EMG amplitudes are significantly elevated in the 274 and 5t intercostal muscles of
Howland rats. The increased amplitude of intercostal EMGs indicates that the intercostal muscles of the Howland rats

are compensating for the loss of diaphragm function [43].

Other accessory respiratory muscles (ARM) are also recruited to compensate for the degeneration of primary
respiratory muscles [42,63]. In mid-symptomatic stages, there are bouts of increased ARM activity which last for one
to several breaths [63]. After advanced paralysis, ARM activity is still observed while using the muscles for other tasks,
however, ARMs are no longer recruited for breathing. The lack of ARM recruitment results in a rapid decline of
ventilation (peak inspiratory flow, tidal volume, minute ventilation, and frequency) [63]. For example, the
sternomastoid muscle is an ARM that exhibits significant denervation and atrophy by end stage of Howland rats [16].
Thus, following the loss of ARM innervation or recruitment, there is a rapid respiratory decline leading to respiratory

failure [42].

Spinocerebellar Ataxia

A mouse model of spinocerebellar ataxia 1 (SCA1), the B6.129S-Atxn™Hzo/J model developed by Dr. Huba Zoghbi,
is the only rodent model of any SCA that has been used to study respiration. The Zoghbi mouse has an Atxn1154Q/2Q
knock-in mutation inserting 154 CAG repeats in the Ataxin-1 gene [64], as compared to the 38-85 CAG repeats that lead
to the clinical form of SCA1[24]. As in humans, this mutation results in intranuclear aggregation of the mutated Ataxin-
1 protein within the brain and spinal cord, causing neurodegeneration. The Zoghbi mouse is typically symptomatic at
20 weeks of age [64]. SCA1 mice have a progressive decrease in tidal volume with a compensatory increase in respiratory
rate that preserves minute ventilation. At 6 months of age, the minute ventilation in the SCA1 mice begins to decline
which prefaces respiratory failure. There is no significant difference in inter-breath interval irregularity which indicates
that regulatory control centers of breathing are still conserved [65]. Jafar-Nejad et al. found similar results in their
study of breathing in SCA1 [66]. SCA1 mice do not statistically differ from wildtype littermates at 5 months of age.
However, at 33 weeks, SCA1 mice had significantly more shallow breath, indicating a lower tidal volume, and a more
rapid respiratory rate [66].

Pathology in the XII nucleus and phrenic motor nucleus are very similar in SCA1 mice [65]. Both undergo motor
neuron degeneration and abnormal motor neuron pathology at 6 months. The volume of the soma of both XII and
phrenic motor neurons are significantly reduced at 6 months as compared to wildtype mice. In addition, instead of
having a normal pyramidal shape the XII and phrenic motor neuron soma are more rounded. Intranuclear aggregates
of Atxn1 protein are observed in SCA1 mice beginning at 3 months although the aggregation is not significant until 6

months. Reactive astrocytosis is observed in both the XII and phrenic motor nuclei [65].

SCA1 mice also have significant diaphragm pathology. Denervation, increased esterase activity, and increased
small angular contoured muscle fibers are present at 6 months of age. However, there is no necrosis, regeneration of

fibers, or fibrosis. These findings indicate that the diaphragm pathologies are not a result of muscle disease. EMG data
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show that motor unit action potentials have increased amplitudes in SCA1 mice as compared with wildtype which

indicates dysfunction in the phrenic motor neurons [65].
Discussion

This review describes the mechanisms of respiratory dysfunction in these rodent models of ALS and SCA (Figure
2 summarizes the respiratory pathology of these rodent models). Whole body plethysmography is a useful tool in
assessing parameters of overall respiratory function during awake, spontaneous breathing [67]. Using whole body
plethysmography at different time points allows researchers to study the progression of respiratory dysfunction in ALS
and SCA. ALS rodent models had a progressive increase in respiratory parameters followed by a rapid decline prior to
respiratory failure. The rapid decline of respiratory function is also accompanied by a decline in respiratory compliance
and increased respiratory resistance as a complication of restrictive lung disease which occurs in many ALS patients
[2]. In contrast, SCA1 mice have a progressive decline in tidal volume and increase in respiratory rate which

compensates for minute ventilation until end stage when respiratory function, as in ALS, rapidly declines.

Medulla (Hypoglossal Nucleus)
ALS:
* Neurodegeneration
« Hyperexcitability
+ Glutamate excitotoxicity
SCA
* Hypoglossal motor ncuron degeneration
* Reactive astrocytosis
« Intranuclear aggregation of atxnl protein

Cervical Spinal Cord (Phrenic Motor Nucleus)
ALS
* Reduction in phrenic motor neuron counts
« Activation of microglia
SCA
+ Phrenic motor neuron degeneration
* Reactive astrocylosis
Trachea « Intracellular aggregation of atxnl protein
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Figure 2: Overview of the respiratory system and the components impacted by ALS and SCA. The ALS manuscripts describe
pathology in the phrenic and hypoglossal motor units, respiratory neural control centers, and accessory respiratory muscles. The
SCA rodent model manuscripts characterized pathology in phrenic motor units and hypoglossal motor neurons
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Both ALS and SCA rodent models have neurodegeneration and neuroinflammation in the phrenic motor nucleus
and the mid-cervical spinal cord as determined by immunohistochemistry and other noninvasive tools such as magnetic
resonance imaging (MRI). The phrenic motor nucleus is located in the mid-cervical spinal cord (C3-C5) and contains
the motor neurons that travel via the phrenic nerves to innervate the diaphragm, the major respiratory muscle. ALS
rodent models have significantly reduced phrenic motor neuron counts. In addition, noninvasive techniques such as
using MRI to analyze iron content, cervical spinal cord volume, and spin-spin relaxation time (T2) support the presence
of neurodegeneration in the region of the phrenic motor nucleus in ALS rodent models. Cervical motor neurons in SCA1
rodent models have reduced soma volume and a rounded appearance compared to the typically pyramidal shape. SCA1
rodent models also have increased intranuclear aggregation of Atxn1 protein, suggesting the Atxn1 protein is misfolded
and mutated as a result of the CAG repeat mutation. Furthermore, diseases show signs of glial activation in the areas
surrounding the phrenic motor pool which is a sign of neuroinflammation and neurodegeneration. In the phrenic motor
nucleus, ALS rodents have a progressive increase in microglial activation, whereas rodent models of SCA1 have reactive

astrocytosis.

In the ALS rodent models, there is immunohistochemical and electrophysiological evidence of pathologies in the
phrenic nerve including hypermyelination and degeneration of myelinated fibers. Intracellular electrophysiological
recordings of the diaphragm neuromuscular junctions in ALS rodent models also reveal pathology in
neurotransmission and innervation of the postsynaptic diaphragm muscle fiber. Neither the phrenic nerve nor
diaphragm neuromuscular junctions were studied in the rodent models of SCA. The diaphragms of ALS and SCA
rodents exhibit pathologies consistent with denervation. NMJs of ALS rodent models show evidence of early maturation
and increased acetylcholine release in pre-symptomatic NMJs, followed by a portion of the NMJs developing
morphological and physiological abnormalities possibly as a result of cation dysfunction. The diaphragm of ALS rodent
models has dramatic atrophy and smaller muscle fiber diameters caused by the denervation. SCA1 rodent models have
increased esterase activity and an increase in small angular contoured muscle fibers in the diaphragm which also reveal
denervation. Diaphragms of SCA1 rodent models do not have necrosis, fibrosis, or fiber regeneration which would be

consistent with myopathy but instead have EMG abnormalities consistent with motor neuron dysfunction.

Neural control of airway muscles is also important for breathing. The XII motor neurons help maintain a stable,
open airway and coordinate the tongue during breathing. Dysfunction of the XII motor neurons leads to bulbar
dysfunction characterized by difficulties swallowing, speaking, and maintaining airway patency, which can lead to
respiratory infection or failure [57]. Both ALS and SCA rodent models have degeneration and neuroinflammation in
the XII motor nucleus. However, the most common model for ALS, the SOD16934 model, had inconsistent findings

regarding the severity of hypoglossal involvement in the disease progression.

ALS rodent models also have involvement of other respiratory neural control centers such as the dorsal motor
nucleus of the vagus nerve which relays sensory information from the lungs to other areas in the brainstem in order to
alter breath frequency [68] and the nucleus ambiguus which innervates the pharynx and larynx and helps maintain
airway patency [59,69]. In addition, ALS rodent models also have dysfunction in accessory respiratory muscles (ARMs)
such as the intercostal muscles. The intercostal motor neurons control the intercostal muscles which normally serve as
primary respiratory muscles during expiration and are recruited to assist with breathing during respiratory challenges
of exercise [70]. In the beginning of ALS disease progression, ARMs help compensate for respiratory insufficiency but
shortly after impairment of their recruitment or neurodegeneration of their neural control centers, respiration rapidly
declines, prefacing respiratory failure. Other respiratory neural control centers and ARMs have not yet been studied in

SCA rodent models. However, in SCA1, whole-body plethysmography data show a progressive decrease in tidal volume,
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implying that ARMs are not compensating for respiratory insufficiency as they are in ALS. Both ALS and SCA are
devastating neurodegenerative disorders that commonly result in respiratory failure. Understanding how these
diseases impact the entire respiratory system is key in being able to research new respiratory targeted therapies to

increase the quality and longevity of life in ALS and SCA patients.
Conclusion

In conclusion, components of the respiratory system such as phrenic motor neurons, the diaphragm, and XII motor
neurons are involved in the respiratory pathogenesis of rodent models of ALS and SCA. In addition, the phrenic nerve,
neuromuscular junctions, other neural control centers, and accessory respiratory muscles contribute to the progression
of respiratory insufficiency in ALS rodent models and may also contribute to pathology in SCA, but this is yet to be
studied. Recent discoveries of other causative genes in ALS have resulted in novel mouse models, and novel SCA mouse
models are also available. However, the impact of respiratory pathology on these models is unknown. It is necessary to
characterize the respiratory phenotype of novel genetic ALS and SCA rodent models in order to increase our
understanding of respiratory pathology and disease mechanism. Thus, the respiratory characterization and
understanding of breathing pathology is essential in order to test the impact of novel therapeutics on these clinically

relevant outcome measures.
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