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Abstract
Characterization of motor pool selectivity of neuromuscular degeneration and
identification of molecular correlates of disease resistance in Type I spinal muscular
atrophy
Justin Lee
Selective neuronal loss in response to loss or dysfunction of a ubiquitously expressed
protein is a hallmark of neurodegenerative disease. Proximal spinal muscular atrophy
(SMA) is caused by homozygous loss of the ubiquitously expressed survival motor
neuron 1 (SMN1) gene, resulting in progressive neuromuscular weakness that eventually
leads to flaccid paralysis and death from respiratory failure by two years of age in the
most severely affected patients. Despite widespread motor neuron loss, certain motor
pools are clinically spared. Type I SMA patients exhibit intercostal recession in
conjunction with diaphragmatic sparing that produces a characteristic “bell-shaped
chest.” Additionally, patients retain extraocular and external sphincter function, even in
late disease stages.
In order to fully define this differential vulnerability, I performed an extensive
characterization of neuromuscular autopsies from Type I SMA patients and age-matched
control patients. I found highly divergent degrees of motor unit degeneration, even within
individual cranial nerves or a select anatomical region such as the neck. Remarkably, the
diaphragm in a Type I SMA patient kept alive on life support for 17 years was still
relatively preserved, despite virtually complete fibro-fatty infiltration in other muscles.
Extraocular functions were also normal in this patient. These findings suggest that the
molecular determinants of SMA-resistance provide indefinite protection against low

SMN protein. Thus, identification and modulation of these genes and pathways
represents a promising potential therapeutic strategy.
Remarkably, this exquisite pattern of selectivity was preserved in the SMNΔ7 mouse, a
widely used SMA mouse model. This suggests that the molecular determinants of
differential vulnerability are conserved between mouse and human. Given the high
degree of diversity between motor pools, I performed a comparative transcriptional
microarray between multiple SMA-vulnerable and –resistant motor pools in healthy
mice. This analysis revealed a small number of candidate therapeutic genes that segregate
closely with vulnerability. I present a series of preliminary studies evaluating these
targets in the SMNΔ7 mouse. Ongoing and future studies combine pharmacological,
viral, and genetic approaches to modulate these candidate targets in the SMNΔ7 mouse
and assess for improvements in neuromuscular pathology. Given the remarkable
preservation of select motor pools in SMA patients, changing expression levels of the
candidate targets I have identified may provide substantial clinical benefit.
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Chapter 1. General Introduction
Part I. Selective Neuronal Loss is a Hallmark of Neurodegenerative Disease
Neurodegenerative diseases are among the most costly and devastating diseases in terms
of financial burden and impact on human lives, with disease burden growing inexorably
as the United States (U.S.) population ages. Selective loss of specific neuronal subsets is
a universal feature of neurodegenerative disease (Fig. 1.1). Although the nature of the
disease trigger is only known for familial forms of disease, such triggers are in general
expressed widely throughout the central nervous system. This raises a fundamental
question in neurology: why do specific subsets of neurons degenerate in response to
reduction or dysfunction of a ubiquitously expressed protein? Here, I examine two of the
most common disorders - Alzheimer’s disease (AD) and Parkinson’s disease (PD) - in
order to provide potential insights into this question and discuss challenges associated
with studying neurodegenerative disease.
Alzheimer’s disease
AD is a progressive neurodegenerative disease of aging that represents the most common
cause of dementia in the U.S., affecting 4.5 million people over the age of 65 in 2011,
with a projected rise to 13.8 million by 2050. The worldwide prevalence is expected to
exceed 100 million individuals by 2050 (Hebert et al., 2013). The earliest clinical
manifestation of AD is memory impairment, with a remarkably pure impairment in the
ability to encode new declarative memories, such as facts and events, with preservation
of procedural memory and motor learning. Within declarative memory, there is an early
selective impairment in episodic memory (specific events and contexts) that are encoded
1

by mesial temporal structures, while semantic memory (concepts and vocabulary) that are
encoded by neocortical temporal regions are less affected. Furthermore, within episodic
memory there is an early and selective impairment in memory for recent events (encoded
by the hippocampus, entorhinal cortex, and other mesial temporal lobe structures), with
relative preservation of immediate recall (encoded in the sensory association and
prefrontal cortices) and memory of distant events, which does not require the
hippocampus (Markowitsch and Staniloiu, 2012, Selkoe, 2002, Scoville and Milner,
1957, Zola-Morgan et al., 1986, Peters et al., 2009).
As AD progresses, other aspects of memory are also affected. Declines in virtually all
affected cognitive domains appear and progress insidiously. The mean survival after AD
diagnosis is from three to eight years, as patients eventually succumb to complications
related to advanced debilitation, including dehydration, malnutrition, and infection
(Wolfson et al., 2001, Larson et al., 2004, Helzner et al., 2008).
AD is highly heritable, even in patients that are considered to have sporadic forms. The
genetic basis is well understood for early-onset forms with an autosomal dominant
inheritance pattern, which often have mutations that alter the production, aggregation, or
clearance of the β-amyloid (Aβ) peptide. Other late-onset forms have known genetic risk
factors such as apolipoprotein E (Corder et al., 1993, Polvikoski et al., 1995, Myers et al.,
1996, Graff-Radford et al., 2002, Ballard et al., 2004, Slooter et al., 2004), but these
factors are more complex, incompletely penetrant, and have environmental and
epigenetic contributions (Lambert et al., 2009, Harold et al., 2009, Seshadri et al., 2010,
Hollingworth et al., 2011, Naj et al., 2011, Lambert et al., 2013, Reitz et al., 2013).
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Pathologically, AD is characterized by extracellular Aβ plaques and intracellular
neurofibrillary tangles of hyperphosphorylated tau protein. Aβ peptides derive from
proteolysis of the β-amyloid precursor protein (βAPP) by the β-secretase enzyme betasite amyloid precursor protein-cleaving enzyme 1 (BACE-1) and γ-secretase, which is a
protein complex with presenilin 1 (PSEN1). The amyloid hypothesis, supported by
studies of genetic forms of AD and molecular studies with neurotoxic Aβ, posits that an
imbalance between the production and clearance of Aβ peptides results in aggregation of
peptides and Aβ aggregation, which may represent the central etiology in AD (Nussbaum
& Ellis, 2003; Gotz et al., 2008; Querfurth & LaFerla, 2010).
Given the widespread expression of Aβ, the early and often pure impairment in the ability
to encode new memories, without any other clinical manifestations, is remarkable.
Pathologically, this corresponds to an early and selective degeneration of layer II
pyramidal neurons in the entorhinal cortex and the CA1 and subiculum of the
hippocampus (Fig. 1.1A). Eventually, cell loss spreads to frontal, temporal, and parietal
cortices, which coincides with other cognitive impairments, such as reasoning,
abstraction, and language (Selkoe, 2002, Double et al., 2010, Braak and Braak, 1991a,
West et al., 1994).
Despite this known differential vulnerability in human patients, there has much difficulty
in replicating these findings in animal models. Several mouse models of AD have been
created, with some exhibiting an age-dependent accumulation of amyloid plaques .
However, the development of this hallmark pathological finding has not been sufficient
to trigger the full spectrum of neuropathology found in human AD patients, including
neurofibrillary tangles (Higgins and Jacobsen, 2003, Götz and Ittner, 2008). These
3

challenges have been addressed to some degree with combinatorial genetic approaches
such as the combined expression of APP, tau, and PSEN1 that successfully recapitulated
Aβ plaques, neurofibrillary tangles, and synaptic dysfunction in an age-dependent manner
(Oddo et al., 2003).
Another challenge has been triggering neurodegeneration, which is conspicuously absent
in most AD mouse models, even in those that capture hallmark plaques and tangles
(Higgins and Jacobsen, 2003, Dickson, 2004). However, one mouse model with a PSEN1
mutation and overexpression of mutated human APP exhibits an approximately 50 % loss
of CA1 neurons at 10 months of age (Casas et al., 2004). Neuronal loss in other brain
regions, such as limbic and association cortices, were not examined. Nevertheless, this
study provides a proof-of-principle that mouse models of AD may recapitulate some
aspects of selective vulnerability observed in human patients.
Thus, AD exhibits a remarkably selective neurodegeneration both clinically and
neuropathologically, despite the ubiquitous expression of the dysfunctional Aβ protein.
However, there has been much difficulty in parlaying the genetically defined forms of
AD into reliable preclinical models that recapitulate key pathological hallmarks and
neuronal death.
Parkinson’s disease
Selective vulnerability is also evident in PD, a complex age-related neurodegenerative
disease with motor and neuropsychiatric manifestations. Disease progression is variable,
but transition from impairment to disability usually occurs within three to seven years
after clinical onset (Shulman et al., 2008). PD affects 100-200 per 100,000 people over
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40 years old, with over 1 million affected patients in the U.S. alone (Marras, 2004, Lang
and Lozano, 1998).
PD is characterized by tremor, bradykinesia, rigidity, and eventually postural instability.
Approximately 70 % of patients present with a resting tremor, markedly reduced with
purposeful movement, which is typically described as “pill-rolling” (Hoehn and Yahr,
1967). This tremor, usually between 4 and 5 Hz, often starts unilaterally in one hand
before spreading to the contralateral arm over the course of several years (Findley et al.,
1981, Scott et al., 1970). Bradykinesia, or generalized slow movements and difficulty
initiating movements, is the most prominent cause of disability in PD and is present in
virtually all patients. As with tremor, bradykinesia usually starts in the hands with
reduced manual dexterity of the fingers and difficulty performing simple tasks, such as
buttoning clothes. In the legs, manifestations include leg dragging, shuffling steps, and a
feeling of general unsteadiness, which eventually progresses to gait freezing and
festination. Rigidity, or increased resistance to passive movement, occurs in
approximately 90 % of patients and, along with tremor and bradykinesia, often begins
unilaterally before progressing to the contralateral limb (Hoehn and Yahr, 1967, Martin et
al., 1973, Hughes et al., 1993, Scott et al., 1970).
Eventually, patients develop postural instability, an impairment in postural reflexes that
produces a tendency to fall, which may cause significant morbidity and mortality,
especially in older patients. Thus, these patients are often wheelchair-bound. PD patients
exhibit a variety of other motor symptoms, as well as non-motor symptoms that include
cognitive dysfunction and dementia, psychosis, mood disorders, sleep disorders, and
fatigue. The prevalence of dementia in PD patients is approximately 41 %, with a
5

cumulative incidence as high as 78 %, a rate five- to six-fold higher than in control
populations (Mayeux et al., 1992, Aarsland et al., 2003, Hobson and Meara, 2004,
Aarsland et al., 2001).
Most cases of PD are sporadic, thought to result from a combination of environmental
insults within the context of genetic predisposition. Some cases are familial, with known
monogenic causes including α-synuclein, parkin, PINK1, DJ-1, and ubiquitin C-terminal
hydrolase-1 (Polymeropoulos et al., 1997, Kitada et al., 1998, Valente et al., 2004,
Bonifati et al., 2003, Leroy et al., 1998). Despite these diverse genetic and environmental
factors, PD is neuropathologically characterized by the selective loss or dysfunction in
midbrain dopaminergic neurons (Fig. 1.1B). The A9 dopamine neurons in the substantia
nigra pars compacta that project to the dorsolateral striatum to influence movement are
severely affected, with only approximately 10 % remaining at autopsy (Damier et al.,
1999, Pakkenberg et al., 1991, McGeer et al., 1988, Fearnley and Lees, 1991). In
contrast, the majority of A10 dopamine neurons in the medial and ventral tegmentum are
spared, with at least 60 % remaining at autopsy (Damier et al., 1999, Javoy-Agid and
Agid, 1980, McRitchie et al., 1997). These A10 neurons project to the ventromedial
striatum, limbic system, and cortex and are thought to contribute to reward and emotional
behavior. Even within these midbrain regions, there is marked differential vulnerability.
Within A9, the caudal-lateral-ventral dopamine neurons are most vulnerable, with nearly
complete cell loss (German et al., 1989, Damier et al., 1999). In contrast, within A10, the
medial and rostral dopamine neurons are least affected, with only approximately 5-25 %
loss (McRitchie et al., 1997, Damier et al., 1999).
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Despite the identification of a number of disease-causing mutations, modeling PD in
mouse has been largely unsuccessful. No model to date recapitulates the key features of
PD – progressive degeneration of dopamine neurons and accompanying motor
abnormalities. There exists only one fully penetrant autosomal dominant form of PD,
caused by mutations in the α-synuclein gene. However, overexpression of mutated αsynuclein largely fails to replicate neuropathology; only a single transgenic mouse model
(prion promoter A53T) out of many exhibit the full range of α-synuclein pathology
observed in humans (Lee et al., 2002, Giasson et al., 2002, Dawson et al., 2002,
Chesselet, 2008). Even this model does not exhibit progressive loss of dopamine neurons.
Likewise, generation of a mouse model with a triple knockout of parkin, PINK1, and DJ1, which encompass three of the four autosomal-recessive-loss-of-function causes of PD,
do not exhibit dopamine neuron pathology (Kitada et al., 2009).
In response, investigators have relied on neurotoxin models of PD using 1-Methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-ODHA).
Remarkably, some studies using these toxins appear to recapitulate regional patterns of
selective degeneration across species. Studies using neurotoxins MPTP and 6-ODHA in
rodents and primates have found a selective loss of dopaminergic cells in the ventral part
of A9, with variable cell loss in the A10 and A8 (ventral reticular formation) regions
(German et al., 1988, German et al., 1992, Rodriguez et al., 2001). However, other
studies have produced a topographic pattern of cell loss that is less similar to that in PD
patients (Deutch et al., 1986, Wilson et al., 1987, Pifl et al., 1988, Turner et al., 1988).
One study, for example, found MPTP-induced preferential loss of lateral A8 with
minimal loss in A9 in monkeys (Deutch et al., 1986).
7

Thus, PD is also characterized by a selective regional neurodegeneration, in a small
fraction of cases due to mutation in a single gene. Despite the significant difficulty in
recapitulating this differential vulnerability in transgenic mouse models, MPTP and 6ODHA toxin models may reproduce a similar topographic pattern of neuronal loss.
Challenges in studying neurodegenerative disease
These two prototypical diseases - AD as the most common cause of dementia and PD as
the most common movement disorder - highlight difficulties inherent in studying
neurodegenerative disorders broadly. First, preclinical mouse models with known genetic
mutations often fail to recapitulate key clinical and pathological disease features. This
difficulty is strikingly evident in both AD and PD, as mouse models with multiple
transgenic mutations often do not exhibit pathological hallmarks or neuronal loss. In the
case of PD, age-dependent dopamine neuron loss in transgenic mouse models still has not
been achieved, despite extensive efforts. Investigators have instead resorted to acute
neurotoxin administration with MPTP, which may have underlying mechanisms that
diverge dramatically from the chronic age-related neurodegeneration that occurs in
human PD patients, and likely reflects only the downstream, effector part of the PD
disease pathway. To date, no neuroprotective agents have been identified using these
toxin models (Dawson et al., 2010).
Another difficulty inherent in most neurological disorders is complex genetics. The
genetic basis for early onset forms of AD – mutations in APP, PSEN1, and PSEN2 – is
well understood. However, these autosomal dominant forms account for less than 1% of
AD cases. Likewise, only a small percentage of PD patients have familial forms, while
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most patients have sporadic PD from a complex interplay between environmental insults
and genetic predisposition. Preclinical models based on familial disease forms with
defined genetics are invaluable in providing experimentally tractable models from which
to decipher underlying disease mechanisms. However, the generalizability of these
findings to the vast majority of patients with more complex genetic or sporadic forms
remains to be determined.
SMA is an ideal model for studying neurodegeneration
Proximal spinal muscular atrophy (SMA) provides a unique opportunity to address these
questions. SMA is a fatal pediatric neuromuscular disorder characterized by loss of lower
motor neurons, causing flaccid paralysis and death from respiratory failure by two years
of age in the most severely affected Type I patients.
In contrast to disorders with diverse genetic and environmental etiologies, SMA has a
uniform genetic cause: homozygous loss of function of the survival motor neuron (SMN)
gene. Despite heterogeneity in disease severity among SMA patients, all disease forms
are characterized by insufficient SMN protein for the full health and functioning of the
neuromuscular system.
The enormous difficulty in modeling AD and PD in mouse has been reviewed above. In
contrast, reduction of the SMN protein in mouse produces a progressive neuromuscular
phenotype, including motor neuron loss and neuromuscular denervation that are the
pathological hallmarks of human SMA.
SMA also exhibits a key feature of neurodegenerative disease – differential vulnerability
in response to ubiquitous reduction of a protein. The SMN protein is present in all cells
9

and mediates critical functions that are necessary for metazoan cell life. Despite this,
motor neurons are selectively lost. Moreover, SMA exhibits marked differential
vulnerability between different motor neuron populations. In the context of generalized
paralysis, SMA patients retain eye movements, diaphragmatic function, and external
sphincter continence.
Many neurodegenerative diseases are characterized at the level of regional vulnerability,
but the most affected neuronal subpopulations are less well described. As a
neuromuscular disease, SMA vulnerability can be characterized at the level of motor
pools – discrete groups of motor neurons that innervate a single muscle in the periphery –
via examination of denervation pathology in the corresponding muscle.
Thus, SMA is an ideal disorder to study the mechanisms underlying selective
neurodegeneration. Studying selective motor pool vulnerability in SMA may uncover
principles of selective neurodegeneration that can be applied to other disorders.
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Part II. Spinal muscular atrophy
Historical context
SMA was first described by Werdnig in 1891, when he observed two infant brothers with
the onset of progressive proximal leg weakness at 10 months of age (Werdnig, Berlin
1891). Hoffman, between 1893 and 1900, described an additional seven patients from
three families (Hoffman, 1893, Hoffman, 1897, Hoffman, 1900). Although these cases
were of intermediate severity, Sylvestre in 1899 and Beevor in 1903 presented the first
cases of severe SMA, two infants with flaccid paralysis of limbs and trunk muscles at
birth (Beevor, 1902, Sylvestre, 1899, Dubowitz, 2009). These infants were from two
families in which 7 out of 14 total children were affected, and all affected children died
within six months of age. Over half a century later, Wohlfart, Eliasson, and Fex in 1955
and Kugelberg and Welander in 1956 described the mild ambulant form of SMA in two
case series (Kugelberg and Welander, 1956, Wohlfart et al., 1955, Dubowitz, 2009). The
clinical presentation was similar to a limb-girdle muscular dystrophy, but
electromyography and muscle biopsy documented neurogenic changes, leading to
speculation that this represented a mild form of the disease described by Werdnig and
Hoffman. Early descriptions of intermediate and severe forms of SMA all recognized a
progressive and symmetric weakness involving the proximal extremities, axial muscles,
and intercostal muscles, with prominent sparing of the diaphragm (Dubowitz, 2009). The
accompanying pathological studies described degeneration of the motor neurons in the
anterior horn of the spinal cord.
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Despite this stereotyped pattern of neuromuscular weakness and motor neuron loss at
autopsy, these early studies highlighted marked differences in age of onset, rate of
progression, and overall severity of SMA. Thus, for over a century, it was unclear if
SMA was one disease with a broad spectrum of severity or represented multiple diseases.
This spectrum of phenotypes was formally classified in 1991, based on age of clinical
onset and maximum motor function achieved. Type I SMA, the most common subtype, is
characterized by disease onset within 6 months of age and death within 2 years. The onset
of Type II SMA occurs between 6 and 18 months of age, and patients gain the ability to
sit upright but not walk. Type III SMA presents after 18 months of age and patients
achieve ambulation, at least temporarily (Munsat, 1991, Thomas and Dubowitz, 1994,
Zerres and Rudnik-Schoneborn, 1995, Kolb and Kissel, 2011, Farrar et al., 2013, Finkel
et al., 2014).
That these are different manifestations of a single disease was demonstrated by the
finding that 95% of all cases of SMA are caused by homozygous loss of the survival
motor neuron 1 (SMN1) gene (Lefebvre et al., 1995). SMN is a ubiquitously expressed
protein involved in multiple aspects of RNA metabolism, including RNA splicing.
Complete loss of SMN would be embryonic lethal but the absence of SMN1 is
compensated for by variable copy numbers of the hypomorphic gene paralog survival
motor neuron 2 (SMN2). SMN2 potentially encodes for the same protein as SMN1, but a
single nucleotide transition in exon 7 leads to skipping of exon 7 in the majority of
transcripts and production of a truncated SMN protein that is rapidly degraded (Fig. 1.2)
(Monani et al., 1999, Lorson et al., 1999, Burghes and Beattie, 2009). On average, the
higher the copy number of SMN2 the milder the phenotype, but copy number is not fully
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prognostic since SMN2 is not the sole disease modifier (Prior et al., 2009b). SMA has an
incidence of approximately 1/11,000 live births and a pan-ethnic carrier frequency of
1/54 (Prior et al., 2010, Sugarman et al., 2012).
Clinical presentation, differential vulnerability, and natural history
The clinical onset of Type I SMA is apparent at birth or within the first six months of life,
with a median age of onset between the first and second months (Thomas and Dubowitz,
1994, Munsat, 1991). Indeed, mothers may report decreased fetal movements and
weakness during the last trimester of pregnancy (Hausmanowa-Petrusewicz et al., 1992).
Despite the heterogeneity in timing of onset, the neurological features are highly
consistent. Type I SMA patients have severe and generalized hypotonia, or decreased
muscle resistance to passive stretching, which is strikingly evident with ventral
suspension and pull-to-sit maneuvers (Fig. 1.3), the “frog-leg” posture, with hip
adduction and knee flexion, and the “jug-handle” upper extremities, with abduction and
either internal or external rotation of the shoulders (Dubowitz, 1995b) (Fig. 1.3). They
also exhibit severe weakness, with a corresponding lack of spontaneous movements and
inability to point, reach, and lift; weakness helps to distinguish SMA from cerebral
disorders and other central causes of hypotonia (Leyenaar et al., 2005, Volpe, 2008).
Patients may retain active movements of the hands and feet with minimal hip and
shoulder movement, indicating a proximal-to-distal gradient of weakness. However, even
when hand movements are intact, polyminimyoclonus, or rhythmic tremor of the
extended fingers, has been described as a characteristic sign of Type I SMA and may
reflect early intrinsic hand involvement (Fidziańska, 1996). Moreover, the severity of
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generalized weakness may preclude detecting differences between proximal and distal
muscle weakness. The lower extremities are more severely affected than the upper
extremities. Weakness in the axial muscles of the trunk and neck is especially severe, also
evident on the pull-to-sit maneuver. Bulbar weakness is common, and sucking and
swallowing are compromised in about half of cases. Fasciculations and atrophy of the
tongue are also often apparent, although tongue fasciculations may be difficult to
distinguish from tremor in a crying infant (Dubowitz, 1995b).
Despite generalized flaccid paralysis and involvement of both spinal and cranial motor
nerves, certain motor pools retain function. A particularly striking feature of Type I SMA
is the sparing of the diaphragm. Preserved diaphragmatic function, in conjunction with
recession of the intercostal muscles, produces anterior chest collapse and distension of
the abdomen, or a ‘bell-shaped’ chest, that is virtually pathognomonic for SMA (Fig. 1.4)
(Byers and Banker, 1961, Kuzuhara and Chou, 1980, Iwata and Hirano, 1978a,
Shishikura et al., 1983). Additionally, oculomotor movements are normal and external
sphincter function is preserved. Facial expressions are relatively well preserved (Fig.
1.4).
Other cognitive functions are not affected, as SMA Type I-III patients have a mean IQ
that is not significantly different from siblings or aged-matched controls. Interestingly,
one study demonstrated that older children and adolescents had a significantly higher
verbal IQ than controls, which may result from an increased demand on cognitive skills
in response to their physical handicap or may represent a direct consequence of SMN
depletion (von Gontard et al., 2002).
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Bulbar dysfunction may contribute substantially to morbidity and mortality in SMA,
since defective swallowing often leads to aspiration pneumonia. Chest cavity reduction
due to intercostal weakness may lead to atelectasis, further compromising respiratory
function and predisposing to pneumonia. Furthermore, clearing of tracheal secretions is
often impaired due to weak cough from weak abdominal musculature. Thus, Type I SMA
patients usually succumb within the first two years of life to respiratory failure.
SMN Molecular Functions
Much work has focused on analyzing the cellular functions of the SMN protein in order
to gain insights into the molecular pathogenesis of SMA. In particular, it remains unclear
why reduction of an evolutionarily conserved and ubiquitously expressed protein causes
selective degeneration of motor neurons. The 38 kDa SMN protein associates with eight
other proteins – Gemins 2-8 and Unrip – to form a large macromolecular complex. This
SMN complex is able to form higher order particles, which are thought to represent selfoligomerization of SMN (Fig. 1.5) (Carissimi et al., 2006, Battle et al., 2007). The
deletion of SMN or any one of the Gemin proteins is incompatible with life in virtually
all metazoan cells, indicating that the SMN complex executes critical cellular functions
(Burghes and Beattie, 2009). The SMN protein localizes to the cytoplasm and the
nucleus, where it concentrates in nuclear structures termed Gems. The discovery that
Gems are associated with Cajal bodies, which are small nuclear organelles implicated in
ribonucleoprotien (RNP) assembly and modification, suggested that SMN may be
involved in RNA regulation (Liu and Dreyfuss, 1996). Indeed, an abundant literature has
implicated SMN in the biogenesis of diverse RNPs and RNA processing pathways
through various RNA-binding proteins (Pellizzoni, 2007, Fallini et al., 2011). Of these
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diverse binding partners, the only molecularly defined functions of SMN are the
biogenesis of spliceosomal small nuclear ribonucleoprotiens (snRNPs) and the U7 snRNP
(Fig. 1.5).
The spliceosome is the most complex known RNA-protein complex inside a eukaryotic
cell, composed of approximately 150 protein and small nuclear RNAs (Zhou et al., 2002,
Nilsen, 2003). Spliceosomal snRNPs are critical for the function of the spliceosome,
which is responsible for the precise excision of introns from pre-mRNA, generating a
proteome that is at least five times as large as the number of human genes (Nilsen, 2010).
The assembly of snRNPs is a highly complex process that involves both cytoplasmic and
nuclear phases. The SMN complex directs the ATP-dependent assembly of a core of
seven Sm proteins around a conserved uridine-rich sequence on each snRNA (Meister et
al., 2001, Pellizzoni et al., 2002). Critically, the SMN complex is required to ensure that
Sm cores assemble on the correct RNA targets and prevent promiscuous binding to other
RNAs (Pellizzoni et al., 2002). Through this molecular chaperone function, which is
required for snRNP biogenesis and subsequent functioning of the spliceosome, the SMN
complex plays a critical role in the expression of virtually all protein-coding genes.
The SMN complex has also been demonstrated to play a role in the assembly of U7
snRNP, which is involved in the 3’-end processing of histone mRNAs. Histones are the
primary protein component of chromatin and play critical roles in regulating gene
expression (Henikoff and Ahmad, 2005). Remarkably, cells must synthesize 108
molecules of each histone type during the short S phase of cell division (Groth et al.,
2007, De Koning et al., 2007). Canonical histones are intronless and non-polyadenylated
replication-dependent genes with a unique 3’ end structure that is necessary for proper
16

cell cycle regulation (Marzluff et al., 2008). This 3’ end is generated with an
endonucleotidic cleavage that requires pairing a U7 snRNA with a conserved sequence;
the U7 snRNA directs subsequent recruitment and positioning of trans-acting factors that
execute transcript cleavage (Marzluff et al., 2008). Accordingly, SMN depletion leads to
the accumulation of U7 pre-snRNA and the reduction of U7 snRNP, with a
corresponding disruption in the 3’-end processing of canonical histone mRNA (Tisdale et
al., 2013).
In addition to the biogenesis of snRNPs and U7 snRNP, many other RNA-binding
proteins that SMN interacts with are thought to be involved in post-transcriptional gene
regulation, such as mRNA transport and stability (Tadesse et al., 2008, Akten et al., 2011,
Fallini et al., 2011, Hubers et al., 2011, Fallini et al., 2012, Fallini et al., 2014). Mutations
in SMN that are linked to SMA disrupt interaction with many of these RNA-binding
proteins. However, many of these functions are still not molecularly defined. Importantly,
there is a close correlation between reduced SMN-mediated snRNP assembly in cells
from human SMA patients and disease severity (Wan et al., 2005), and the degree of
reduction in SMA mouse models correlates with phenotypic severity (Gabanella et al.,
2007). Accordingly, it has been hypothesized that low snRNP assembly causes
deleterious splicing changes that initiate the disease process. However, analysis of presymptomatic SMNΔ7 mice indicates that early widespread splicing changes are not a
feature of SMA (Bäumer et al., 2009, Zhang et al., 2013). RNA-seq analysis in presymptomatic SMA mice has revealed alterations in ~3 % of mRNAs, supporting an
alternative hypothesis that splicing changes in a small number of genes that are critical
for motor unit health induce key pathological processes (Zhang et al., 2013).
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Interestingly, SMN deficiency in Drosophila and mice has been directly linked to
defective splicing in stasimon, a gene that is critical for normal function of the
neuromuscular junction (Lotti et al., 2012). Despite this confirmed link between SMN
reduction and a splicing defect, stasimon explains only part of the phenotype. The
mechanism underlying motor neuron selectivity in response to ubiquitous reduction of
SMN remains a major outstanding question in the field.
Mouse models of SMA
Inactivation of the Smn gene in mice, which have no equivalent of SMN2, results in
massive cell death during embryonic development (Schrank et al., 1997). However, mice
bearing a human SMN2 transgene on an Smn null background exhibit a progressive
neuromuscular phenotype that in many ways mimics the human pathology, including
motor neuron loss and muscle denervation (McGovern et al., 2008, Murray et al., 2008,
Murray et al., 2010). Moreover, as in humans, phenotypic severity is inversely correlated
with SMN levels: introducing 2 copies of SMN2 produces a severe SMA phenotype and
death within 5 days, whereas 8 copies of SMN2 essentially rescue the mice (Monani et
al., 2000, Hsieh-Li et al., 2000). The addition of an SMN transgene lacking exon 7
(SMNΔ7), together with 2 copies of SMN2, further extends lifespan to ~13 days (Le et
al., 2005a, Kong et al., 2009, Ling et al., 2012). Other models have been created using
distinct but comparable strategies (Monani, 2005). However, the SMNΔ7 model has been
the most widely utilized for evaluation of candidate SMA therapeutics and so I will focus
on it here and in my studies.
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Although SMNΔ7 mice recapitulate a progressive neuromuscular phenotype that is the
key feature of the human condition, there is a less perfect match in terms of other aspects
of pathology that also affect the lifespan of the mice. For example, SMNΔ7 mice exhibit
cardiac defects (Shababi et al., 2010, Heier et al., 2010) and distal tissue necrosis (HsiehLi et al., 2000, Narver et al., 2008, Foust et al., 2010, Valori et al., 2010) that are not
characteristic features of the human condition (Dubowitz, 1995b). It has been suggested
that human SMA is a multi-system disorder, including congenital heart disease and
vascular perfusion abnormalities (Hamilton and Gillingwater, 2013, Shababi et al., 2014).
However, in the largest study to date, congenital heart defects were observed only in
Type 0 SMA with one copy of SMN2, totaling three out of four Type 0 patients that
exhibited prenatal onset of weakness, contractures, and respiratory distress at birth. None
of the 61 Type I SMA patients examined had congenital heart defects, with the exception
of a very small number of patients with common, minor cardiac anomalies that resolved
spontaneously (Rudnik-Schoneborn et al., 2008). Two additional studies examining
cardiac involvement in approximately 80 SMA patients with Types I, II, and III
concluded that heart dysfunction is not a feature of SMA (Distefano et al., 1994,
Palladino et al., 2011). Case studies have reported ulcerations and necrosis in the distal
extremities, but to my knowledge this is limited to four reported patients, with clinical
descriptions suggesting Type 0 SMA (Araujo et al., 2009, Rudnik-Schoneborn et al.,
2008). In the two patients that were kept alive on mechanical ventilation for an extended
period of time, all lesions resolved without recurrence (Araujo et al., 2009). I conclude
that multi-organ dysfunction, including cardiac and vascular defects, is not a general
feature of human SMA. These findings call for caution when interpreting some published
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data in SMA mice, as therapeutics that rescue the neuromuscular phenotype but do not
ameliorate the underlying cardiac pathology may not produce a commensurate
improvement in gross phenotype or survival (Gogliotti et al., 2012b), whereas they might
be effective in patients. Endpoints based on quantitative evaluation of motor unit
pathology may be of greater predictive value.
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Part III. SMN cell-specific requirements and therapeutic strategies
Homozygous mutation or deletion in the SMN1 gene, with insufficient compensation by
the remaining gene paralog SMN2, represents the single genetic etiology for all cases of
SMA. Therefore, a major therapeutic goal is to restore SMN to levels sufficient for the
normal health and functioning of the neuromuscular system. Variants of the SMN2 gene
with increased full-length transcript production have provided insight into the levels of
SMN that must be achieved for full therapeutic effect. A single base substitution
c.859G>C in a composite splicing regulatory element in exon 7 disrupts an hnRNP A1dependent silencer and increases the amount of full-length transcripts from the SMN2
gene, ameliorating the SMA phonotype (Vezain et al., 2010). Patients who have only two
copies of SMN2, but are heterozygous for the c.859G>C mutation, present with milder
Type II SMA. Furthermore, patients with two copies of SMN2 and homozygous for this
mutation present with Type IIIb SMA, with onset of weakness delayed up to 15-20 years
of age (Prior et al., 2009a, Bernal et al., 2010, Vezain et al., 2010). In contrast, most
typical Type II SMA patients have three copies of SMN2 and Type III SMA patients have
three or four copies (Feldkotter et al., 2002). The c.859G>C mutation increases fulllength SMN mRNA by approximately 20 %. This leads to the prediction that increasing
SMN by 20 % in a typical Type I SMA patient with two copies of SMN2 would
dramatically reduce the disease onset and severity, producing a milder Type IIIb SMA. A
25% increase might completely rescue the SMA phenotype (Arnold and Burghes, 2013).
Thus, increasing SMN levels to only a fraction of levels in normal patients may fully cure
the disease, if performed sufficiently early.
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Modulating SMN in mouse models of SMA
The therapeutic promise of SMN restoration has been well validated in preclinical mouse
models. As in human patients, increasing the SMN2 copy number on a background of
homozygous deletion of mouse Smn1 produces a progressively milder phenotype; SMA
mice with two copies of SMN2 exhibit a severe neuromuscular phenotype and death
within the first few days, while eight copies of SMN2 produces normal mice (Monani et
al., 2000, Hsieh-Li et al., 2000). Increasing SMN expression may be achieved using a
variety of therapeutic approaches, including adeno-associated viral (AAV) vectors that
express full-length SMN protein. Other approaches include targeting the remaining
paralog SMN2, so as to increase the expression or promote the inclusion of exon 7 to
produce more full-length transcript. This has been achieved with antisense
oligonucleotides (ASOs) and a variety of small molecule modulators.
Increasing SMN levels in the CNS of SMNΔ7 mice with ASOs provides dramatic
improvement in the neuromuscular pathology, gross behavior, and lifespan of mice
(Baughan et al., 2009, Hua et al., 2011, Mitrpant et al., 2013, Passini et al., 2011,
Porensky et al., 2012, Williams et al., 2009, Zhou et al., 2013). Use of morpholino
chemistry provides marked rescue of the SMNΔ7 mouse with a single
intracerebroventricular (ICV) injection, from ~2 weeks to over 14 weeks (Mitrpant et al.,
2013, Porensky et al., 2012, Zhou et al., 2013); comparable rescue was achieved using
peripheral administration (Zhou et al., 2013). In contrast, a study using 2’-Omethoxyethyl (MOE) chemistry in another severe SMA mouse model found modest
rescue with a single ICV injection but dramatic rescue to over 100 days using high doses
peripherally, suggesting that low SMN in peripheral organs contributes significantly to
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the overall SMA phenotype (Hua et al., 2011). This effect was attributed, at least in part,
to correction of an SMA-related decrease in liver production of insulin-like growth factor
1 (IGF-1), which can act as a neurotrophic factor and is important for normal postnatal
growth and cardiac development and function (Colao et al., 2008, Kaspar et al., 2003, Wu
et al., 2009). However, caution is required when interpreting these studies, since the
blood-brain barrier is open during this stage of development and peripheral
administration produced substantial increases in full-length SMN in the CNS (Hua et al.).
A recent study examined the effect of peripheral administration of IGF-1 with AAV1 in
severe SMA mice and found improvements in neuromuscular pathology, behavioral
deficits, and lifespan. Unexpectedly, these improvements appeared to result from IGF-1mediated increases in SMN protein centrally and peripherally (Tsai et al., 2014). Thus,
much of the phenotypic improvement in peripheral versus central administration of MOE
oligonucleotides may be due to IGF-1-mediated increases in SMN, further complicating
interpretation of the cell type-specific SMN requirements and the implications for human
therapy.
The use of adeno-associated virus (AAV) vectors, which achieve long-term transgene
expression in non-dividing cells, represents another powerful method for restoring SMN
in targeted cell types in mouse models of SMA. Indeed, a number of groups have
reported dramatic results with self-complementary AAV serotype 9 expressing SMN
(scAAV9-SMN), with increases in median survival in SMNΔ7 mice from ~15 days to
over 150 days (Foust et al., 2010, Valori et al., 2010, Dominguez et al., 2011, BenkhelifaZiyyat et al., 2013, Glascock et al., 2012). Peripheral vein or intramuscular scAAV9SMN administration led to widespread SMN expression in the CNS and periphery,
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including muscle and liver. Direct CNS injection with scAAV8-SMN, by contrast,
appeared to transduce the spinal cord and brain without detectable expression in muscle,
although other peripheral organs such as the liver were not examined (Passini et al.,
2010). CNS-restricted SMN expression achieved comparable phenotypic rescue to
studies that also transduced peripheral tissue, with an increase in median lifespan from 15
to 157 days (Passini et al., 2010). The only study to compare CNS versus peripheral
administration of scAAV9-SMN found a greater phenotypic rescue in the CNS-injected
cohort (Glascock et al., 2012). However, this study used relatively low titer virus and did
not normalize viral dose for route of administration, resulting in significantly lower SMN
expression in the spinal cord with peripheral injection. Thus, despite the ability of
scAAV8-SMN (and presumably scAAV9-SMN) to selectively target the CNS with
intraparenchymal injection, studies to date have not compared these routes of
administration in a manner that sheds light on the tissue-specific requirements of SMN
restoration.
These studies using ASOs and AAV vectors to increase SMN provide further proof-ofconcept that increasing SMN expression is likely to provide powerful therapeutic benefit
in SMA patients. However, differences in rescue achieved using peripheral versus central
administration (Passini et al., 2010, Hua et al., 2011) have highlighted the importance of
determining the tissue- and cell-specific requirements of SMN for optimal therapeutic
efficacy in patients. Interpretation of studies using ASOs and AAV vectors to determine
the potential contribution of low SMN in the periphery to the SMA phenotype are
complicated by a number of factors. Different ASOs have different chemistries
(morpholino versus MOE) and the central versus peripheral biodistribution is difficult to
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predict, especially considering the relative immaturity of the blood-brain barrier in
neonatal mice. Moreover, the finding that increasing SMN in the periphery, specifically
the liver, may lead to IGF-1-mediated increases in SMN both peripherally and centrally,
complicates delineation of a possible SMN-independent contribution of the liver and
IGF-1 signaling to SMA pathogenesis (Tsai et al., 2014). Moreover, as discussed
previously, there are deficits in SMA mouse models that are not present in human
patients. Despite the limitations of these studies, a number of groups have investigated
the cell-type specific SMN requirements in order to more fully define the potential
benefits of SMN restoration that have important implications for therapy in human SMA
patients.
Cell type-specific requirement of SMN
SMA shares a major characteristic with all neurodegenerative disorders: selective
degeneration of a limited subset of neurons in response to dysfunction or deletion of a
ubiquitously expressed protein, in this case SMN. An abundant literature based on the
SMNΔ7 mouse indicates that although motor neuron dysfunction and degeneration
underlie the principal clinical phenotypes, loss of SMN function in other cell types
contributes in important ways. Here I review the effects of reductions in SMN in different
cell types (summarized in Fig. 1.6).
Motor neurons
SMA in humans is characterized by extensive loss of spinal motor neurons (Mentis et al.,
2011, Passini et al., 2011, d'Errico et al., 2013, Lee et al., 2014), and human induced
pluripotent stem cells (iPSC)-derived motor neurons from SMA patients show an
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intrinsic survival deficit in vitro (Ebert et al., 2009, Corti et al., 2012, Desclaux D et al.,
2013). However, the fact that many motor neuron subpopulations survive intact at endstage in the SMNΔ7 mouse, perhaps due to its limited lifespan, has led the field to
question the contribution of motor neuron death to the overall phenotype. Nevertheless,
motor neurons of the median motor column, which innervate the proximal muscles that
are most strongly affected in patients, do show significant cell death at early stages in
SMNΔ7 mice (Mentis et al., 2011, Lee et al., 2014). Therefore, motor neurons in mouse
models, as in human patients, are selectively vulnerable to low SMN. One potential
explanation is that normal motor neurons express markedly lower levels of full-length
SMN from the SMN2 gene than do other cell populations in the spinal cord, due to
particularly inefficient splicing of exon 7 (Ruggiu et al., 2012). The splicing defect is
further exacerbated by depletion of SMN in the SMNΔ7 mouse, generating a negative
feedback loop that may underlie some aspects of motor neuron vulnerability (Ruggiu et
al., 2012, Jodelka et al., 2010).
Other studies in mice have examined the effect of modulating SMN specifically within
motor neurons. Genetic knockdown of SMN in motor neuron progenitors, using Olig2Cre-driven recombination of mouse Smn on a background of two copies of SMN2,
produced an SMA-like phenotype with motor neuron degeneration and neuromuscular
weakness (Park et al., 2010b). Despite this demonstration of a cell-autonomous
requirement for SMN in motor neurons, the phenotype was markedly less severe than in
SMNΔ7 mice, which have reduced SMN in all tissues: approximately ~70% of mice with
SMN selectively depleted in motor neurons survived to 12 months of age, while SMNΔ7
mice with ubiquitous SMN reduction survived an average of 13 days (Park et al., 2010b).
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Moreover, the ‘reverse’ experiment, selective restoration of SMN in the motor neurons of
SMNΔ7 mice using a Cre-inducible Smn allele under control of the choline
acetyltransferase (ChAT) promoter, fully prevented synaptic dysfunction at the
neuromuscular junction (NMJ) but only partially reduced motor neuron death and had a
relatively modest effect on overall neuromuscular phenotype and death (Martinez et al.,
2012). Collectively, these experiments suggest that SMN reduction in cell types other
than motor neurons also contribute substantially to the pathogenesis of SMA (Fig. 1.6).
Other neuronal classes
The motor circuitry is a critical mediator of the firing, and thus the functional output, of
motor neurons. Given the severe impairments in motor behavior in SMA mice, such as an
impaired righting reflex as early as P1 in SMNΔ7 mice, the modest changes in motor
neuron loss and transmission at the NMJ are somewhat surprising. Thus, it has been
hypothesized that motor circuit dysfunction contributes to the SMA phenotype. Indeed,
studies in SMNΔ7 mice demonstrated a loss of number and function of synapses onto
motor neurons that mediate proprioceptive reflexes, which are important for refining the
output of the motor system through feedback signals (Mentis et al., 2011, Ling et al.,
2010). Loss of these afferent synapses precedes motor neuron loss and even occurs in
embryonic SMNΔ7 mice, suggesting this is an early pathological event that contributes to
functional impairment in SMA (Mentis et al., 2011, Tarabal et al., 2014). Additionally, it
has been demonstrated that the SMA phenotype in Drosophila results primarily from
dysfunction in the motor circuit, not the motor unit (Imlach et al., 2012). However,
increasing SMN levels within motor neurons (though perhaps also other cell types) in
SMNΔ7 mice and in a more severe inducible SMA mouse improves electrophysiological
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deficits and loss of sensory-motor synapses, indicating that low SMN in motor neurons
may also contribute to motor circuit dysfunction (Martinez et al., 2012, Gogliotti et al.,
2012b). The H-reflex, which measures motor unit firing in response to stimulation of
proprioceptive 1a afferents, is reportedly absent in many Type I SMA patients (Renault et
al., 1983). However, interpretation of these results is complicated by neuromuscular
denervation and motor neuron loss, so this merits further investigation. Overall, there are
functional consequences of low SMN in multiple elements of the spinal circuitry, but the
full extent of the contribution of each cell type to SMA pathogenesis remains to be fully
determined, particularly in human patients.
Other neuronal phenotypes have been reported in mouse models of SMA, including loss
of corticospinal neurons in the SMNΔ7 mouse and reduced cell proliferation and
neurogenesis in the hippocampus in the severe Smn-/-; SMN2+/+ mouse (d'Errico et al.,
2013, Wishart et al., 2010). More studies are required to determine whether pathology in
these and other neuronal cell types is a previously unappreciated aspect of the human
disease.
Muscle
Given the close trophic and functional interactions between motor neurons and the
muscles they innervate, much work has been performed to delineate the potential
contribution of intrinsic skeletal muscle abnormalities to the SMA phenotype. Early coculture experiments indicated that extracts of muscle biopsies from SMA patients, but not
aged-matched controls, inhibited the trophic effect of neonatal chick muscle on
embryonic chick spinal neurons (Henderson et al., 1987). A later study found that
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myofibers formed by fused muscle satellite cells from severely affected SMA patients
degenerated within three weeks of innervation by rodent spinal cord explants, whereas
myofibers from mildly affected SMA patients or controls survived for several months
(Braun et al., 1995). Cultures of SMA satellite cells from severe SMA mice and primary
myoblasts from SMNΔ7 mice exhibit altered expression of MyoD and myogenin, two
key muscle developmental factors, and myotube formation deficits (Hayhurst et al., 2012,
Bricceno et al., 2014). Additionally, cultured muscle cells from SMA patient biopsies are
smaller than those from control patients and have significantly disrupted expression of
myogenic genes critical for muscle development (Guettier-Sigrist et al., 2002, Boyer et
al., 2014).
Myofibers in SMNΔ7 mice fail to grow during early postnatal development, producing a
severe and uniform reduction in muscle size (Lee et al., 2011). These defects may either
be muscle-intrinsic or may be secondary to abnormalities in neuromuscular transmission
observed even in the presence of fully innervating motor axons (Kong et al., 2009, Ruiz
et al., 2010, Kariya et al., 2008). Moreover, key developmental events at the NMJ, such
as expression of critical myosin isoforms and maturation of the motor endplate, are
severely delayed in SMNΔ7 mice (Lee et al., 2011). In order to determine the origin of
these changes, investigators have modulated SMN expression in SMA mice selectively in
muscle.
An early study that increased SMN in muscle did not find significant improvements in
motor phenotype or lifespan (Gavrilina et al., 2008). However, this study utilized the
human skeletal actin (HSA) promoter, which is not expressed in satellite cells or
myoblasts. Satellite cells, located between the sarcolemma and basal lamina of muscle
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fibers, are muscle stem cells responsible for neonatal muscle growth and maintenance
and repair of adult muscle; they constitute the major regenerative population in muscles
(Kang and Krauss, 2010, Cerletti et al., 2008). A body of literature has suggested that
SMN-deficient satellite cells may contribute to muscle pathology in SMA (Fidzianska et
al., 1990, Braun et al., 1995, Nicole et al., 2003, Shafey et al., 2005, Dachs et al., 2011,
Mutsaers et al., 2011). Selective restoration of SMN levels by 50% in muscle satellite
cells on a background of complete Smn deletion in mature myofibers markedly improved
the phenotype, with an extension in median survival from one month to approximately
eight months of age (Nicole et al., 2003). This improvement is likely due to the enormous
regenerative capacity of muscle satellite cells. A more recent study selectively restored
SMN in early muscle progenitors using the MyoD and Myf5 promoters and found a
complete rescue of myofiber growth and an improvement in motor phenotype and
survival, but no effect on NMJ deficits or central synapses. Selective restoration in motor
neurons with the ChAT promoter, in contrast, produced only a partial rescue of myofiber
growth but restored NMJ transmission (Martinez et al., 2012). In conclusion, SMN
appears to have cell-autonomous functions in muscle fiber growth and/or maintenance
independently of the rest of the motor unit in both human and mouse SMA and may
contribute to disease pathogenesis. In particular, SMN in muscle satellite cells appears to
be critically important for the regenerative capacity of muscle in response to chronic
SMA pathology.
Glial cells
Astrocytes execute critical functions in normal motor neuron physiology, including
buffering extracellular ions and neurotransmitters, modulating synaptic structure and
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function, and release of neurotrophic factors (Wang and Bordey, 2008, Clarke and
Barres, 2013). They also play a pathogenic role in a variety of neurodegenerative
diseases, including the motor neuron disease amyotrophic lateral sclerosis (ALS). In
preclinical models of familial ALS, astrocytes expressing mutated SOD1 contribute to
motor neuron death in a non-cell autonomous manner, likely mediated by release of a
neurotoxic factor (Papadimitriou et al., 2010, Nagai et al., 2007, Di Giorgio et al., 2007,
Re et al., 2014). This raises the possibility that astrocytes similarly contribute to SMA
pathogenesis. Studies using the SMNΔ7 mouse and iPSCs from SMA patients found
morphological and cellular changes consistent with activation, including upregulation of
glial fibrillary acidic protein and decreased length of cellular processes (McGivern et al.,
2013). Furthermore, SMA iPSC-derived astrocytes exhibited functional alterations, with
an increase in baseline Ca2+ levels and a reduced Ca2+ response to ATP (McGivern et al.,
2013). These changes, which precede motor neuron loss in vivo, indicate that astrocyte
dysfunction may contribute to SMA pathology.
Schwann cells form the myelin sheath around peripheral motor axons that is critical for
axonal integrity and fast axon potential conduction (Simons and Trotter, 2007).
Peripheral nerve abnormalities have been observed in human SMA patients, including
reduced conduction velocities, altered membrane conductance, and disruption in myelin
(Chien and Nonaka, 1989, Farrar et al., 2011, Moosa and Dubowitz, 1976, Yonekawa et
al., 2013). It was recently reported that Schwann cells isolated from SMA mice failed to
express key myelin proteins during differentiation in vitro, a phenotype that was
reversible with restoration of SMN protein. Moreover, defective myelin protein
expression and myelination of neurites was observed in co-cultures of SMA-derived
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Schwann cells and healthy neurons (Hunter et al., 2014). Alterations in myelination in
human and mouse SMA in vivo are difficult to interpret, since the motor neurons and
their axons also have reduced SMN protein. However, this study raises the intriguing
possibility that intrinsic defects in Schwann cells also contribute to SMA pathogenesis.
Timing of SMN restoration in SMA
In addition to the cell type-specific requirements of SMN, a critical question for SMNrestoration therapies is the timing of restoration that is required for maximum therapeutic
benefit. Early studies examining SMN expression and function through ontogenesis
found that SMN-mediated snRNP assembly was most active during embryonic and
postnatal central nervous system development, followed by a sharp 10-fold decrease to a
basal level within two weeks of age which was maintained throughout life (Gabanella et
al., 2005). These findings suggested that SMN restoration would need to occur in the
embryonic or early postnatal period to reverse or prevent SMA.
Indeed, restoration of the SMN protein with self-complementary adeno-associated virus 9
(scAAV9) into motor neurons, dorsal root ganglia, and other central nervous system cell
types at P1 resulted in a marked rescue in neuromuscular physiology, gross motor
function, and survival, but restoration at P10 had little effect. Treatment on P5 had a
partial effect (Foust et al., 2010). These findings supported the hypothesis that SMN
restoration during the early developmental period is required for maximum benefit, but
one possible reason for this finding was that older mice have reduced motor neuron
transduction.
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In order to define SMN temporal requirements genetically, a doxycycline-inducible SMN
transgene was introduced onto the SMNΔ7 background and activated at varying postnatal
time points (Le et al., 2011a). Early induction of SMN at P3-P4 resulted in maximum
survival and normal neuromuscular junctions and motor neuron electrophysiology. Later
induction at P6, in contrast, provided less therapeutic benefit. Remarkably, early
induction followed by removal of doxycycline-mediated SMN induction at P28 resulted
in no discernable deficits. Many of these adult SMN-depleted animals survived over 200
days (Le et al., 2011a). Thus, in addition to underscoring the importance of early SMN
restoration, this study supports the hypothesis that following the developmental period of
high SMN requirements, minimal SMN suffices to maintain normal function and survival
during adulthood.
Other studies in SMA mice utilizing different transgenic strategies have largely
confirmed these findings (Lutz, 2011, Kariya et al., 2014). One caveat to the low
requirement during adulthood is that SMN requirements may increase during injury, as
the ability to regenerate a mature neuromuscular junction in response to nerve crush in
adult SMN-depleted mice is grossly impaired (Kariya et al., 2014).
Downstream therapeutic targets
Recent studies have identified molecular steps in the downstream pathway, or candidate
modifier genes, that extend survival in SMA mice and are of potential interest
(Bowerman et al., 2010, Bowerman et al., 2012, Butchbach et al., 2010, Farooq et al.,
2011, Gogliotti et al., 2013, Kwon et al., 2011, Van Meerbeke et al., 2013, Cherry et al.,
2013, Farooq et al., 2013, Wishart et al., 2014). However, it remains to be demonstrated
33

that modulation of any candidate therapeutic targets can provide protection in the
SMNΔ7 mouse comparable with that of SMN restoration. Since the only molecularly
defined role for SMN is the biogenesis and assembly of small nuclear ribonucleoproteins
(snRNPs), the major component of the spliceosome, it has been hypothesized that
deleterious splicing changes initiate the disease process. However, early widespread
splicing changes in motor neurons are not a feature of SMA, suggesting that splicing
changes in a small number of genes critical for motor unit health induce key pathological
processes (Baumer et al., 2009, Zhang et al., 2013). It was previously shown that SMN
reduction alters the snRNP profile in a non-uniform manner, with a preferential reduction
of minor snRNPs (Gabanella et al., 2007). Intriguingly, Lotti et al. (Lotti et al., 2012)
demonstrated that SMN reduction induces defective splicing and reduces expression of a
discrete set of U12 intron-containing genes in Drosophila and mammalian cells. One of
these SMN target genes, stasimon, is required for normal neurotransmitter release
in Drosophila and axon outgrowth in zebrafish (Imlach et al., 2012, Lotti et al., 2012).
Restoration of stasimon in SMN-deficient Drosophila corrects some of the NMJ defects,
but not all. Defective splicing and reduced levels of stasimon were also observed in
motor neurons in SMA mice. This is the first demonstration of a direct link between
SMN reduction, a splicing defect, and specific aspects of the SMA phenotype, supporting
the hypothesis that SMA pathogenesis may result from splicing defects in a small number
of genes. It will be intriguing to determine whether restoration of normal stasimon levels
can rescue the phenotype of the SMNΔ7 mouse and, in the future perhaps, human
patients.

34

Part IV. SMN-independent therapeutic targets in SMA
SMN-independent modifiers of SMA
The identification of homozygous deletions in the SMN gene in unaffected individuals,
all of which were siblings of SMA patients, raised the intriguing possibility of disease
modifiers other than the SMN protein itself (Cobben et al., 1995; Hahnen et al., 1995;
Wang et al., 1996). Indeed, after identification of the SMN2 gene as the primary modifier
of SMA (McAndrew et al., 1997; Prior et al., 2004), copy number analyses in these
patients confirmed the existence of haploidentical siblings with the same copy number of
SMN2 but different SMA phenotypes. Although most of these cases were observed in
Type II/III SMA, haploidentical siblings with different severity of SMA were also
confirmed in Type I SMA (DiDonato et al., 1994; Wirth et al., 1995). These studies raise
the possibility that genes and pathways outside of SMN may contribute to, or modulate,
the SMA disease process.
Plastin 3
One study examined six SMA-discordant families with a total of eight unaffected females
with homozygous SMN1 deletion and identical SMN2 alleles as their affected siblings.
The investigators performed a transcriptome-wide differential expression analysis and
found that only a single gene – plastin 3 (PLS3) – exhibited significantly higher
expression in unaffected compared to affected siblings, confirmed at the protein level
(Oprea et al., 2008). Analysis of approximately 100 additional SMA patients found 16 %
with high levels of PLS3. Of these patients, three out of six females had very mild SMA
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despite the presence of only two copies of SMN2. All ten males had SMA severity that
correlated with their SMN2 genotype (Oprea et al., 2008).
Another study examined 88 SMA patients with a broad range of disease severity and
found that PLS3 expression levels were approximately 2-fold higher in prepubertal
females and younger males (<11 years old) than in older patients of both sexes
(Stratigopoulos et al., 2010). Intriguingly, PLS3 expression only correlated with SMA
severity in postpubertal female patients, but not in prepubertal females or males of any
age. Although PLS3 expression correlated with SMA type and gross motor function
measure in postpubertal females, levels were also correlated with SMN2 copy number
(Stratigopoulos et al., 2010). Since SMN2 copy number is the primary known
determinant of SMA severity, this finding complicates interpretation of PLS3 as a
potential disease-modifying gene. Despite this limitation, these findings provide further
support for a link between PLS3 and SMA severity in an age and sex-specific manner.
A third study examined four families with discordant siblings haploidentical for the SMA
locus and found that PLS3 expression was slightly higher in the asymptomatic females
from two families, but was excluded as a genetic modifier in the other two families
(Bernal et al., 2011). Similar to previous studies, all asymptomatic siblings were female.
This study raises the possibility of other genetic modifiers other than PLS3. Importantly,
mRNA expression of PLS3 in lymphoblasts and whole blood was 12-200-fold lower than
in fibroblasts from the same patients (Bernal et al., 2011). This finding highlights the
tissue-specific patterns of PLS3 and supports the need for examination of PLS3
expression in induced pluripotent stem cell-derived motor neurons from SMA patients.
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PLS3 binds and bundles actin filaments, which form F-actin polymers that accumulate in
the distal ends of growth cones and filopodia (Delanote et al., 2005; Dent et al., 2003).
Indeed, unaffected haploidentical siblings of SMA patients with high PLS3 expression
had significantly increased F-actin levels as compared to their affected siblings, in a
manner independent of SMN levels (Oprea et al., 2008). Examination of primary murine
motor neurons revealed co-localization of PLS3 and SMN in axon granules and in Factin-rich growth cones. Overexpression of PLS3 rescued axon growth defects in SMNdepleted PC12 cells (Oprea et al., 2008). Thus, it has been hypothesized that PLS3
modifies SMA by stabilization of the growth cones via elevation of F-actin in
axonogenesis.
A number of studies in animal models support the potential disease-modifying role of
PLS3 in SMA. Injection of PLS3 RNA into zebrafish with morpholino-induced smn
reduction rescued aberrant axonal outgrowth (Oprea et al., 2008). Human and mouse
SMA do not exhibit perturbations in intial axon outgrowth, but rather defects in
neuromuscular junction maturation and maintenance. However, increased sprouting
ability may increase the plasticity and therefore duration of neuromuscular function.
Overexpression of PLS3 in a mild version of the Taiwanese mouse model of SMA
resulted in significant improvements in motor function and motor unit pathology without
increasing SMN expression (Ackermann et al., 2013). The righting reflex was
significantly improved, perhaps through the marked rescue in proprioceptive 1a afferent
terminals. As predicted by its role in F-actin bundling, PLS3 overexpression significantly
increased F-actin in the presynaptic motor terminal, a well as organization of the readily
releasable pool and increased synaptic vesicle and active zone content, which are thought
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to be influenced by F-actin (Bleckert et al., 2012). Motor endplate and muscle fiber size
were increased and neurotransmission at the neuromuscular junction was improved. The
most striking phenotype was an increased axon stabilization that led to delayed axon
pruning and markedly improved neuromuscular junction connectivity as assessed by colocalization of synaptic vesicles and neurofilament with motor endplates (Ackermann et
al., 2013). However, there were minimal increases in weight and survival. Overall, these
findings support the hypothesis that increased PLS3 levels may act as a protective
modifier in SMA through its role in F-actin bundling and its downstream role in
neuromuscular junction maturation and maintenance.
RhoA
Given the known role of PLS3 in actin dynamics, it is intriguing that one of the only
other identified potential therapeutic targets in SMA that has been validated in an SMA
mouse model is RhoA, a small GTPase that is a major regulator of actin dynamics (Luo
et al., 1997). It was previously demonstrated that Smn-depleted PC12 cells exhibited an
increase in RhoA and profilin IIa, which binds actin (Bowerman et al., 2007). Qualitative
analysis of profilin IIa in the Smn2B/- mouse suggested a motor neuron cell-autonomous
increase of this protein in vivo (Bowerman et al., 2009). However, reduction or complete
knockout of profilin IIa did not rescue the weight or lifespan of Smn2B/- mice, and did not
appear to rescue motor neuron death (Bowerman et al., 2009), although this was not
analyzed in detail.
Profilin IIa knockdown did appear to restore normal Pls3 in this intermediate model of
SMA, further supporting a link between alterations in actin regulation and the SMA
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phenotype. The finding that knockdown of profilin IIa did not improve the SMA
phenotype suggested that more upstream actin regulators must be targeted for therapeutic
benefit. Indeed, administration of 30 mg/kg per day of Y-27632, which inhibits Rhokinase (ROCK), a direct effector of RhoA-GTP (Amano et al., 1996), in the Smn2B/mouse exhibited a dramatic improvement in survival from approximately 1 month to
between 100 and 230 days of age (Bowerman et al., 2010). ROCK treatment also
improved myofiber size, neuromuscular junction size and maturity (maturity defined by
end-plate perforations and presynaptic occupancy), but did not improve motor neuron
survival. Smn protein levels in the spinal cord of Smn2B/- mouse did not change in
response to ROCK inhibitor treatment. Despite the marked improvement in survival in
the Smn2B/- mouse, 30 mg/kg of Y-27632 had no effect on survival in the severe Smn-/-;
SMN2 mouse model, despite administration as early as E14 (Bowerman et al., 2010). A
similar remarkable phenotypic improvement in Smn2B/- mice was achieved with
administration of the clinically approved ROCK inhibitor fasudil, but also failed to rescue
motor neuron survival (Bowerman et al., 2012).
The success of RhoA kinase inhibition, in conjunction with the therapeutic effect
observed with PLS3 overexpression in SMA mice, suggest that impairment in the F-actin
network at the neuromuscular junction is impaired in SMA and represents a promising
potential therapeutic target.
Follistatin
Follistatin is a glycoprotein that binds and inhibits multiple members of the transforming
growth factor (TGF)-β superfamily, including myostatin - a potent negative regulator of
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skeletal muscle growth (McPherron and Lee, 1997). Upregulation of follistatin produces
an increase in muscle mass through myostatin inhibition and other myostatin-independent
mechanisms (Lee and McPherron, 2001, Lee, 2007). Follistatin has successfully been
used to increase muscle mass in wild-type animals and disease models, including
amyotrophic lateral sclerosis and Duchenne muscular dystrophy (Miller et al., 2006,
Haidet et al., 2008). Thus, it was hypothesized that use of follistatin to inhibit myostatin
and enhance the strength of functional myofibers through hypertrophy may have
therapeutic benefit. Indeed, administration of follistatin to SMNΔ7 mice led to increased
muscle mass in select muscles and an increase in ventral horn cells in the lumbar spinal
cord (Rose et al., 2009). Depending on the dose used, follistatin also significantly
increased motor behavior (righting reflex) and lifespan. Levels of SMN and PLS3 were
unchanged.
Despite these promising results, other studies either overexpressing follistatin or
inactivating myostatin genetically in the SMNΔ7 mouse did not find improvements in
motor function or survival and found little to no improvement in muscle mass, depending
on the muscle examined (Sumner et al., 2009, Rindt et al., 2012). Administration of a
soluble activin receptor IIB, which enhances muscle growth through myostatin inhibition
and binding to GDF-11 and activin (Lee et al., 2005, Morrison et al., 2009), likewise
found minimal improvement in motor function and muscle mass and no improvement in
survival (Sumner et al., 2009).
These negative results indicate that myostatin inhibition does not appear promising, but
rather other pathways modulated by follistatin may have therapeutic potential for SMA. It
remains to be determined why administration of follistatin at 0.75 mg/kg twice daily
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(b.i.d.), but not at 1 mg/kg or 10 mg/kg every other day (q.a.d.) markedly improved motor
performance, but only 1 mg/kg b.i.d. dosing improved lifespan in the SMNΔ7 mouse
(Rose et al., 2009). Different follistatin doses and dosing schedules may modulate
different pathways. The moderate success of follistatin highlights pathways that regulate
myofiber growth as a viable therapeutic avenue. However, these treatments may not
alone be sufficient to prevent SMA progression but rather would function as adjuvant
therapies alongside disease-stabilizing agents. As one example, overexpression of
follistatin (Miller et al., 2006) or inhibition of myostatin (Holzbaur et al., 2006, Morrison
et al., 2009) improved motor function and muscle mass in the SOD1G93A mouse model of
ALS, but did not prolong survival.
Olesoxime
The identification of olesoxime as a potentially promising treatment for SMA strongly
supports the hypothesis that SMN-independent therapeutic strategies may play an
important role as an adjuvant to therapies that increase the SMN protein. Olesoxime is a
cholesterol-like compound that was initially identified based on its ability to promote
survival of purified cultured rat motor neurons with neurotrophic factor deprivation with
an EC50 around 3 µM (Bordet et al., 2007). Molecular characterization determined that
olesoxime binds two outer mitochondrial membrane proteins: the translocator protein
(TSPO) and the voltage-dependent anion channel (VDAC). Olesoxime is thought to
modulate the mitochondrial permeability transition pore opening, particularly under
conditions of oxidative stress, and prevent loss of mitochondrial membrane potential,
followed by Ca2+ influx, mitochondrial swelling, and subsequent release of pro-apoptotic
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factors, such as cytochrome C (Rasola and Bernardi, 2007, Leung and Halestrap, 2008,
Bordet et al., 2007, Bordet et al., 2010).
Olesoxime was confirmed to exhibit broad neuroprotective effects on multiple classes of
neurons and disease contexts, including motor neuron axotomy, peripheral nerve trauma,
the SOD1G93A model of ALS, and peripheral neuropathy (Valenza et al., 2005, Bordet et
al., 2008, Xiao et al., 2009, Bordet et al., 2010). Moreover, treatment of NSE-Cre;
SMNF7/F7 mouse model of SMA with daily subcutaneous injection beginning at P21
induced a significant increase in life span; only 15% of vehicle-treated SMA mice
survived longer than 40 days, while 45% of olesoxime-treated SMA mice were still alive
at P40 (Bordet et al., 2010). It was not reported whether SMN levels were increased in
the olesoxime-treated mice. However, given the known mechanism at the mitochondrial
membrane transition pore and the broad neuroprotective effects in a variety of disease
contexts, the therapeutic effect in SMA is likely SMN-independent.
A recent preliminary report of a successful Phase II/III clinical trial of olesoxime
(TRO19622) demonstrated a delayed loss of motor function for two years in Type II and
non-ambulatory Type III patients in a double-blind, placebo controlled trial involving 165
patients at 22 sites in 7 European countries (Dessaud et al., 2014). These exciting
findings may lead to the first approved disease-modifying therapy for SMA,
approximately 20 years after identification of the disease-causing gene (Lefebvre et al.,
1995). It will be important to see if olesoxime demonstrates effectiveness in more severe
Type I SMA patients that represent half of all SMA patients and are most in need of
effective therapies. Critically, these results demonstrate that SMN-independent
therapeutic approaches – though unlikely to provide a complete cure – represent a
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potentially powerful method to improve clinical outcomes in SMA patients alongside
therapies that target the SMN protein (Fig. 1.7).
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Part V. Determinants of pool-specific vulnerability as a strategy for identifying
potential therapeutic targets
It has been established that SMN-independent pathways may modulate disease severity in
mouse and potentially human SMA. The identification of additional targets, while
unlikely to provide a complete cure, represents an important strategy in parallel with
efforts to replace the SMN protein. One of the most striking clinical findings in SMA
patients is the marked differential vulnerability of motor pools (Fig. 1.4). Despite
generalized flaccid paralysis, Type I SMA patients exhibit normal oculomotor function
and retain innervation of the external sphincter muscles. Moreover, sparing of the
diaphragm in conjunction with intercostal recession produces a characteristic “bellshaped chest.” Thus, extraocular, external sphincter, and phrenic motor units have
molecular properties that confer selective resistance to SMA, despite reduction of the
SMN protein in all motor neurons. If the SMA-resistance of these motor units were
conferred onto vulnerable motor units, this may confer substantial therapeutic benefit. An
understanding of the molecular determinants of differential vulnerability may open new
SMN-independent therapeutic avenues. Moreover, such an understanding may provide
greater insight into the principles of selective neurodegeneration, which is a universal but
poorly understood feature of neurological disease.
Parallels of pool-specific resistance between SMA and ALS
Given the marked differential motor pool vulnerability in SMA, it is worth considering
whether there are parallels with other motor neuron diseases. An identification of such
parallels may provide insight into shared mechanisms of vulnerability. Remarkably, the
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most common adult motor neuron disease – amyotrophic lateral sclerosis (ALS) – is also
characterized by sparing of eye movements and external sphincter function despite
widespread motor neuron degeneration.
ALS is an adult onset progressive neurodegenerative disorder of corticospinal motor
neurons and lower motor neurons with a worldwide annual incidence of approximately 13 per 100,000. The age distribution peaks in the seventh and eighth decade of life, but
sometimes afflicts patients as early the third decade of life (Chancellor and Warlow,
1992, Logroscino et al., 2010). Approximately 90% of ALS cases are sporadic and 10%
are genetic or familial. ALS exhibits marked heterogeneity among patients in terms of
spinal segment of onset, rate of spread to other motor neuron groups, and degree of
corticospinal and/or lower motor neuron involvement (Rowland and Shneider, 2001).
Despite this heterogeneity, there are common clinical manifestations. Corticospinal
findings include slowness, hyperreflexia, and spasticity from degeneration of Brodman
area 4 and the corresponding axons in the lateral corticospinal tracts in the spinal cord
(Hirano, 1996, Adamek et al., 2002, Ince et al., 2003). The most common corticospinal
symptoms are dysarthria and dysphagia from poor coordination among the bulbar
muscles responsible for speaking, chewing, and swallowing. Other symptoms include
poor manual dexterity in the upper limbs, poor balance, and a spastic gait from leg
involvement.
Loss of cranial and spinal motor neurons results in weakness, atrophy (a.k.a
amyotrophy), and fasciculations. Cranial manifestations include dysarthria, dysphagia,
and facial weakness. Upper limb weakness produces difficulty manipulating objects and
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raising the arms while lower limb weakness includes difficult rising from chairs,
climbing stairs, a slapping gait, and falling.
ALS is relentlessly progressive with a relatively linear rate of clinical decline, devoid of
remissions or exacerbations. The most common life threatening manifestation is
respiratory failure from neuromuscular weakness in the diaphragm. Severe dysphagia
may also be life threatening due to aspiration pneumonia, malnutrition, and dehydration.
The median survival is 3-5 years from diagnosis, although approximately 10 % of
patients live for 10 or more years (Rowland and Shneider, 2001).
Oculomotor sparing in ALS
Despite the progressive corticospinal and motor neuron loss that leads to generalized
paralysis by late disease stages, eye movements are remarkably spared in classical ALS
(DePaul et al., 1988, Mitsumoto, 1998). The prominent sparing of these motor units is
illustrated by the use of eye-tracking software that allows severely affected patients to
communicate (Bach, 1993). Detailed examination of oculomotor function in ALS patients
may reveal abnormalities in saccades or smooth pursuit. However, these deficiencies are
due to degeneration in the premotor areas responsible for coordinating these movements
(Leveille et al., 1982, Gizzi et al., 1992, Marti-Fabregas and Roig, 1993, Shaunak et al.,
1995, Averbuch-Heller et al., 1998). Neuropathological autopsy findings in ALS patients
have confirmed these clinical findings, with marked preservation of oculomotor cell
bodies and axons (Lawyer and Netsky, 1953, Sobue et al., 1981, Okamoto et al., 1993).
Despite this high degree of ALS- resistance, extraocular motor units are not absolutely
spared from the disease process. Histopathological analysis of extraocular muscles from
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ALS patients revealed a small degree of denervation atrophy, fiber-type switching, and
compensatory hypertrophy (Ahmadi et al., 2010). Clinically evident oculomotor
dysfunction is rare, but may be observed in patients kept alive on mechanical ventilation
for prolonged periods of time or with an atypically long disease course (Harvey et al.,
1979, Kushner et al., 1984).
In conclusion, extensive clinical and neuropathological analysis have confirmed that the
oculomotor nuclei are remarkably ALS-resistant, even in terminal disease stages when
patients exhibit paralysis of most somatic muscles.
Sparing of Onuf’s nucleus in ALS
Another characteristic feature of ALS is the absence of urinary or fecal incontinence,
which is controlled through innervation of the external urethral and external anal
sphincters by Onuf’s nucleus in the sacral spinal cord. Subtle urinary incontinence has
been observed in some patients, but is largely obstructive in nature owing to supraspinal
involvement (Hattori et al., 1983). Incontinence due to neuromuscular denervation of the
external sphincter in ALS patients is exceptionally rare.
Neuropathological and histological analysis has confirmed these clinical findings, with
remarkable preservation of Onuf’s nucleus in sporadic and familial ALS (Mannen et al.,
1977, Schroder and Reske-Nielsen, 1984, Pullen et al., 1992, Kiernan and Hudson, 1993,
Takahashi et al., 1994, Orrell et al., 1995, Ince et al., 1996, Kihira et al., 1997).
Correspondingly, an electromyographic (EMG) study recording from 30 ALS patients
found normal patterns of activity at rest and during voluntary contraction without any
signs of denervation (Sakuta et al., 1978).
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Similar to the oculomotor nuclei, Onuf’s nucleus exhibits a high but not absolute degree
of resistance to ALS. One study found an increase in atrophic neurons in ALS patients
compared to controls, albeit no decrease in number (Kihira et al., 1997). Another EMG
study found subtle abnormal findings, but confirmed marked sparing compared to other
muscles (Carvalho et al., 1995).
In conclusion, the external sphincters innervated by Onuf’s nucleus are also remarkably
resistant to degeneration in ALS.
Oculomotor nuclei and Onuf’s nucleus in other disease contexts
The resistance of Onuf’s nucleus and the oculomotor nuclei to both SMA and ALS is a
striking parallel between two disparate motor neuron disorders and raises the possibility
of resistance to other diseases that affect motor neurons. Remarkably, these two motor
neuron subpopulations are also resistant to degeneration in Kennedy’s disease or spinal
bulbar muscular atrophy (SBMA).
Kennedy’s disease
SBMA is an adult-onset, X-linked disorder caused by expansion of a CAG trinucleotide
repeat in the androgen receptor (AR) gene (Finsterer, 2009). Mutated AR accumulates in
the nucleus and cytoplasm (especially the Golgi apparatus) of motor neurons, causing a
myriad of disruptions in cellular function and eventual neurodegeneration (Adachi et al.,
2005). Although SBMA has a distinct etiology and downstream neurodegenerative
process than SMA and ALS, the oculomotor nuclei and Onuf’s nucleus are spared (Sobue
et al., 1981). It was initially proposed that sparing of the oculomotor nuclei in SBMA was
due to lack of androgen receptors (Sar and Stumpf, 1977), but more recent work has
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demonstrated moderate androgen receptor immunoreactivity (Matsuura, 1996).
Furthermore, androgen receptor protein is high in Onuf’s nucleus (Merry, 2001), ruling
out this possibility.
Paralytic poliomyelitis
Sparing of Onuf’s nucleus and the oculomotor nuclei is not limited to neurodegenerative
disease, but is also observed in polio infection. Approximately 0.1% of patients infected
with the poliovirus, a single-stranded RNA virus of the human enterovirus C group, will
develop paralytic poliomyelitis (Mueller et al., 2005). Invasion of the central nervous
system results in motor neuron infection, viral replication, and spread to adjacent motor
neurons via multiple mechanisms (Mueller et al., 2005). Motor neuron degeneration
produces worsening weakness over a period of two to three days, with involvement
varying from individual muscle groups to complete quadriplegia. Bulbar involvement
occurs in up to 35% of patients, including dysphagia and dysarthria. Encephalitis and
respiratory insufficiency may also occur (Cohen, 2005). Despite the occurrence of
widespread motor neuron loss in some cases of poliomyelitits, Onuf’s nucleus and the
extraocular motor nuclei are spared from degeneration (Iwata and Hirano, 1978b,
Mannen, 2000, Nath, 1999).
Multiple system atrophy
Despite their resistance to highly divergent motor neuron diseases and even viral
infections, motor units from the oculomotor nuclei and Onuf’s nucleus are vulnerable in
certain disease contexts. Multiple system atrophy (MSA), a term encompassing three
neurodegenerative syndromes - olivopontocerebellar atrophy, striatonigral degeneration,
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and Shy-Drager syndrome – is characterized by varying degrees of cerebellar
abnormalities, corticospinal degeneration with pyramidal signs, akinetic-rigid
parkinsonism, and autonomic dysfunction with urogenital dysfunction (Gilman et al.,
1999, Wenning et al., 2004).
While the clinical manifestations vary, MSA is neuropathologically unified by glial
cytoplasmic inclusions with hyperphosphorylated α-synuclein (Papp et al., 1989,
Wenning et al., 2004). Myelin disruption in the central nervous system is also observed
(Matsuo et al., 1998, Wenning et al., 2008). MSA is characterized by widespread cell loss
throughout the central nervous system, and in particular the striatonigral and
olivopontocerebellar regions as well as the intermediolateral column in the spinal cord
composed of preganglionic neurons of the sympathetic system (Lantos, 1998, Gilman et
al., 1999). Spinal motor neurons and cranial motor nuclei are largely unaffected.
Despite the sparing of most motor neurons, severe damage to Onuf’s nucleus is a
characteristic feature of MSA. Degeneration of Onuf’s results in bladder atonia and may
contribute to erectile dysfunction (Benarroch, 2003). Electromyography of the external
anal or urethral sphincter in MSA patients demonstrates chronic denervationreinnervation with prolonged motor units (Beck et al., 1994, Palace et al., 1997,
Sakakibara et al., 2004). Degeneration of the extraocular motor nuclei and corresponding
extraocular muscle paresis has also been described in MSA (Shy and Drager, 1960).
This pattern of selective neurodegeneration in MSA – degeneration of Onuf’s nucleus
and the oculomotor nuclei with preservation of other cranial and spinal motor neurons –
in some ways represents the reverse of the pattern observed in SMA and ALS. These
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findings highlight that these two motor neuron subpopulations are vulnerable in certain
disease contexts. The molecular mechanisms that confer resistance to SMA may
conversely predispose to vulnerability in MSA.
I have outlined the differential vulnerability of the oculomotor nuclei and Onuf’s nucleus
to diverse pathologies, which are well described clinically and neuropathologically.
However, there are virtually no disorders for which the underlying pathophysiological
mechanism for differential vulnerability is well understood. One strategy to address this
question consists of comparative transcriptional profiling of vulnerable and resistant
disease subpopulations to determine genes and pathways that segregate with disease
vulnerability. Two examples of such strategies are discussed below.
Comparative transcriptional profiling in differentially vulnerable populations as a
strategy for identifying molecular determinants of disease resistance
Parkinson’s disease
As reviewed above, Parkinson’s disease (PD) exhibits marked differential vulnerability
of midbrain dopamine neurons. Postmortem studies indicate that approximately 90% of
the mesostriatal dopaminergic neurons from the A9 region are lost, while only around
40% of the mesolimbic and mesocortical neurons of the A10 region degenerate. In order
to determine the intrinsic molecular difference between these regions that may confer PD
susceptibility, investigators have performed laser capture microdissection and microarray
transcriptional analysis of the A9 and A10 neurons from the midbrain of adult wild-type
mice. Analysis found 42 genes selectively upregulated in the A9 region, while 61 had
higher expression in the A10 region (Chung, 2005).
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Select genes were tested for functional relevance to PD vulnerability in α-synuclein (αSyn) overexpressing PC12 cells treated with MPP+ and rat primary cultures of ventral
mesencephalic neurons treated with MPP+. Three neuropeptides with A10-enriched
expression - gastrin releasing peptide (GRP), calcitonin/calcitonin gene-related peptide
alpha (CGRP), and pituitary adenylate cyclase activating polypeptide (PACAP) –
conferred protection to dopamine neurons against MPP+-mediated toxicity in these
assays. Conversely, two genes upregulated in A9 - G-protein coupled inward rectifying
K+ channel 2 (GIRK2) and adenine nucleotide translocator 2 (ANT-2) – appeared to
increase cell toxicity. A third gene upregulated in A9 - insulin-like growth factor 1 (IGF1) – decreased vulnerability.
These findings support the hypothesis that differentially expressed genes in vulnerable
neuronal populations represent possible therapeutic targets. One might expect that
inhibition of transcripts high in vulnerable cells or upregulation of genes with high levels
in resistant cells may be beneficial. However, the finding that overexpression of IGF-1,
(upregulated in vulnerable cells) decreased toxicity highlights the alternative possibility
that vulnerable neurons are functionally dependent on certain highly enriched genes and
therefore disruption in levels or function during disease is toxic. One limitation to this
study includes the selective testing of genes with established links to PD pathology
(GIRK2, ANT, PACAP) or with known neuroprotective roles (IGF-1). Further testing in
animal models of PD is required to better assess the therapeutic potential of these genes.
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Amyotrophic lateral sclerosis
A recent study from the Henderson lab underscores the potential of comparative
transcriptional profiling in differentially vulnerable neuronal subpopulations to identify
potent therapeutic targets. As discussed previously, the oculomotor nuclei and Onuf’s
nucleus are remarkably spared in ALS, even during terminal stages of illness. This
selective vulnerability was recapitulated in the SOD1G93A model of ALS, with nearly full
preservation of neuromuscular innervation in the extraocular and external sphincter pools
despite a ~50-90 % denervation in ALS-vulnerable limb muscles (Kaplan et al., 2014). In
order to identify the molecular determinants underlying this phenomenon, Kaplan and
colleagues performed laser capture microdissection and transcriptional microarrays to
compare the ALS-resistant CN III and Onuf’s nucleus and the ALS-vulnerable L5 lumbar
motor neurons in wild-type mice.
One candidate gene - matrix metalloproteinase-9 (Mmp-9) - was strongly expressed by
vulnerable lumbar motor neurons and cranial motor nuclei, but strikingly absent from the
ALS-resistant oculomotor nuclei and Onuf’s nucleus. MMP-9 expression also strongly
correlated with motor neuron degeneration in SOD1G93A mice (Fig. 1.8). Selective
vulnerability in ALS also occurs at another level of specificity: fast motor neurons within
individual motor pools are selectively vulnerable. Correspondingly, MMP-9 expression is
restricted to the fast motor neuron subtype, supporting the hypothesis that it may
contribute to vulnerability.
Remarkably, genetic ablation of Mmp-9 confers an 80-day delay in neuromuscular
denervation in the tibialis anterior muscle of SOD1G93A mice as well as a 25 %
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prolongation in lifespan. SOD1G93A mice heterozygote for Mmp-9 also had significant
improvements in these pathological outcomes, suggesting that only partial reduction may
confer therapeutic benefit (Fig. 1.9) (Kaplan et al., 2014).
Genetic reduction of Mmp-9 is not effective in SMA mice
Given the remarkable success of Mmp-9 in modulating pathology in SOD1G93A mice and
the parallels in oculomotor and Onuf’s resistance between ALS and SMA, reduction of
Mmp-9 might confer therapeutic benefit in SMA. In collaboration with Artem Kaplan I
tested the effect of genetic ablation of Mmp-9 in SMNΔ7 mice. SMNΔ7; Mmp-9-/- mice
did not exhibit any improvement in weight, lifespan, or gross motor function. Moreover,
genetic reduction of Mmp-9 did not prevent motor neuron cell death or neuromuscular
denervation (not shown).
These findings were not entirely surprising, since Mmp-9 expression is upregulated in
motor neurons around P5 at which point there is already significant neuromuscular
pathology in the SMNΔ7 mouse. The lack of effect in an SMA model contrasts markedly
with improvements in multiple pathological phenotypes in the SOD1G93A mouse and
underscores the distinct etiologies of these two disorders, despite the selective sparing of
the oculomotor nuclei and Onuf’s nucleus common to both. This raises the hypothesis
that distinct mechanisms of selective degeneration must be delineated for each
neurodegenerative disorder, even for disorders with shared resistance among certain
subpopulations.
Indeed, aside from the shared resistance of the oculomotor nuclei and Onuf’s nucleus,
motor pool vulnerability in ALS and SMA diverges. SMA patients have preserved
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diaphragmatic function, while ALS patients often exhibit diaphragmatic weakness that
results in progressive dyspnea. In contrast to the symmetrical axial and proximal muscle
weakness at presentation in SMA, 80 % of ALS patients present with asymmetrical limb
weakness, often in the distal limb (thenar weakness in hands or dorsiflexion weakness in
foot) (Wilbourn, 2000, Kuwabara et al., 2008, Eisen and Kuwabara, 2012). Another
confounding factor is the age of onset of these two disorders; motor neurons in SMA may
begin to degenerate in utero, while ALS is almost uniformly an adult disorder. The
constellation of genes that govern motor neuron biology and disease during development
may differ dramatically from those that maintain function in adult motor neurons.
Given this heterogeneity in etiology (including genetic and environmental), distribution
of motor pool vulnerability, and age of onset among motor neuron disorders, molecular
targets identified based on vulnerability in one disorder may fail to demonstrate efficacy
in the other disorder.
Another possibility is that distinct mechanism account for disease vulnerability in
different motor pools. For example, the SMA resistance of the phrenic nucleus could be
mediated by a distinct mechanism from that in the oculomotor nuclei. However, the
success of MMP-9 suggests that common mechanisms in a single disorder may
generalize to many motor pools. Moreover, modulating individual genes in multiple
subpopulations is not therapeutically feasible; common mechanisms of selective
vulnerability or resistance that are downstream of the same insult (e.g. insufficient SMN
protein) must be determined for wide therapeutic benefit across the diversity of motor
pools.
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Comparison of multiple subpopulations may be needed
Therefore, I hypothesize that a comparative molecular profile across multiple SMAvulnerable and –resistant motor neuron subpopulations is necessary to uncover the
molecular determinants of vulnerability that potentially apply to all motor neurons. Such
a strategy requires answering two major outstanding questions. First, which motor pools
are differentially vulnerable in SMA and to what degree? The oculomotor, phrenic, and
Onuf’s nuclei are all thought to be SMA-resistant. However, a detailed pathological
characterization across many motor pools is currently lacking. Second, to what degree do
SMA mouse models recapitulate the differential vulnerability observed in human
patients? As discussed previously, SMA mouse models faithfully model the progressive
neuromuscular phenotype that is characteristic of human SMA, including motor neuron
loss and neuromuscular denervation. However, a direct comparison between SMA mice
and human patients is currently lacking. This comparison is critical for determining if the
molecular determinants of vulnerability are conserved across species, a prerequisite for
gaining insight into the human disease through studies in mouse.
In this thesis I seek to answer these questions by performing an extensive analysis of
differential motor unit vulnerability in human and mouse SMA. In humans, I find highly
divergent degrees of degeneration among motor pools, even within individual motor
nerves. I also find that the SMNΔ7 mouse recapitulates this pattern of selective resistance
with remarkable fidelity. These findings are the basis for a comparative microarray
between multiple SMA-vulnerable and –resistant populations in mice, leading to the
identification of a small number of genes and pathways that segregate with vulnerability.
After confirming the differential vulnerability of these transcripts, I perform a series of
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preliminary studies that modulate these targets and assess for potential therapeutic benefit
in SMNΔ7 mice. If successful, these genes and pathways may represent promising SMNindependent therapeutic targets for human SMA.
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Figure 1.1 Selective neurodegeneration is a universal feature of neurological disease.
(A) Pattern of selective neurodegeneration within the hippocampus of Alzheimer’s
disease patients as demonstrated by tau-immunoreactive neurofibrillary tangles. The CA1
(60 % loss) and subiculum (SUB) (65 % loss) are preferentially affected compared to
other regions such as CA2-3, CA4. AT8 phospho-tau peroxidase immunohistochemistry,
0.5 % cresyl violet counterstain. Reproduced from Double et al., 2010.
(B) Pattern of selective regional and intranigral neurodegeneration in the midbrain of
Parkinson’s disease (PD) patients. Cell loss was calculated by comparison of TH-positive
neurons in five PD patients and five corresponding control patients and represented by
the colorimetric scale. CP = cerebral peduncle; DBC = decussation of brachium
cunjunctivum; RN = red nucleus; III = exiting fibres of the third cranial nerve.
Reproduced from Damier et al., 1999.
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Figure 1.2 Schematic representation of the genetic basis for SMA.
Approximately 1:11,000 live births have homozygous mutation or deletion in the survival
motor neuron 1 (SMN1) gene, leading to insufficient full-length SMN protein that
produces SMA. The majority of mRNA transcripts in the remaining paralog survival
motor neuron 2 (SMN2) gene lacks exon 7 due to a single C to T transition in exon 7.
SMN protein lacking exon 7 is unstable and rapidly degraded. Patients with higher copy
numbers of SMN2 have more full-length SMN, which ameliorates the disease severity.
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Figure 1.3 Type I SMA is characterized by marked hypotonia and weakness.
(A) Type I SMA patients exhibit severe and generalized hypotonia. Characteristics
include a “frog-leg” posture from hip adduction and knee flexion and “jug-handle” upper
extremities due to abduction and either internal or external rotation of the shoulders.
(B-C) Hypotonia is prominently demonstrated with the ventral suspension (B) and pullto-sit manuever (C).
Adapt from Dubowitz, 1995.
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Figure 1.4 Marked differential motor unit vulnerability observed clinically in Type I
SMA patients.
Type I SMA patients exhibit widespread flaccid paralysis, although certain muscle are
spared. Marked intercostal recession in conjunction with sparing of the diaphragm results
in a “bell-shaped chest” that is virtually pathognomonic for SMA. Patients may retain
function in the distal limbs, as evident by the flexed wrists. Facial expressions tend to
appear relatively normal. Extraocular function and external sphincter function are also
preserved.
Adapted from Dubowitz, 1978.
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Figure 1.5 The SMN complex is implicated in multiple RNP assembly pathways,
some of which are linked to SMA pathology.
The SMN complex associates with eight other protiens – Gemin2-8 and Unrip – to form a
large macromolecular complex. Many lines of evidence have implicated the SMN
complex in the biogenesis of diverse ribonucleoproteins (RNPs), which are thought to
function in a variety of pathways. The only molecularly defined pathway (solid arrow) is
pre-mRNA splicing, although the SMN complex has also been implicated in posttranslational gene regulation, including mRNA transport, stability, and local translation.
Dysfunction in one or multiple of these pathways resulting from insufficient SMN is
thought to result in motor neuron degeneration and SMA.
Adapted from Li, et al., 2014.
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Figure 1.6 Cell type diversity in SMN requirement.
Although SMA has long been considered a disease affecting primarily motor neurons,
studies in animal models have demonstrated that multiple cell types are affected and may
contribute to SMA pathogenesis. Selective restoration of SMN in specific cell types in
SMA mouse models has been a powerful tool to determine the cell type-specific effects
of low SMN. Restoring SMN expression selectively in motor neurons provides a
relatively modest benefit, while restoring SMN in all neurons provides a dramatic
phenotypic rescue. Additionally, it has been demonstrated that loss of proprioceptive
afferents precedes motor neuron loss and may induce electrophysiological deficits in
motor neurons. These experiments suggest that non-cell autonomous disease
mechanisms, such as within the motor circuit, contribute substantially to SMA
pathogenesis. In addition to synaptic deficits, altered myelination and reactive astrocytes
may contribute to motor neuron loss in SMA. An important consideration in the
development of potential therapies for SMA is to design treatments that target the cell
types that are most relevant to disease progression.
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Figure 1.7 Therapeutic strategies in SMA.
The major therapeutic strategy in SMA is to increase the amount of full-length SMN,
which provides dramatic rescue of neuromuscular phenotype and survival when restored
early in preclinical mouse models of SMA. One approach to increasing SMN entails
promoting the inclusion of exon 7 in mRNA transcripts produced by Smn2 to increase the
amount of stable SMN; this has been successfully achieved with antisense
oligonucleotides (ASOs) and small molecules. Another approach that has achieved
striking therapeutic rescue in SMA mouse models involves the use of adeno-associated
virus (AAV) vectors, which express full-length SMN in motor neurons and other cell
types that are affected by low SMN. One alternative strategy involves targeting
downstream targets of SMN deficiency. Two recent studies have demonstrated a direct
link between a splicing defect resulting from SMN reduction and specific aspects of the
SMA phenotype, suggesting that restoring the function of downstream targets of SMN
deficiency may confer therapeutic benefit. Another alternative strategy involves
identifying neuroprotective agents that prevent or slow motor neuron death in an SMNindependent manner. The recent success of olesoxime (Trophos), which is thought to
prevent cytochrome c efflux and subsequent activation of apoptosis, delayed the loss of
motor function for two years in SMA Type II/III patients. This exciting success, which
may result in the first approved drug for SMA, highlights that neuroprotective strategies
may also provide substantial clinical benefit.
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Figure 1.8 MMP-9 expression in motor neuron subpopulations correlates highly
with their degeneration in ALS mice.
(A-F) Immunohistochemistry for MMP-9 (green) in P30 ChAT-Cre; ROSA-TdTomato
(red) mice reveals selective expression in the ALS-vulnerable motor V (D), L5 lateral
motor column (E), and retrodosrolsateral (RDL) nucleus in the lumbosacral spinal cord
(F) In contrast, MMP-9 expression is largely excluded from the ALS-resistant extraocular
motor nuclei (III, IV, and VI) (A-C) and the dorsolateral portion of Onuf’s nucleus in the
lumbosacral spinal cord (F). Scale bars, 20 mm.
(G) Correlation between wild type MMP-9 expression in motor neuron subpopulations
and their degree of degeneration in SOD1G93A ALS model mice. R2 > 0.96. Values are ±
SEM.
Adapted from Kaplan et al., 2014.
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Figure 1.9 Genetic ablation of MMP-9 markedly delays muscle denervation in
improves survival in ALS mice.
(A) Heterozygous reduction or homozygous deletion of Mmp-9 in SOD1G93A mice delays
neuromuscular denervation by approximately 80 days. Values are mean ± SEM, n = 3-4.
(B) SOD1G93A mice that are heterozygous for Mmp-9 exhibit a 14 % improvement in
survival, while homozygous deletion of Mmp-9 prolongs lifespan by 25 %. Kaplan-Meier
curve demonstrating the cumulative probability of survival over time.
Adapted from Kaplan et al., 2014.

75

Chapter 2. Characterization of selective motor unit vulnerability in human and
mouse SMA
Introduction
Selective degeneration of a subset of neurons in response to a ubiquitously expressed
gene is a hallmark of many neurodegenerative diseases, including Alzheimer’s disease
(AD), Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS) (Braak and
Braak, 1991b, Damier et al., 1999, Cleveland and Rothstein, 2001). Understanding the
molecular basis of selective neurodegeneration may provide insights into disease
mechanisms and help identify disease-modifying therapeutic targets. Precise molecular
analysis of such modulators includes analysis not only of the neuronal class affected but
also of the specific subsets of neurons in that class which are most vulnerable (Kaplan et
al., 2014). However, our knowledge of the vulnerability of specific subpopulations in
patients with neurodegenerative disease remains limited.
To elucidate the molecular determinants of selective vulnerability, use of animal models
will likely be necessary. Therefore, for each disease it is critical to rigorously compare
the patterns of selective vulnerability between the mouse genetic model and the human
disease. The results have been encouraging in the case of ALS, which differentially
affects specific motor pools, discrete groups of motor neurons in the spinal cord that
control contraction of individual muscles. The most commonly studied mouse models of
ALS overexpress high levels of mutant SOD1, the cause of ~2% of all human ALS cases
(Boillee et al., 2006). Nevertheless, the mouse models mimic precisely the selective
resistance of motor neurons innervating the extraocular muscles (EOMs) and pelvic
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sphincters – and the selective vulnerability of fast spinal motor neurons – observed in all
sporadic ALS patients (Pun et al., 2006, Fischer et al., 2004, Schaefer et al., 2005,
Kanning et al., 2010, Kaplan et al., 2014).
As reviewed in Chapter 1, proximal spinal muscular atrophy (SMA), the most frequent
genetic cause of infant death, is caused by autosomal recessive deletions or mutations in
the ubiquitously expressed survival motor neuron 1 (SMN1) gene (Lefebvre et al., 1995).
Insufficient compensation by the paralog survival motor neuron 2 (SMN2) causes
widespread motor neuron loss, leading to death from respiratory failure by two years of
age in the most affected Type I patients (Melki et al., 1990, Ignatius, 1994, Thomas and
Dubowitz, 1994, Zerres and Rudnik-Schoneborn, 1995).
The degree to which different motor neuron subpopulations are affected is far from
uniform. Despite generalized flaccid paralysis with areflexia, SMA patients retain normal
eye movements and generally have preserved facial expression and external sphincter
continence (Byers and Banker, 1961, Iannaccone et al., 1993, Dubowitz, 1995b).
Additionally, relative sparing of the diaphragm in conjunction with severe functional
impairment of the intercostal muscles often produces a “bell-shaped chest” and
paradoxical breathing that are virtually pathognomonic for this disorder, as noted by
Werdnig as early as 1891 (Werdnig, Berlin 1891). Reflecting the clinical picture,
previous neuropathological studies in Type I SMA report widespread loss of spinal and
cranial motor neurons but selective preservation of the oculomotor nuclei (III, IV, and
VI), the phrenic nucleus, and Onuf’s nucleus (Byers and Banker, 1961, Kuzuhara and
Chou, 1981, Iwata and Hirano, 1978b, Robertson et al., 1978, Sung and Mastri, 1980,
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Shishikura et al., 1983). However, detailed characterization of motor neuron vulnerability
in other pools has not been reported.
Differential vulnerability has been more rigorously characterized in SMA model mice,
which as in human patients exhibit neuromuscular degeneration that is dependent on
levels of SMN protein. Ling et al. (2011) documented differential vulnerability in a large
number of axial and appendicular muscles in the SMNΔ7 mouse. However, differential
motor pool vulnerability in the SMNΔ7 mouse has not been directly compared with that
in human patients.
In this chapter I report the pathological examination of neuromuscular autopsies in Type I
SMA patients and an age-matched control patient and found that the large, fast α-motor
neurons that innervate Type II myofibers are more affected than are the slow motor units.
In addition, independent of this subtype specificity, we found remarkable variation in
pathology at the level of muscle, nerve, and motor neuron cell bodies in over 80 motor
units examined. There was a striking concordance between the pattern observed and
selective motor pool vulnerability in the SMNΔ7 mouse. Intriguingly, even in
morphologically unremarkable SMA-resistant muscles from patients, dramatic fiber-type
conversion to Type I myofibers occurred, suggesting ongoing denervation. Nevertheless,
the diaphragm in a Type I SMA patient who died at 17 years exhibited remarkable
preservation. Together, our findings indicate that pool-specific determinants of SMA
vulnerability lead to marked differences that are conserved across species, suggesting that
mechanistic conclusions drawn from the study of this aspect of the mouse model may be
highly relevant for therapeutic strategies in patients.
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Results
Variations in motor unit pathology in Type I SMA patients
I studied ten Type I SMA autopsies ranging from 4 to 8 months of age and aged-matched
control samples from a patient who died at 7 months from congenital diaphragmatic
hernia (detailed clinical history in Table 1), with the aim of determining the range of
pathology present.
I first standardized our classification of muscle pathology, which we used as an indicator
of motor unit vulnerability. All observations were based on blinded examination of at
least six representative hematoxylin and eosin (H&E)-stained transverse sections
throughout the longitudinal extent of each muscle. Control muscles displayed normal
architecture and relatively uniform myofiber diameter, with no apparent pathology in any
muscle examined (Fig. 2.1A, B). Among muscles from SMA patients I defined four
classes of severity of denervation pathology: spared, moderately affected, severely
affected and most severely affected (Table 2). “Spared” muscles were indistinguishable
by H&E staining from controls. “Moderately affected” SMA muscles showed marked
variation in myofiber diameter: denervated myofibers were severely atrophied while
myofibers that remained innervated or were re-innervated displayed hypertrophy, likely
in response to increased workload (Fig. 2.1C, D). “Severely affected” muscles exhibited
even greater variation in myofiber diameter and increases in endomysial connective
tissue and fatty infiltrates (Fig. 2.1E, F). Lastly, the “most severely affected” muscles
contained large amounts of fibro-fatty replacement tissue (Fig. 2.1G, H). In rare severely
affected muscles, we also observed focal endomysial inflammatory infiltrates and
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digestion of myofibers by multinucleated giant cells of monocyte-macrophage lineage as
confirmed with immunohistochemistry (IHC) for CD68 (Fig. 2.1I, J; Fig. 2.2). The
degree of denervation pathology in a given muscle was reproducible between individual
Type I SMA patients (Fig. 2.3). For some muscles, such as the external anal sphincter
(EAS) and the cricopharyngeus, for which control samples were not available, it was not
possible to classify the pathology. These muscles exhibit features that are considered
pathological in other muscles, such as heterogeneity in myofiber diameter, increased
endomysial connective tissue (up to 40%) and alterations in myofiber-type distribution
(Fig. 2.13D-I). However, these have been reported as characteristic features of these
atypical muscles even in healthy controls (Schroder and Reske-Nielsen, 1983, Bonington
et al., 1988, Kristmundsdottir et al., 1990).
Degeneration of motor units in SMA was also apparent from examination of motor axons
and cell bodies. L5 ventral roots showed a marked loss of myelinated motor axons (Fig.
2.6F) as compared to controls (Fig. 2.6A). Correspondingly, examination of
approximately 35 spinal cord segments from nine Type I SMA patients revealed a
significant depletion of motor neuron cell bodies in the ventral horn of all tissues
examined (Fig. 2.5A, B).
Motor unit pathology reflects differential vulnerability observed clinically
To analyze the selectivity of disease resistance, I first focused on motor units for which
there is clinical evidence of differential vulnerability. Given the “bell-shaped chest”
observed clinically, I compared the pathology of the diaphragm, intercostals, and rectus
abdominis by H&E staining. The intercostal and rectus abdominis muscles were
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moderately affected in Type I SMA and showed marked denervation atrophy and
variation in myofiber diameter, with some areas displaying increased connective tissue
and fibro-fatty infiltrates (Fig. 2.4A-D). In contrast, the diaphragm exhibited only minor
alterations in myofiber diameter and slightly increased connective tissue, but was largely
spared (Fig. 2.4E, F).
Patients with SMA retain extraocular motor function, even at late stages of the disease.
Reflecting their clinical resistance, EOMs such as the superior rectus (Fig. 2.4G), were
remarkably spared. Moreover, both oculomotor and abducens nuclei showed remarkable
preservation of motor neuron cell bodies in SMA patients, with the exception of rare
degenerating cells (Fig. 2.5C-E, G). To quantify this difference we used axon profiles in
the corresponding peripheral motor nerves. In the control patient, all nerves showed
dense, compact arrays of myelinated and non-myelinated axons (Fig. 2.6A-E).
Examination of the L5 spinal nerve in Type I SMA revealed a large 62 % depletion of
myelinated axons (Fig. 2.6F; Fig. 2.7A). In contrast, most myelinated profiles in the
oculomotor nerve remained intact with only 22 % of axons lost (Fig. 2.6I; Fig. 2.7C). I
plotted the distribution of motor axon size in order to more precisely define the pattern of
motor neuron loss. In L5 ventral roots, axons were lost across the size spectrum,
including large-diameter axons likely corresponding to α-motor neurons and smalldiameter γ-motor fibers (Fig. 2.7B). By contrast, in the oculomotor nerve, the small
number of axons lost was largely restricted to the intermediate size category (Fig. 2.7D).
Motor neuron preservation or loss was highly similar between SMA patients, as reflected
by the low variation in total axon loss and in the distribution of axon loss, suggesting a
highly stereotyped pattern of vulnerability (Fig. 2.7A-D).
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In SMA patients, involvement of other cranial nerves is frequently manifest through
tongue fasciculations and bulbar dysfunction (Dubowitz, 1995b, Lunn, 2008). I observed
a 50% loss of myelinated axons in the hypoglossal nerve, selectively affecting the large
axons (Fig. 2.6B, G; Fig. 2.7E, F). I found a large depletion of motor neuron cell bodies
in the hypoglossal nucleus, with most remaining cells exhibiting marked chromatolysis
with peripheral displacement of Nissl substance and nuclei (Fig. 2.5F, H). The clinical
preservation of eye movement as compared to dysfunction of other cranial motor nerves
in SMA patients is therefore matched by a large differential vulnerability of the
corresponding motor units, particularly the large alpha motor neurons. However, such
parallels may not be perfect: whereas Type I SMA patients are generally thought to retain
facial expression (Brandt, 1950, Iannaccone et al., 1993, Dubowitz, 1995a), I detected a
profound motor axon loss in the facial nerve that is disproportionately severe compared
to the clinical findings (Fig. 2.6C, H; Fig. 2.7G, H). Access to facial muscles was not
permissible at autopsy so it was not possible to determine whether muscle denervation
was similarly pronounced.
Differential vulnerability of muscles innervated by a single nerve
One potential explanation for the differences in disease resistance observed thus far was
that the different motor pools and nuclei are situated at different rostrocaudal levels. To
determine whether differences in vulnerability also exist between motor pools situated at
similar levels, I studied two nuclei - the spinal accessory (XI) and the motor trigeminal
(V) – each of which innervates multiple muscles.
The spinal accessory (XI) nerve innervates two muscle targets: the sternocleidomastoid
(SCM) and the trapezius (it provides sole innervation for the descending part of the
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trapezius (Kierner et al., 2001)). Within the XI nerve, the fascicles corresponding to each
muscle are readily distinguished morphologically. Strikingly, in XI nerve from an SMA
patient, the SCM fascicle contained large numbers of both large and small myelinated
axons, whereas the trapezius fascicle was significantly depleted of large myelinated
axons (Fig. 2.8A, B, E). Comparison to corresponding fascicles in the control patient
demonstrated a selective loss of the large alpha motor neurons that innervate the trapezius
in SMA (Fig. 2.8F, G). Muscle pathology closely matched this observation: the SCM
muscle displayed increased variation in myofiber diameter, indicating some denervation
pathology, but was mostly spared compared to the descending trapezius, which was
among the severely affected muscles in this study (Fig. 2.8C, D).
The motor V nerve innervates multiple muscles involved in chewing and swallowing. In
SMA patients, it exhibited a pattern of degeneration comparable to that for the spinal
accessory nerve: some fascicles appeared to be relatively preserved, whereas others
showed profound axonal loss (Fig. 2.6E, J). In this nerve it is not possible to distinguish
the nerves that correspond to individual muscles on morphological grounds alone. I
therefore analyzed target muscles of the motor V in SMA patients and the one muscle,
the temporalis, available from the control patient. The temporalis was severely affected in
SMA (Fig. 2.9A, B). In marked contrast, the anterior belly of the digastric (Fig. 2.9D)
appeared almost normal. The mylohyoid was affected, but only moderately (Fig. 2.9C).
This suggested that, as with XI, fascicles corresponding to different muscles within the
single motor V nerve are differentially vulnerable to low levels of SMN protein.
Since for consent reasons not all target muscles of the motor V from SMA patients were
accessible, I turned to the SMNΔ7 mouse, the most frequently used mouse model of
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SMA, to complement this part of the study. Strikingly, whereas loss of motor neuron cell
bodies at end-stage in SMNΔ7 mice is relatively modest in most regions of the spinal
cord (Le et al., 2005b, Avila et al., 2007, Kariya et al., 2008, Mentis et al., 2011), I
observed a 58% loss in the motor V nucleus in P13 end-stage mice (Fig. 2.10A, B). The
oculomotor neurons in SMNΔ7 mice, in contrast, were fully preserved (Fig. 2.10A, B).
This raised the possibility that, as in human patients, some motor V neurons are
selectively vulnerable. To analyze motor neuron loss at a more refined level, I quantified
motor V motor neurons across a medial-to-lateral gradient. Due to the relative spatial
distribution of the motor pools within the nucleus, this allowed me to count successively
the motor neurons that innervate the anterior digastric and mylohyoid, then the
temporalis, and finally the masseter muscle (Fig. 2.10C). In P13 end-stage SMNΔ7 mice,
I found a dramatic loss of motor neurons that innervate the temporalis and masseter, but
no significant loss of the medial motor neurons that innervate the mylohyoid and anterior
digastric (Fig. 2.10D).
I therefore examined the pathology of the corresponding muscles. Studies to date have
quantified denervation in SMNΔ7 mice by measuring co-localization of IHC for
presynaptic motor terminals and motor endplates (Ling et al., 2011a). However, in my
hands, results of staining in neonatal muscle were variable, and muscle examination by
H&E staining more reliably detected denervation pathology. Moreover, it provided a
direct parallel with my studies of human tissue. Control masseter showed regular, closely
packed fibers (Fig. 2.11A), whereas the masseter from SMNΔ7 mice exhibited disordered
architecture, variation in myofiber diameter, increased endomysial connective tissue, and
clumps of nuclei that I interpret as representing denervated myofibers (Fig. 2.11B). In
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contrast, the anterior digastric from SMNΔ7 mice retained normal architecture and
relatively uniform myofiber diameter (Fig. 2.11D), although individual fibers were
smaller, reflecting the substantially reduced overall size of SMA mice, which weigh 68 %
less than control littermates at end-stage (data not shown).
The SMNΔ7 mouse therefore remarkably recapitulates the differential motor pool
vulnerability within the motor V nucleus that I observed in human Type I SMA patients.
Moreover, the mouse and human data show that, within a single motor nucleus, there can
co-exist widely divergent degrees of vulnerability to SMA.
Stereotyped differential vulnerability of neck motor units
Characteristic features of Type I SMA include the failure to gain neck control and
frequent bulbar dysfunction. Thus, the relative sparing of the anterior digastric and the
SCM – both neck muscles - was unexpected. I therefore further characterized the
vulnerability of neck muscles responsible for maintaining head position and airway
patency. Given the striking parallels between the SMNΔ7 mouse and SMA patients in the
specificity of motor V pathology, I studied the mouse and human diseases in parallel.
Examination of H&E-stained neck muscles in the SMNΔ7 mouse revealed that dorsal
neck muscles that contribute to head stability and movement, such as the biventer
cervicis, were severely affected with clear evidence of denervation pathology including
disordered architecture and an increase in central nuclei (Fig. 2.11E, F). This result was
also confirmed by IHC for intact neuromuscular junctions (not shown). In contrast, the
sternohyoid, which is a ventral infrahyoid neck muscle that depresses the hyoid and
larynx during swallowing, was spared (Fig. 2.11G, H).
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The sparing of a major ventral neck muscle as compared to dorsal neck muscles in the
mouse was striking. I therefore examined the corresponding ventral muscles of the neck
available to us from Type I SMA patients to determine if this was a previously
unappreciated aspect of the human disease. All infrahyoid muscles examined - the
sternohyoid, sternothyroid, and thyrohyoid - were remarkably spared, and indeed were
virtually indistinguishable from control muscles by H&E staining in all areas examined
(Fig. 2.19E-H). Thus, there is a remarkable degree of conservation between mouse and
human in the exquisitely selective pattern of vulnerability to low SMN in both the
trigeminal nucleus and a diverse array of cervical musculature.
Onset of neuromuscular pathology preceding morphological degeneration
Thus far, my studies determined muscle pathology by morphological examination of
classical H&E staining, supported by IHC examination of neuromuscular junctions in
select muscles. This approach allowed me to determine differential vulnerability, but only
detects overt denervation pathology. Since some SMA-resistant muscles were virtually
indistinguishable from controls by H&E, I asked whether they might have undergone
more subtle changes. I turned to muscle fiber-type grouping, which reflects the spatial
reorganization of individual surviving motor units that re-innervate neighboring
myofibers following their denervation.
Using antibodies specific to Type I (slow) and Type II (fast) myosin, I first analyzed the
highly vulnerable intercostal muscles from a Type I SMA patient. Instead of the normal
checkerboard pattern of Type I and Type II myofibers observed in control muscle (Fig.
2.12A, B), I observed massive conversion to Type I myofibers in the SMA muscle as
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previously reported (Dubowitz, 1995b) (Fig. 2.12C). Most of the remaining Type II
myofibers exhibited pronounced denervation atrophy (Fig. 2.12D).
I next performed the same analysis on muscles that have highly preserved function and
minimal changes by H&E staining. The superior rectus exhibited a predominance of
Type II myofibers, with Type I myofibers distributed uniformly throughout the global
and orbital layers (Fig. 2.13A-C). The EAS, which is also reportedly spared in SMA,
exhibited a predominance of Type I myofibers, with Type II myofibers distributed
uniformly throughout the muscle (Suppl. Fig. 2.13D-F). Although these two muscles
have different fiber-type compositions to meet their divergent functional demands, the
uniform fiber distribution throughout these muscles suggests an absence of motor unit
reorganization.
In contrast, the SMA-resistant infrahyoid muscles, despite having normal morphology
that was virtually indistinguishable from control muscle by H&E, exhibited a dramatic
conversion to Type I myofibers. The sternothyroid, for example, had almost no remaining
Type II fibers (Fig. 2.12G,H). This suggests that by end-stage in human patients, even
some of the most SMA-resistant muscles may exhibit chronic denervation, with a marked
preference for denervation of Type II myofibers, but that successful reinnervation by
slow motor axons is sufficient to completely delay the appearance of gross morphological
changes.
Preservation of SMA-resistant motor units in prolonged Type I human SMA
Clinically, in Type I SMA distal muscles are initially spared relative to proximal muscles
and patients may retain movement in their wrists, hands, and feet (Byers and Banker,
87

1961, Dubowitz, 1995b, Conel, 1938). By late disease stages, however, even distal limb
muscles are paralyzed and show denervation pathology as severe as that of proximal limb
muscles (e.g. foot lumbricals; Fig. 2.4J). Nevertheless, some motor units such as the
diaphragm and infrahyoid muscles are morphologically spared even in late stages of
disease. Since Type I SMA patients typically succumb to respiratory failure within the
first two years of life (Melki et al., 1990, Ignatius, 1994, Thomas and Dubowitz, 1994,
Zerres and Rudnik-Schoneborn, 1995), measuring the absolute degree of preservation of
these motor units is usually not possible.
I therefore examined muscles from a Type I SMA patient who was maintained on
respiratory support for 17 years, significantly longer than the 7-month average lifespan of
the Type I SMA patients in our study. Affected muscles, including the intercostal
muscles, displayed dramatic pathology; myofibers were virtually entirely replaced by fat
and connective tissue (Fig. 2.14A-C). The diaphragm, however, was remarkably spared
(Fig. 2.14D). Interestingly, a substantial number of Type II myofibers remained,
generally grouped as a result of collateral sprouting (Fig. 2.15J). In contrast, three other
Type I SMA patients who were examined, all of whom died within the first few months
of life, showed substantially greater conversion to Type I myofibers (Fig. 2.15C-H). In
the 17-year-old Type I SMA patient we also noted the presence of putative target or
targetoid fibers (Fig. 2.14D, arrow), which are thought to represent an early sign of
denervation (Engel, 1961, Kovarsky et al., 1973). This pathology was largely restricted
to slow Type I myofibers (Fig. 2.15I, arrow) and was not a prominent feature in earlier
Type I SMA patients (Fig. 2.15C-H). These results demonstrate that, at least in some
patients, the diaphragm exhibits remarkable preservation for an extended period of time
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and, unlike other muscles, fails to switch completely to expression of slow myosin.
Moreover, the clinical history shows that this patient retained normal oculomotor
function through his entire disease course, indicating that long-term resistance extends to
other SMA-resistant motor units.
Discussion
I report a remarkably wide range in vulnerability of different motor pools in Type I SMA,
even though these patients often survive only a few months. This provides a rational basis
for characteristic aspects of the clinical phenotype and opens a path to identification of
disease modifiers representing potent therapeutic targets. My finding that the SMNΔ7
mouse closely mimics selective motor pool resistance in patients provides rationale for its
use as a preclinical model, at least for muscle denervation, and suggests that mechanistic
conclusions drawn from its study may be relevant in human patients. Lastly, the existence
of early molecular changes in muscles that remain histologically unremarkable suggests
that some degree of degeneration occurs in even the most SMA-resistant motor pools.
These pools may exhibit a rate of degeneration that is below the threshold for overt
morphological changes, or may better compensate for motor unit loss with a higher
capacity for collateral sprouting. Moreover, the prolonged resistance of some motor pools
with long survival times demonstrates that SMA-resistance may be nearly absolute.
Widespread motor neuron loss in Type I SMA
The current consensus is that to generate the full extent of SMA pathology it is necessary
to lower SMN in diverse cell types. For example, motor neuron-selective SMN
knockdown on a background of two copies of SMN2 produces a relatively mild
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neuromuscular phenotype and a 12-month survival, while ubiquitous SMN reduction in
the SMNΔ7 mouse produces a severe neuromuscular phenotype and survival of less than
2 weeks (Park et al., 2010a). This realization, compounded by the relatively limited
degree of motor neuron loss at end-stage in the SMNΔ7 mouse reported to date, has led
to diminished emphasis on the contribution of motor neuron cell death to the clinical
phenotype. Nevertheless, extensive examination of motor neuron loss in Type I SMA
patients revealed a large depletion of motor neuron cell bodies in the ventral horn of the
spinal cord and select cranial motor nuclei (Fig. 2.5). I found a corresponding 50-87%
loss of myelinated axons in spinal and cranial motor nerves, in agreement with classical
pathological studies (Fig. 2.6; Fig. 2.7). Thus, even in patients who survived only 4
months, motor neuron degeneration was a major pathological finding at autopsy. This
does not preclude the involvement of other cell types, such as proprioceptive sensory
neurons, interneurons, or glia (Mentis et al., 2011, Park et al., 2010a, Martinez et al.,
2012, Ling et al., 2010, Tarabal et al., 2014, Imlach et al., 2012, McGivern et al., 2013).
However, it serves as a reminder of the potential clinical significance of neuroprotective
treatments to retard motor neuron degeneration.
Graduated degrees of motor unit resistance to SMA
Despite pronounced motor neuron loss overall, I found considerable differences in the
degree to which individual motor pools and their corresponding muscles are affected,
even at autopsy. Examination of over 80 muscles from Type I SMA patients revealed a
marked heterogeneity (Table 2.1). Many muscles were mildly to moderately affected,
with increases in myofiber heterogeneity resulting from concurrent denervation atrophy
and compensatory hypertrophy of remaining myofibers. These moderately affected
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muscles are similar to those reported in the literature (Brandt, 1950, Fidziańska, 1996,
Greenfield and Stern, 1927, Dubowitz, 1995b, Byers and Banker, 1961). However, I also
identified a number of severely affected motor units, with varying degrees of fibro-fatty
infiltration (Fig. 2.1; Table 2).
Type I SMA patients typically do not survive beyond two years of age, making it hard to
determine the absolute degree of resistance of a given motor pool. It was therefore
significant that a representative SMA-resistant muscle, the diaphragm, was preserved in a
Type I SMA patient at 17 years, whereas all other muscles examined were virtually
entirely replaced with fat cells. The presence of target or targetoid fibers, which are
thought to represent an early, reversible sign of denervation and have been observed in
Type III, but not Type I SMA (Engel, 1961, Kovarsky et al., 1973, Fidziańska, 1996),
suggests that some degree of chronic neuromuscular denervation may continue well after
the normal lifespan of SMA patients.
Another interpretation of these findings is that once a given motor unit has overcome a
critical stage in the progression of the disease, it can survive for a considerable period –
perhaps indefinitely – provided the patient remains alive. Studies in the SMNΔ7 mouse
indeed suggest that there is a high requirement for SMN in the early postnatal period,
with reduction of SMN in the adult mouse producing virtually no motor, morphological
or electrophysiological phenotype (Foust et al., 2010, Le et al., 2011b, Lutz, 2011). If a
similar early critical period exists in human, it may explain the lack of progression of
diaphragm pathology at later stages.
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Spatial and functional correlates of motor unit vulnerability
Given the wide array of motor units examined in this study, it was interesting to assess
whether any other motor unit characteristics might be associated with vulnerability.
Neuroanatomical position was the first potential correlate examined. Position along the
rostrocaudal axis did not predict vulnerability, as we found that resistant and vulnerable
populations co-exist at all levels. One striking example was provided by the spinal
accessory nerve (XI), which in the past has been classified as strongly affected in SMA
(Byers and Banker, 1961). Nevertheless, since the spinal accessory nucleus contains two
motor pools - SCM and trapezius - I decided to analyze them separately. Their axons are
readily distinguished morphologically by fascicle size; this is not possible in spinal
ventral roots, which contain axons from as many as ten motor pools at a single
rostrocaudal segment (Dasen, 2009). Although both motor units were affected, I found
only modest pathology in the SCM (Fig. 2.8), despite the fact that the cell bodies of the
two pools lie in adjacent positions in the spinal cord and have similar initial axon
trajectories. A comparable example from the trigeminal motor nucleus is discussed
below.
Another possibility was that resistance might be correlated with motor column. During
development motor neurons segregate into distinct columns, reflecting the axial, hypaxial
or limb localization of their target muscles (Jessell, 2000). All the SMA-resistant motor
units we identified had an axial identity, but this may in part be attributed to our focus on
these motor units. Examination of muscle composition by magnetic resonance imaging
(MRI) in patients with intermediate and mild forms of SMA has revealed the selective
preservation of one appendicular muscle, the adductor longus, but this muscle was not
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preserved in Type I patients (Liu et al., 1992, Ueno et al., 2003, Mercuri et al., 2007,
Sproule et al., 2011). More extensive examination of limb muscles in Type I SMA
patients may reveal additional SMA-resistant motor units.
Normal activity levels also vary to a great extent between different motor pools.
Intriguingly, all the SMA-resistant motor pools we identified are among the most highly
active of somatic motor units. Oculomotor neurons have a tonic discharge rate of 100
spikes per second at the primary position and exhibit high frequency bursts of up to 600
spikes per second during ballistic movements, an order of magnitude higher than most
spinal motor neurons (Porter et al., 1995a). EAS motor units fire tonically to maintain
continence and exhibit substantial increases in firing during any activity that increases
intra-abdominal pressure, even speaking (Floyd and Walls, 1953, Taverner and Smiddy,
1959). A quantitative electromyographic study comparing the suprahyoid muscle (which
we find to be SMA-resistant) to the temporalis, masseter and tibialis anterior muscles
(which we show to be vulnerable) found that the suprahyoid muscle was much more
active than the others, even during sleep (Okura et al., 2006). A final correlation is
provided by the fact that a majority of intercostal muscles, which are strongly affected in
SMA, are not active during normal respiration or sleep (Taylor, 1960). Overall,
therefore, this study supports the hypothesis that high levels of activity of a given motor
pool may correlate with SMA resistance. In the future, it will be interesting to determine
the SMA phenotype of other highly active motor pools, such as the scalenes and the
parasternal intercostals, which are primary muscles of inspiration (De Troyer and
Estenne, 1984).
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Subclinical changes in resistant motor units detected by histopathology
The young age and fragility of Type I SMA patients prohibits most functional
exploration. This means that moderate dysfunction of some muscle groups may remain
clinically undetected. Moreover, among motor units that are still completely functional,
some may be completely resistant whereas others may be about to reach the limits of
functional compensation. Motor units that are on the borderline of degeneration are likely
important targets for future therapies. I therefore used quantitative morphological and
immunohistochemical criteria to identify them.
The first example was the oculomotor nuclei, whose function is strikingly preserved in
Type I SMA. Indeed, in my study motor neuron cell bodies of the oculomotor and
abducens nuclei appeared largely intact (Fig. 2.5C-E). Nevertheless, upon quantification
of CN III in Type I patients who died at 7 months, we detected a ~20 % loss of motor
axons. Close pathological examination of the oculomotor nucleus confirmed a small
number of actively degenerating motor neurons (Fig. 2.5G). This confirms some degree
of motor unit loss in SMA-resistant motor units, but the rate of motor unit loss is below
the threshold for clinically evident oculomotor dysfunction. Remarkably, the Type I
SMA patient that survived for 17 years did not exhibit any eye movement abnormalities
upon clinical examination. Furthermore, the EOMs from Type I SMA patients did not
exhibit any features of denervation pathology. However, the EOMs are known to exhibit
unique structural and functional properties and may exhibit a relatively mild response to
denervation that would preclude detection of pathology (Porter et al., 1995a, Porter and
Baker, 1996, Porter et al., 1989, Christiansen, 1992, Spencer and McNeer, 1987). Despite
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this, our examination of cell bodies, motor axons, and clinical history indicates that the
extraocular motor units are highly SMA-resistant.
A second example of subclinical changes emerged when I analyzed fiber-type grouping
using antibodies to fast and slow myosin. Surprisingly, I found that even SMA-resistant
muscles with minimal to no morphological change observable by H&E exhibited
dramatic myofiber rearrangements. These results indicate that the fast α-motor neurons
that innervate Type II myofibers are selectively and severely affected, even in some of
the most SMA-resistant motor pools. The increase in the number of Type I fibers likely
reflects collateral sprouting by the remaining slow motor neurons analogous to that
underlying fiber-type grouping in milder forms of SMA (Dubowitz, 1995b). By
extension, these data suggest that resistance of a given motor pool is determined by the
properties of the remaining slow α-motor neurons, perhaps by their pool-specific capacity
for collateral sprouting. Interestingly, a progressive switch from fast to slow motor units
has also been reported in the SOD1 mouse model of ALS (Hegedus et al., 2007, Hegedus
et al., 2008).
A final example of mismatch between the clinical and morphological phenotypes is
harder to explain. I found a >85 % loss of motor axons in the facial nerve of Type I SMA
patients, although their control of facial expression is generally considered to be retained.
Some clinicians have noted “bland” facial expression, attributed to relative facial
weakness (Byers and Banker, 1961). One study found no clinically detectable facial
weakness in approximately 80 % of SMA patients (Iannaccone et al., 1993). Since I
could not access facial muscles, the amount of denervation pathology and the apparent
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discrepancy between motor unit loss and clinical motor function in this case remains to
be fully elucidated.
The SMNΔ7 mouse recapitulates vulnerability in human SMA
Although the SMNΔ7 mouse reproduces the generalized reduction in SMN levels that
characterizes human patients, significant divergence from the classical SMA phenotype,
such as a pronounced cardiac phenotype and a relatively modest degree of motor neuron
cell death have been emphasized (Le et al., 2005b, Avila et al., 2007, Kariya et al., 2008,
Mentis et al., 2011), raising the question as to its reliability as a model for the study of the
human disease. In order to determine whether we could gain insights into human SMA
from studies in mouse models, I compared the selectivity of motor unit degeneration
between Type I SMA patients and SMNΔ7 mice. I studied the motor units that constitute
the motor V nucleus in human and mouse SMA in parallel.
The motor V nerve in human Type I SMA exhibited marked differences in motor axon
loss between fascicles, with some largely depleted of myelinated axons and others
retaining a full complement of fibers. H&E staining of the corresponding muscles
demonstrated that the laterally located temporalis was severely affected. In contrast, the
medially located anterior digastric was virtually unaffected.
In P13 SMNΔ7 mice, there was a ~60 % loss of motor V cell bodies, the most severe
reported in the SMNΔ7 mouse to date (Passini et al., 2010, Mentis et al., 2011). In a
remarkable parallel to our findings in Type I human SMA, there was a marked
preferential loss of the lateral motor neurons that innervate the masseter and the
temporalis, but no significant loss of the medial ones that innervate the mylohyoid and
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the anterior digastric (Fig. 2.10). H&E staining of the corresponding muscles confirmed
this selective vulnerability (Fig. 2.11). In further support of our findings, a recent study
used MRI to examine bulbar muscles in Type II SMA patients and found that the laterally
positioned temporalis and masseter were severely affected with mild to severe atrophy
and fatty infiltration, while the medial geniohyoid and digastric were less affected
(Wadman et al., 2014).
The parallel between mouse and human models is further reinforced by our observation
that the ventral neck muscles in both species (where available) were highly preserved as
compared to dorsal neck muscles. In the SMNΔ7 mouse a major ventral neck muscle, the
sternohyoid, was spared relative to the dorsal biventer cervicis. In Type I SMA human
patients, the ventrally located SCM, anterior digastric, and infrahyoid muscles were
highly preserved by H&E staining, despite profound clinical neck weakness in these
patients. Thus, there is a striking parallel between human and mouse SMA.
Conclusions
I performed a fine-grained study of an aspect of SMA that is highly characteristic of the
human disease – selective motor pool vulnerability. Based on the findings, I propose a
hierarchical progression of selective motor neuron vulnerability in response to low SMN
protein. At the level of motor neuron functional subtypes, fast α-motor neurons are
preferentially affected, even in highly SMA-resistant motor pools. At the level of motor
pools, several – such as the oculomotor and infrahyoids - are remarkably SMA-resistant,
showing few morphological changes at autopsy. Lastly, other motor units, such as the
phrenic, may exhibit indefinite resistance to reductions in SMN protein. Where it was
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possible to compare precisely, the SMNΔ7 mouse closely recapitulated the exquisitely
selective vulnerability observed in the human condition. Thus, this model would seem to
be highly relevant for identifying the mechanisms of selective motor unit degeneration in
SMA. Moreover, the effect of potential therapeutic targets on reducing motor unit loss in
the SMNΔ7 mouse may predict efficacy in human SMA, whereas lifespan and other
outcome measures that reflect other tissue phenotypes may be less reliable to extrapolate.
Most current strategies for developing SMA therapeutics focus on increasing levels of the
SMN protein (Arnold and Burghes, 2013), but it remains to be determined whether such
approaches will suffice to treat all symptoms of all patients. Therefore, it would seem
prudent to explore the existence of therapeutic targets other than SMN2. Identifying the
mechanisms underlying, for example, the remarkable resistance of the phrenic nucleus
represents an alternative strategy to preserve other vulnerable motor units.
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Figure 2.1 Pathological features used to classify muscles with varying degrees of
denervation.
(A-B) Psoas muscle from control patient (A) with high-magnification field (HMF) in (B).
Control muscles have relatively little variation in myofiber diameter and regular
architecture in all samples examined.
(C-D) Moderately affected psoas from Type I SMA patient (C) with HMF in (D).
Moderately affected muscles displayed varying degrees of denervation atrophy (D, plus
sign) and compensatory hypertrophy (D, arrow) of remaining fibers.
(E-F) Severely affected tibialis anterior from Type I SMA patient (E) with HMF in (F).
Severely affected muscles displayed increased connective tissue composed of collagen
fibrils (thin arrowheads) and adipocytes (asterisks), in addition to denervation atrophy
(plus sign) and compensatory hypertrophy (arrow).
(G-H) Soleus from Type I SMA patient (G) with HMF in (H) among the most severely
affected muscles. The most severely affected muscles had large amounts of fibro-fatty
connective tissue (H, asterisk).
(I-J) Deloitd from Type I SMA patient (I) with HMF in (J). Some affected muscles had
focal inflammatory infiltrates and multinucleated giant cell digestion of myofibers (J,
filled arrowheads).
H&E staining. Scale bar 100 µm.
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Table 1. Clinical details of Type I SMA patients and control autopsies.
Patient ID corresponds to the order in which autopsies were processed and analyzed. All
SMA cases were confirmed genetically. Type I SMA patients survived from 4-8 months
of age, with the exception of one patient that survived for 17 years with respiratory
support.
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Figure 2.2 Areas of focal inflammatory infiltrates are evident in some SMAvulnerable muscles.
(A-F) Serial sections of deltoid from Type I SMA and control patient. SMA deltoid (B)
exhibited multinucleated giant cells digesting myofibers (arrowhead in B). This was
never observed in deltoid from control muscle (A). Immunohistochemistry (IHC) against
macrosialin with KP1 (D) monoclonal antibodies indicated that these giant cells
(arrowhead in D) were primarily of monocyte-macrophage lineage. Some neutrophils
were also present in SMA deltoid, as visualized with myeloperoxidase (MPO) IHC (F).
In contrast, macrophages and neutrophils are not observed in control deltoid, evident by
lack of KP1 and MPO (C and E, respectively).
Serial sections. Scale bar: 100 µm.
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Figure 2.3 Highly reproducible degree of denervation pathology in Type I SMA.
(A, D) The psoas of two Type I SMA patients. Psoas is moderately affected with marked
denervation atrophy and compensatory hypertrophy of remaining motor units in both
patients.
(B, E) The soleus in two Type I SMA patients. Soleus is very severely affected with
massive fibro-fatty infiltrates and denervation atrophy of virtually all remaining
myofibers in both patients.
(C, F) The diaphragm in two Type I SMA patients. The diaphragm is largely preserved in
both patients, with only mildly increased variation in myofiber diameter.
Patient ID: SMA-1: E; SMA-2: D, F; SMA-3: A-C. H&E staining. Scale bar 200 µm.
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Table 2. Classification of muscles according to degree of denervation pathology.
Pathology was observed in at least six H&E-stained cross-sections through the
longitudinal extent of the muscle. Four classes of severity were defined as follows: 1.
Spared (green): no significant pathology by H&E staining 2. Moderately affected
(yellow): widespread variation in myofiber diameter from denervation atrophy and
compensatory hypertrophy 3. Severely affected (red): marked myofiber variation with
increased connective tissue and fatty infiltrates 4. Most severely affected (violet): largely
replaced by fibro-fatty infiltrates with denervation atrophy in most remaining fibers.
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Figure 2.4 Denervation pathology in different muscles matches the clinical
phenotype.
(A-F) Intercostals, rectus abdominis, and diaphragm from Type I SMA patient and
control patient. Type I SMA intercostals (B) and rectus abdominis (D) exhibit moderate
denervation pathology, absent from corresponding control muscles (A, C). Type I SMA
diaphragm (F) is unremarkable compared to control (E).
(G) Superior rectus from Type I SMA patient is spared.
(H) The external anal sphincter from Type I SMA patient had morphology consistent
with sparing.
(I) The vastus lateralis from Type I SMA patient is among the most severely affected
muscles.
(J) Foot lumbricals from Type I SMA patient exhibits severe denervation pathology.
H&E staining. Scale bar 100 µm.
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Figure 2.5 Varying degrees of SMA-vulnerability at the level of motor neuron cell
bodies.
(A-B) Ventral horn of lumbar spinal cord in Type I SMA patient (B) was largely depleted
of motor neuron cell bodies compared to control (A).
(C-E, G) Extraocular motor nuclei from Type I SMA and control patient. The cell bodies
in Type I SMA oculomotor (D) (high-magnification field (HMF) in G) and abducens (E)
were largely intact, with healthy features such as euchromatic nuclei with prominent
nucleoli and Nissl bodies evenly distributed throughout the cytoplasm (arrowhead in G)
that were observed in the control oculomotor nucleus (C). In Type I SMA rare
oculomotor neurons (<0.5 %) exhibited degeneration (arrow in G), with chromatolysis,
ballooning, and peripheral displacement of nuclei.
(F, H) Hypoglossal nucleus in Type I SMA patient. The hypoglossal nucleus (F) with
HMF in (H) was also highly affected, with reduced motor neurons and pathological
features, such as central chromatolysis and peripheral or dendritic displacement of Nissl
substance and nuclei (arrow in H), in most remaining cell bodies.
H&E-luxol fast blue staining. Scale bar 50 µm.

113

114

Figure 2.6 Differential motor unit vulnerability at the level of peripheral motor
axons.
(A-E) Control spinal and cranial motor nerves exhibited dense, compact arrays of
myelinated axons.
(F-J) Type I SMA spinal and cranial motor nerves had varying degrees of axon loss.
(A, F) L5 ventral root in Type I SMA (F) exhibited diffuse loss of myelinated axons,
compared to control patient (A).
(B, G) Hypoglossal nerve in Type I SMA patient (G) had marked axon loss compared to
control (B).
(C, H) Facial nerve in Type I SMA (H) was largely depleted of myelinated axons
compared to control nerve (C).
(D, I) The oculomotor nerve in Type I SMA (I) was largely intact compared to control
(D), with a relatively small reduction in density of myelinated fibers.
(E, J) The motor V nerve in Type I SMA (J) had some fascicles that were depleted of
myelinated axons, while others appeared to contain a full complement of motor axons.
Motor V in control patient (E) appeared normal.
Toluidine blue-stained semi-thin sections. Scale bar 40 µm.
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Figure 2.7 Density and size distribution of myelinated motor axons in Type I SMA
and control ventral roots and cranial nerves.
(A-B) Density and distribution of L5 ventral root in Type I SMA and control. There is a
62 % reduction in density of myelinated axons in Type I SMA (A). Distribution of L5
axon circumference (B) reveals widespread loss, which is especially pronounced in the
smaller axons.
(C-D) Density and distribution of oculomotor nerve in Type I SMA and control. There is
amodest 22 % reduction in axon density in Type I SMA (C), with a preserved size
distribution (D).
(E-F) Density and distribution of hypoglossal nerve in Type I SMA and control. Marked
50 % reduction in density (E) and preferential loss of largest α-motor neurons (F) in Type
I SMA.
(G-H) Density and distribution of facial nerve in Type I SMA and control. Large 87 %
reduction in density (G) and loss across the entire size distribution (H) in Type I SMA.
Values are means, error bars are mean ± SEM, n = 2.
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Figure 2.8 Differential vulnerability within the spinal accessory (XI) nerve of a Type
I SMA patient.
(A-B) Motor axons innervating the sternocleidomastoid (SCM) (A) are remarkably
preserved compared to those innervating the trapezius (B).
(C-D) SCM muscle (C) and trapezius muscle (D) reflect the corresponding degree of
denervation pathology observed in their respective nerves in (A-B).
(E) Histogram distribution of axon circumference reveals preferential loss of the large
alpha motor neurons in the trapezius as compared to the SCM.
(F) Distribution of myelinated axons in the sternocleidomastoid branch of the XI in a
Type I SMA patient was well preserved compared to those in a control patient.
(G) Distribution of myelinated axons in the trapezius branch of the XI in a Type I SMA
patient compared to control patient revealed a substantially greater loss of myelinated
axons, especially the largest α-motor neurons.
A&B: Toluidine blue semi-thin sections; C&D: H&E staining. Scale bars: 50 µm.
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Figure 2.9 Remarkable preservation of select ventral neck and infrahyoid muscles in
Type I SMA.
(A-B) Temporalis in Type I SMA (B) was severely affected compared to control muscle
(A).
(C) The mylohyoid in Type I SMA was affected to an intermediate degree.
(D) The anterior belly of the digastric in Type I SMA was devoid of denervation
pathology.
(E-H) Infrahyoid muscles in Type I SMA and control. The sternothyroid (F) and
thyrohyoid (H) in Type I SMA were remarkably spared compared to corresponding
control muscles (E, G) in all areas examined.
H&E staining. Scale bar 100 µm.
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Figure 2.10 Preferential loss of the lateral motor V nucleus in SMNΔ7 mice.
(A-B) The motor V, but not the abducens nucleus, exhibited a large reduction in choline
acetyltransferase-positive (ChAT+) motor neuron cell bodies by P13 end-stage SMNΔ7
mice (B). Quantification (A) confirmed a 57 % reduction in motor V, but no reduction in
abducens nucleus.
(C-E) Motor neuron loss in motor V plotted from medial to lateral. There was a
preferential loss of the lateral motor V (C) as quantified by motor neuron number (D) and
percentage lost (E) in SMNΔ7 compared to wild type mice.
Values are means ± SEM, n = 4-6 per genotype.
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Figure 2.11 The SMNΔ7 mouse recapitulates differential vulnerability at the level of
individual muscles.
(A-B) The masseter in SMNΔ7 mice (B) exhibited marked variations in myofiber
diameter, increased connective tissue (asterisk in B), and groups of nuclei that represent
putative denervated myofibers (arrowhead in B). These features were never present in
control masseter from wild-type littermates (A).
(C-D) The anterior belly of the digastric in SMNΔ7 mice (D) had relatively uniform
myofiber diameter and lacked features of denervation pathology. Myofibers were smaller
than in corresponding control muscle (C).
(E-F) The biventer cervicis in SMNΔ7 mice (F) exhibited the features of denervation
pathology and a marked increase in central nuclei (arrow in F) that was not present in the
control muscle (E).
(G-H) The sternohyoid muscle (H) was spared from denervation pathology, although also
had smaller myofibers compared to control muscle (G).
N = 3 per muscle/genotype. H&E staining. Scale bar 40 µm.
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Figure 2.12 Dramatic conversion from Type II (fast) to Type I (slow) myofibers in
Type I SMA, even in morphologically normal muscles.
(A-D) Intercostal muscles from Type I SMA and control patient. Control patient
exhibited a normal checkerboard pattern of Type I (A) and Type II (B) myofibers. Type I
SMA patients had massive collateral sprouting, myofiber conversion, and compensatory
hypertrophy of Type I myofibers (C). Most of the remaining Type II myofibers (D)
exhibited severe denervation atrophy.
(E-H) Sternothyroid muscle from Type I SMA and control patient. The stenothyroid in
Type I SMA exhibited almost complete conversion from Type II (H) to Type I (G)
myofibers. Corresponding control muscle had a normal complement of Type I (E) and
Type II (F) myofibers.
Myosin heavy chain immunohistochemistry: Type I (left panels), Type II (right panels).
Serial sections. Scale bar 100 µm.
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Figure 2.13 Examination of fiber-type distribution in atypical motor units in Type I
SMA patients.
(A-C) The superior rectus extraocular muscle appeared normal by H&E staining (A) and
had a uniform distribution of staining for Type I (B) and type II (C) myosin heavy chain
immunohistochemistry (MHC-IHC), despite a Type II myofiber predominance. This
distribution was maintained in both the global (larger diameter myofibers in left side) and
orbital (smaller myofibers on right side) layers.
(D-F) The external anal sphincter (EAS) exhibited variation in myofiber diameter and
increased endomysial connective tissue (D), which are normal features in this muscle.
Type I (E) and Type II (F) myofibers were distributed uniformly across the muscle, with
a Type I fiber predominance.
(G-I) The cricopharyngeal sphincter muscle exhibited marked variation in myofiber
diameter (G), and a predominance of Type II myofibers that appeared to be grouped (I)
compared to Type I myofibers (H).
H&E staining (A, D). MHC-IHC: Type I (B, E), Type II (C, F). Serial sections. Scale
bar: 100 µm.
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Figure 2.14 Remarkable preservation of the diaphragm in a Type I SMA patient
that survived until 17 years of age.
(A-C) All affected muscle examined, including the psoas (A), paraspinous (B), and
intercostals (C), were replaced almost entirely with fat cells and connective tissue with
very few remaining myofibers.
(D) The diaphragm appeared relatively normal and did not exhibit features of denervation
pathology, with the exception of putative target or targetoid myofibers (arrow in D).
H&E staining. Scale bar: 100 µm.

133

134

135

Figure 2.15 Varying degrees of Type I myofiber conversion in diaphragm of Type I
SMA patients.
(A-B) Control patient had a normal checkerboard pattern of Type I (A) and Type II (B)
myofibers.
(C-H) Myofiber distribution in Type I SMA patients that died at eight (C, D), eight (E,
F), and five (G, H) months of age. All had substantial conversion from Type II (D, F, H)
to Type I (C, E, G) myofibers.
(I-J) The Type I SMA patient that was kept alive on life support until 17 years of age had
greater preservation of Type II myofibers (J) that tended to be grouped, presumably from
collateral sprouting. Many Type I myofibers (I) in this patient Muscle exhibited putative
target or targetoid fibers in Type I myofibers (arrow in I) that was not frequently
observed in the Type II myofibers of this patient (H), or in the patients with a shorter
clinical course (C-H).
Myosin heavy chain immunohistochemistry: Type I (left panels), Type II (right panels).
Serial sections. Scale bar 100 µm.
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Chapter 3. Molecular characterization of SMA-vulnerable and –resistant motor
pools
Introduction
The mechanisms underlying selective neuronal loss in response to loss or dysfunction of
a ubiquitously expressed protein are not well understood. A key step towards
understanding selective neurodegeneration is a detailed characterization of which cell
populations are lost. SMA exhibits striking differential vulnerability among different
motor neuron subpopulations, which is evident at autopsy by degree of cell loss.
However, this binary outcome – cell preservation or loss – does not provide insights into
the dynamic equilibrium between disease insults and the compensatory intracellular
mechanisms to maintain structural and functional integrity of the cell. What are the
molecular determinants between different motor pools that either SMA-vulnerable or are
capable of withstanding the cellular stress that results from insufficient SMN protein?
Despite the recognition that low SMN imparts a degree of stress on all cell types (indeed,
complete loss of SMN is incompatible with life), it appears that this stress is greatest in
motor neurons - the only cell type to demonstrate conspicuous degeneration by
neuropathological analysis. One proposed hypothesis is that cell type-specific differences
in the efficiency of exon 7 inclusion, and thus the amount of full length SMN, contribute
to the selective vulnerability of motor neurons. It was demonstrated that under normal
conditions -SMNΔ7 mice with intact murine Smn gene - motor neurons express markedly
lower (4-fold less) levels of full length SMN from the SMN2 gene than other cell types in
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the mouse spinal cord (Ruggiu et al., 2012). This reduction did not occur due to
transcriptional differences, but rather from inefficient exon 7 inclusion in SMN2 mRNAs.
Additionally, studies in SMA patient lymphoblasts found varying degrees of SMN2 exon
7 inclusion between patients. The ratio of exon 7 inclusion was inversely related to
disease severity (Gavrilov et al., 1998, Helmken et al., 2003), suggesting that SMN
deficiency may affect the splicing of its own mRNA. Indeed, this was demonstrated to
occur in SMA mice: motor neurons from SMA mice exhibited a further 2-fold decrease
in the efficiency of SMN2 exon 7 splicing in motor neurons compared to the SMN2 gene
in control animals. Moreover, this effect was specific for motor neurons and was not
found in dorsal horn cells or whole spinal cord (Ruggiu et al., 2012).
These experiments suggest that upon homozygous SMN1 deletion, motor neuron-specific
SMN2 splicing inefficiency produces lower full-length transcript and thus SMN protein;
low SMN in turn further reduces the efficiency of SMN2 splicing. This negative feedback
loop eventually results in insufficient SMN, producing selective motor neuron death.
These findings suggest one possible mechanism for the selective vulnerability of motor
neurons, but do not explain the marked differential vulnerability among motor neurons.
One possibility is that differential motor pool vulnerability results in part from
surrounding cell types, such as astrocytes that regulate the extracellular environment
including released neurotransmitter, or the motor circuitry that provides synaptic input to
mediate motor neuron firing. Indeed, experiments restoring SMN selectively in motor
neurons or in surrounding cell types have provided compelling evidence that non-motor
neuron-cell autonomous mechanisms contribute to SMA pathology (Martinez et al.,
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2012). In particular, defects in the motor circuitry precede motor neuron loss and have
been hypothesized to play a critical role in SMA pathogenesis (Mentis et al., 2011).
Despite the non-cell-autonomous contributions to motor neuron pathology, these
mechanisms are unlikely to fully account for the striking differences among motor pools.
Moreover, differences in surrounding cells such as the motor circuitry would likely be
reflected in the motor pool transcriptional profile. As one example, the class 3
semaphorin Sema3e interacts with the plexin D1 receptor on proprioceptive sensory
neurons to determine synaptic specificity in a motor pool-specific manner (PechoVrieseling et al., 2009). Manipulation of this signaling system results in functional and
anatomical rearrangements in sensory-motor connectivity. Thus, the molecular
differences between differentially vulnerable motor pools would be expected to provide
insight into both motor neuron-cell autonomous and –non-cell autonomous mechanisms.
Some developmental studies have provided insight into the logic by which motor neurons
coalesce into distinct pools, which begins in early embryonic development. Pioneering
studies established that motor pool identity emerges early during embryonic development
by demonstrating that LMC axons project to their target limb muscle with high fidelity,
even when experimentally forced to enter the limb from an inappropriate position
(Landmesser, 1978, Landmesser, 2001). Later studies suggested that pool identity is
acquired when LCM motor axons reach the limb mesenchyme, at which point they are
still far from their muscle targets.
Molecular studies determined that Hox transcription factors are critical mediators of
motor pool identify. This molecular logic is most well established for the brachial LMC,
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by which Hox4-Hox8 define motor pool fate. First, selective cross-repressive interactions
between pairs of Hox proteins determine rostrocaudal motor pool boundaries. Second,
cross-repressive Hox protein interactions within a single segmental level are thought to
produce a refinement of Hox expression, activating a downstream pattern of pool-specific
homeodomain, Ets, and POU transcription factors (Dasen et al., 2005, Dasen et al.,
2008).
To add to the complexity of cell-intrinsic motor pool specification through Hox
transcriptional networks, other aspects of pool identity may require peripheral signals.
One well-studied example occurs in the development of the cutaneous maximus and
latissimus dorsi motor pools in the brachial region. The intrinsic Hox programs of these
motor neurons - in particular Hoxc8 - confers motor axon receptivity to glial-derived
neurotrophic factor (GDNF), which is encountered at the base of the forelimb (Haase et
al., 2002, Dasen et al., 2005). In turn, GDNF activates the Ets transcription factor PEA3,
which coordinates cell body migration, axonal branching, dendritic arborization, and
sensory afferent connectivity of the CD and LD motor pools (Livet et al., 2002,
Vrieseling, 2006). Thus, the identities of individual motor pools appear to result from the
combinatorial expression of cell-intrinsic Hox transcription factors and extrinsic cues that
activate downstream effectors to consolidate and refine pool identity. Despite this
detailed characterization of the transcriptional program for a small number of motor
pools, the mechanisms that give rise to the enormous diversity of hundreds of other motor
pools remains to be characterized.
Even less is known about the determinants of motor pool-specific vulnerability to
disease. Given the marked molecular and functional heterogeneity among motor pools, it
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not surprising that there is a corresponding diversity of response to disease stressors. As
reviewed in Chapter 1, this diversity is exemplified by the extraocular nuclei and Onuf’s
nucleus, which are highly resistant to degeneration in both SMA and ALS. Indeed, this
was the basis for a previous study in the Henderson lab demonstrating that a
transcriptional comparison of differentially vulnerable motor neurons is a powerful
method for identifying genes that mediate pool-specific responses to disease, and thus
represent therapeutic targets.
Despite the success of the strategy used to identify MMP-9, the study by Kaplan et al.
(2014) also highlighted the challenge in prioritizing the analysis of potential gene targets:
pairwise comparisons among the three motor neuron subpopulations identified over 200
genes that were at least 5-fold differentially expressed. Even comparison of the two ALSresistant oculomotor and Onuf’s nuclei with the ALS-vulnerable lumbar population
revealed that 54 genes were at least 5-fold differentially regulated between these
differentially vulnerable pools (Kaplan et al., 2014). This large number of gene
differences that reflects the highly divergent function of these motor pools presents a
challenge in prioritizing potential therapeutic targets. Testing even a single gene in mouse
may require considerable resources.
One strategy to prioritize gene targets consists of ranking based on the magnitude of
expression differences. In the case of Kaplan et al., for example, only 18 genes had at
least 10-fold differential expression between ALS-vulnerable and –resistant populations.
However, the hypothesis that the most differentially expressed genes are more likely to
contribute to selective disease resistance than genes with more intermediate degrees of
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differential expression is speculative, and narrowing potential gene candidates using this
method is less than ideal.
Therefore, I hypothesized that comparison of a large number of SMA-vulnerable and –
resistant cranial and spinal motor pools paired across the neuraxis would eliminate genes
due to differences in ontogeny, anatomical positioning, presynaptic connectivity, and
electrophysiological firing properties and potentially identify a small number of genes
that contribute to disease vulnerability. As demonstrated in Chapter 2, the SMNΔ7 mouse
recapitulates the differential vulnerability observed in the human disease with remarkable
fidelity. This indicates that despite the enormous evolutionary divergence between mouse
and man, the molecular determinants of SMA vulnerability at the level of individual
motor pools are conserved between the two species. Correspondingly, identification and
validation of targets in mouse may also be expected to confer therapeutic effect in human
SMA. Considering that chronically denervated muscles can remain functionally normal
with up to 80% motor unit loss, conferring even partial resistance onto vulnerable motor
neurons may provide substantial clinical benefit (McComas et al., 1971).
I further hypothesize that motor pool transcriptional differences related to SMA
vulnerability are intrinsic, rather than upregulated in response to low SMN. By disease
end-stage there are widespread transcriptional changes and splicing defects, presumably
due to advanced pathology and cell injury (Zhang et al., 2008; Baumer et al., 2009); these
widespread molecular changes may preclude identification of the upstream pathways that
mediate vulnerability.
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In Chapter 2, I performed an extensive characterization of differentially vulnerable motor
pools in human and mouse SMA. Here, I expand on these results with denervation
analysis in a wide variety of additional motor units in the SMNΔ7 mouse. These results
form the basis for a comparative transcriptional microarray between multiple SMAvulnerable and –resistant motor pools in order to identify the molecular determinants of
vulnerability. First, I validate motor pool-specific injections with cholera toxin subunit B
(CTB). Next, I perform laser capture microdissection and microarray analysis of labeled
motor pools in P12 wild-type mice. The genes and pathways from this comparative array
may determine vulnerability in SMA and therefore represent potential therapeutic targets.
Moreover, isolation of an unprecedented number of motor pools provides insight into the
basic molecular differences underlying the diverse functions of motor units across the
neuraxis. Therefore, I also present genes that are selectively expressed in individual
motor pools, and therefore may serve as pool-specific markers.
Results
Further characterization of differentially vulnerable motor units in SMNΔ7 mice
Denervation of neuromuscular junctions was assessed in end-stage SMNΔ7 mice by
examining the co-localization of presynaptic motor terminals with motor endplates.
Immunohistochemistry to vesicular acetylcholine transporter (VAChT) was used to mark
presynaptic motor terminals. Fluorophore-conjugated α-bungarotoxin (α-BTX) was used
to visualize the motor endplates. Neuromuscular junctions were defined as denervated
when less than 1/3rd of the α-BTX+ motor endplate had VAChT co-localization. Figure
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3.1 shows representative denervation images of the biventer cervicis, which was among
the most affected muscles in this study.
First, denervation was analyzed in motor units with known differential vulnerability in
SMA in order to validate the reliability of this method. The motor V was previously
characterized in the SMNΔ7 mouse and human Type I SMA by qualitative H&E staining
(Chapter 2). Quantitative denervation analysis of the same targets of the motor V in
SMNΔ7 mice confirmed these findings: the lateral masseter had ~50% denervation, while
the neuromuscular junctions of the medially located mylohyoid and anterior belly of the
digastric were largely intact (Fig. 3.2).
Another previous finding was the striking differential vulnerability between dorsal and
ventral neck muscles in human and mouse SMA. I confirmed and extended these studies:
the dorsal longissimus capitis and biventer cervicis were highly affected, with >80 %
denervated neuromuscular junctions, while the ventral sternohyoid, sternomastoid, and
digastric muscle were largely intact with <20 % denervation observed (Fig. 3.3).
Analysis of the lumbar axial musculature, which is particularly affected in SMA, revealed
that the erector spinae muscles, composed of the spinalis, longissimus, and iliocostalis,
were selectively affected with 32-45 % denervation. These muscles contribute to
straightening of the back and rotation of the torso in healthy patients, with a
corresponding loss of function in Type I SMA. The multifidus and quadratus lumborum,
in contrast, were largely intact (Fig. 3.4).
Neuromuscular weakness in SMA often exhibits a proximal-to-distal progression within
the limbs. For example, Type I SMA patients with generalized flaccid paralysis may still
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retain the ability to move the hands and feet for a period of time. Despite this relative
sparing of the distal limbs, denervation analysis of foot cross sections in SMNΔ7 mice
revealed a selective denervation of the two medial portions of the flexor digitorum brevis
that connect to the second and third phalanges (FDB 2/3), but a preservation of the lateral
portion of the muscle that connects to the fourth phalanx (FDB 4) (Fig. 3.5). These
findings correspond closely to reports in the literature (Ling et al., 2012). Moreover, these
results correspond to my previous findings that select distal limb muscles of Type I SMA
patients such as the lumbricals are severely affected by late disease stages. Together with
the results presented in Chapter 2, these studies define striking differential motor unit
vulnerability in human and mouse SMA as the basis for identifying potential molecular
determinants of vulnerability (summarized in Fig. 3.6).
Based on these results, I chose to study the SMA-resistant oculomotor, phrenic,
sternohyoid, and external sphincter motor units and the SMA-vulnerable masseter,
biventer cervicis, triceps, intercostal, and FDB 2/3 motor units.
Isolation of differentially vulnerable motor pools
After identification and selection of differentially vulnerable motor pools, I sought to
isolate individual motor pools for transcriptional analysis. The ventral horn of the spinal
cord is relatively homogeneous morphologically and a single segmental level contains 610 motor pools (Dasen, 2009). Since previous studies established differential
vulnerability even in adjacent motor pools (Chapter 2), it was of high importance to
achieve motor pool-specific injections. Therefore, I validated muscle-specific injections
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of fluorophore-conjugated cholera toxin subunit B (CTB) as a method for retrograde
labeling selective motor pools.
Injection of CTB is a well-known method for labeling motor neurons. However, musclespecific injections without CTB leakage into adjacent muscles are technically
challenging, especially in neonatal mice. Other studies have found that retrograde
labeling of the triceps brachii, an SMA-vulnerable pool, often leads to tracer leakage and
labeling of the cutaneous maximus (CM) (Haase & Hrycyshyn, 1985) (Fig. 3.7A, B).
However, I achieved specific triceps injections without leakage to the CM in any animals
examined (Fig. 3.7C). This provided confidence in the overall motor pool-specificity of
my injections.
Sparing of the phrenic motor pool in conjunction with intercostal recession is a
pathognomonic feature of SMA. However, intramuscular injection of the diaphragm and
intercostals is difficult, given their thin size, wide anatomic distribution, and rhythmic
movement with respiration. The phrenic motor axons diverge anatomically from the midcervical spinal cord into the diaphragm at the base of the thoracic cavity during
development. A previous study used intrapleural injection of CTB to simultaneously label
the phrenic nucleus and the thoracic intercostal motor pools in rats (Mantilla et al., 2009).
I confirmed the specificity of this method in neonatal mice (Fig. 3.8).
Injection of individual SMA-resistant extraocular muscles is not technically possible in
neonatal mice due to their small size and position around the globe of the eyeball.
However, injection of CTB into the retro-orbital space allows diffusion of the tracer to all
the extraocular muscles. I took advantage of the bilateral projection of the oculomotor
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complex to label specific motor pools. Within the oculomotor nucleus (CN III), the
medial rectus (MR), inferior rectus (IR), and inferior oblique (IO) motor pools project
ipsilaterally, while the superior rectus (SR) projects contralaterally. The trochlear nucleus
(CN IV) innervates the contralateral superior oblique (SO). Finally, the abducens nucleus
(CN VI) innervates the ipsilateral lateral rectus (LR) (Buttner-Ennever, 2006). Therefore,
I used a unilateral retro-orbital injection to selectively label four motor pool populations:
1. MR, IR, and IO within ipsilateral III, 2. contralateral SR, 3. contralateral SO, 4.
ipsilateral LR (Fig. 3.9).
The SMA-resistant external anal sphincter (EAS) is also difficult to label selectively,
given its small size and the surrounding perineal connective tissue that facilitates CTB
diffusion. EAS labeling was not possible without simultaneous labeling of the
bulbospongiosus penile muscle; both these pools are intermingled in Onuf’s dorsomedial
nucleus in rodents. However, the bulbospongiosus is only present in males, leaving the
EAS as the sole motor pool in the dorsomedial nucleus in females (McKenna et al.,
1986). Thus, I identified the EAS pool as the dorsomedial nucleus in female mice, with
nonspecific labeling of perineal muscles in the ventral nucleus excluded anatomically
(Fig. 3.10).
In summary, motor pool-specific labeling was achieved with CTB muscle injections and
consideration of the unique neuroanatomical positioning of each individual pool.
Muscles were injected at P10, the earliest postnatal age for which muscle-specific
injections could be achieved. Injections of the smallest muscles at earlier time points
were not reliable due to the small size of neonatal mice. Experiments were performed in
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wild-type mice in order to identify the intrinsic molecular differences between motor
pools. Retrograde CTB transport and robust labeling of motor neuron cell bodies
occurred within two days. Thus, isolation of individual cell bodies by laser capture
microdissection was performed at P12 (Fig. 3.11A). Whole RNA was isolated and RNA
quality was confirmed using a Bioanalyzer. RNA integrity numbers averaged 7,
indicating high quality RNA with minimal degradation (Fig. 3.11B, C).
Identification of transcriptional differences in differentially vulnerable motor pools
Following confirmation of RNA integrity, I amplified cDNA and performed whole
transcriptome microarray analysis for 11 of these pools, with biological duplicates for 6
of them. All quality control metrics indicated highly reliable microarray data. The
distribution of relative log expression signals are presented in Fig. 3.12. Only 31 genes
had significant differential regulation between vulnerable and resistant pools (p<1x10-4
by Student’s t-test; false discovery rate 0.09). Of these 31 genes, only 10 genes were at
least 2-fold differentially expressed (ordered by increasing p value): phosphodiesterase
1C (Pde1c), hepatocyte growth factor (Hgf), metabotropic glutamate receptor 8
(mGluR8), synaptotagmin 1 (Sty1), tumor protein D52-like 1 (Tpd52l1), glutaminylpeptide cyclotransferase (Qpct), cadherin 8 (Cdh8), adenylate cyclase 8 (Adcy8),
ubiquitin specific peptidase 11 (Usp11), and calbindin 2 (Calb2) and only a single gene
was at least 4-fold upregulated in resistant motor pools: mGluR8 (Tables 3.1; 3.2).
In order to assess the effectiveness of using multiple SMA-vulnerable and –resistant
pools to narrow candidate gene selection, I compared these results to a pairwise
comparison of two representative motor pools that contribute to the characteristic “bell148

shaped chest” in SMA: the resistant phrenic nucleus and the affected intercostals. None
of the top ten candidate genes listed above (Figs. 3.12; 3.13) were among the top ten
differentially expressed genes between the phrenic and intercostals (ranked by p-value).
Remarkably, the top ten candidate genes from the full screen spanned the first >15,000
genes from the pairwise comparison, with an average ranking of 2,274. Moreover, the pvalues from the pairwise comparison were much less compelling: on average 3-5 orders
of magnitude higher than the values obtained from the top hits in the full screen (Fig.
3.14). These results retrospectively validate my approach to identifying a small number
of highly promising candidate genes by comparing transcriptional differences across a
large number of differentially vulnerable motor pools.
To further confirm the fidelity of motor pool isolation, amplification, and microarray
analysis, I examined a subset of genes with known expression patterns. As one example,
parvalbumin is a Ca2+-binding protein known to be highly enriched in the oculomotor
nuclei, but absent from all other pools included in this screen. Indeed, the microarray data
reflected these known transcriptional differences, with expression markedly and
selectively elevated in the oculomotor nuclei (Fig. 3.15).
I next analyzed a select set of Hox genes, which are transcription factors that contribute
to the establishment of motor pool identity along the rostrocaudal extent of the neuraxis
(Dasen & Jessell, 2009). Analysis included Hoxa5, Hoxc8, Hoxc9, and Hoxd10, which
are expressed in a rostrocaudal gradient in the embryonic mouse spinal cord (Dasen et al.,
2005; Wu et al., 2008). Microarray data revealed very low Hox gene expression in cranial
motor pools, but a gradient down the extent of the spinal cord in accordance with the
rostrocaudal positioning of individual motor pools: Hoxa5 expression was high in the
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rostral cervical motor pools (sternohyoid, biventer cervicis, phrenic, triceps, intercostals),
Hoxc8 was much higher in the caudal cervical and thoracic motor pools (triceps and
intercostals), and Hoxd10 had selectively high expression in the only lumbar motor pool,
the flexor digitorum brevis (Fig. 3.16).
These expression patterns confirm that the microarray data closely reflects known
biological differences. They also confirm that the Hox transcriptional network is not
restricted to the embryonic spinal cord, but is maintained in the postnatal spinal cord of
mice through at least P12.
Identification of motor pool-specific transcriptional differences
Expression differences in individual motor pools were compared to all other isolated
motor pools in order to identify the genes and pathways that segregate with individual
pools. Analysis was restricted to transcriptional differences with p-values <1x10-4 by
Student’s t-test. For motor pools with only one biological replicate, transcriptional
differences were ranked by magnitude of difference, rather than p-value. The
transcriptional differences are presented in (Tables 3.1-3.16) and in (Figs. 3.17-3.18).
Select gene differences from each motor pool are discussed below.
Examination of the phrenic transcriptome revealed a number of genes that segregate with
this nucleus. Notably, the second microarray hit was protocadherin 10 (Pcdh10) (1.49fold upregulated, p-value 8.40x10-9), which has been recently identified as a phrenic
neuron-specific gene by comparative microarray analysis of the E11.5 mouse phrenic
nucleus isolated by retrograde labeling. Expression was confirmed by in situ
hybridization (Machado et al., 2014). Pcdh10, in combination with cadherin 10, has been
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hypothesized to mediate the like-like clustering of phrenic motor neurons into an
anatomically coherent nucleus. Indeed, ectopic expression of Pcdh10 in embryonic stem
cell-derived motor neurons (ESC-MNs), when mixed with control RFP-labeled ESCMNs, drives nucleus-like Pcdh10+ aggregates, suggesting that it functions as an effector
gene sufficient to drive the clustering of phrenic motor neurons (Machado et al., 2014).
The other most upregulated genes, such as RASD family, member 2 (Rasd2 a.k.a Rhes)
and pantothenate kinase 1 (Pank1), have not yet been described in motor neuron biology.
Since Machado and colleagues examined transcriptional patterns at E11.5 and did not
find these genes, they may play a role at later developmental time points.
The most dramatically downregulated gene in the phrenic nucleus was nuclear factor I/B
(Nfib) (-1.94-fold downregulated, p-value 6.41x10-8). Nfib is a CCAAT box transcription
factor which, in combination with nuclear factor IA (Nfia), is necessary and sufficient for
specifying glial fate in neural progenitors during the switch from neurogenesis to
gliogenesis in the ventricular zone of the embryonic spinal cord. Paradoxically, at later
stages Nfib/Nfia promote terminal astrocyte differentiation (Deneen et al., 2006). It is
unclear why expression of this gene is selectively low in the phrenic nucleus during the
postnatal period.
Examination of the transcriptional profile of the masseter also revealed a large number of
selectively upregulated genes. The greatest differential expression was observed for Tbox 20 (Tbx20) with a 5.62 upregulation and p-value of 6.89x10-5. Expression was very
high expression in the masseter, intermediate in the oculomotor nuclei, and virtually
absent in all other motor pools. Indeed, the transcription factor Tbx20 is known to
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program hindbrain motor neurons for migration, including the lateral migration of
trigeminal cells (Song et al., 2006). However, Tbx20 is not selective for the masseter or
the motor V, as it also contributes to the migration of other motor nuclei such as the facial
nucleus.
Other highly upregulated genes include CaM kinase-like vesicle-associated (Camkv)
(3.57-fold upregulated, p-value 1.13x10-12), Cholinergic receptor, nicotinic, beta
polypeptide 4 (Chrnb4) (3.62-fold upregulated, p-value 3.53x10-11), Prostaglandin F
receptor (Ptgfr) (2.31-fold upregulated, p-value 1.56x10-9), Advillin (Avil) (1.63-fold
upregulated, 1.56x10-9), and Cholinergic receptor, nicotinic, alpha polypeptide 3
(Chrna3) (4.88-fold upregulated, p-value 1.86x10-5). Rare missense mutations in
cholinergic receptor genes Chrnb4 and Chrna3 are associated with sporadic ALS
(Sabatelli et al., 2009). Chrnb4 is also highly upregulated in response to programmed
cranial motor neuron differentiation of ESCs in response to Islet 1 and Phox2a expression
(Mazzoni et al., 2013). Avil is thought to be expressed exclusively in peripheral sensory
neurons and has known expression in all dorsal root ganglion cells, but not spinal motor
neurons (Hasegawa et al., 2007, da Silva et al., 2011). Thus, increased Avil transcript
may result from increased number or expression in afferent synapses onto the masseter
motor pool.
Among the most prominently downregulated genes in the masseter motor pool are
Purkinje cell protein 4 (Pcp4) (-2.23-downregulated, 3.82x10-9) and thioredoxin domain
containing 5 (Txndc5) (-1.92-downregulated, 2.50x10-8). The calmodulin-binding protein
Pcp4 is downregulated in the motor cortex of ALS patients, which has been hypothesized
to contribute to motor neuron death by reducing the resistance to Ca2+-mediated toxicity
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(Lederer et al., 2007). Txndc5 is persistently downregulated in response to neuron
axotomy in vitro and is downregulated in the early phase of proteasome degradation
pathway inhibition in cultured cortical neurons (Choy et al., 2011, Ng et al., 2012), but
has not been characterized in motor neurons.
The triceps motor pool exhibited selective upregulation of a large number of
uncharacterized transcripts. One of the largest differences was observed for aldehyde
dehydrogenase family 1, subfamily A2 (Aldh1a2) a.k.a. retinaldehyde dehydrogenase 2
(Raldh2) (2.05-upregulated; 3.15x10-5), which is a generic marker for LMC neurons in all
cervical and lumbar segments (Sockanathan and Jessell, 1998, Dasen et al., 2005).
However, Raldh2 was absent in the FDB 2/3. One of the most significantly
downregulated genes in the triceps was Kcnq3 (-1.58-downregulated; 3.38x10-7), which
is a voltage-gated potassium channel localized specifically to axons, both in the initial
segment and in nodes of Ranvier (Chung et al., 2006). Kcnq3 contributes to control of
neuronal excitability and mutations in this gene are associated with benign familial
neonatal convulsions, dominantly inherited epilepsy, and myokymia (Biervert et al.,
1998, Singh et al., 1998, Dedek et al., 2001).
Analysis of the intercostal motor pools did not reveal any significantly upregulated
transcriptional differences, perhaps since this analysis included intercostal pools from the
whole extent of the thoracic spinal cord. Thus, gene differences would be restricted to
those that are characteristic of all intercostal pools. There were only two genes that were
significantly downregulated in these pools: proline 4-hydroxylase, alpha polypeptide 3
(P4ha3) and ubiquitin-like modifier activating enzyme 1 (Uba1).
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Mutations in human UBA1 cause X-linked spinal muscular atrophy (XL-SMA), which is
clinically similar to classic Type 0 or Type I SMA and characterized by congenital
hypotonia, areflexia, contractures, and lower motor neuron degeneration (Kobayashi et
al., 1995). Intriguingly, XL-SMA patients have been described with a predominantly
truncal hypotonia with short, cupped ribs thought to be due to in utero intercostal
weakness (Dlamini et al., 2013). The correlation between a selectively low expression of
Uba1 in the intercostal pools and a mutation in UBA1 that causes a motor neuron disorder
with intercostal weakness as the most prominent clinical feature is remarkable.
Furthermore, a recent paper has directly linked Uba1 to classic SMA (Wishart et al.,
2014). A comparative proteomics screen on synapses isolated from presymptomatic P1
Smn-/-; SMN2+/+ mice compared to control littermates revealed significant disruptions in
ubiquitination pathways, including Uba1. UBA1 was reduced by ~50 % in SMA mouse
spinal cord and >60 % in skeletal muscle. Analysis of UBA1 localization in the more
moderate Taiwanese SMA mouse model revealed an absence in motor neuron cytoplasm
by P7, which was not observed in controls. UBA1 was also shown to bind to SMN in
vivo (Wishart et al., 2014).
Morpholino-mediated suppression of uba1 in zebrafish produced dose-dependent motor
axon outgrowth and branching defects, suggesting that Uba1 dysfunction contributes
directly to neuromuscular pathology in SMA. The downstream effects may occur by
accumulation of β-catenin, which are elevated by 400 % in SMA mice; treatment of
Taiwanese SMA mice with quercetin, an inhibitor of β-catenin signaling, significantly
improved the righting reflex, reduced motor neuron loss, and increased myofiber
diameter to that of littermate controls (Wishart et al., 2014). These findings raise the
154

possibility that reduction in Uba1 is directly linked to SMA pathogenesis. My expression
data suggests that the intrinsically lower expression of Uba1 in intercostal motor pools
may contribute to the characteristic intercostal recession in classic Type I SMA, as well
as the prominent truncal hypotonia observed in XL-SMA due to UBA1 mutation.
So far expression differences have only been examined for motor pools with distinct
neuroanatomical positioning along the neuraxis. However, some of these genes may be
subregion-specific but not motor pool-specific, such as Tbx20 that was identified in the
masseter but is expressed regionally in branchiomotor and visceromotor hindbrain motor
neurons (Song et al., 2006).
In order to determine the feasibility of finding selective transcriptional differences within
closely positioned motor pools, I examined differential expression within the oculomotor
nuclei. Among oculomotor nucleus (CN III) motor pools, the SR is the only pool that
projects contralaterally, whereas the MR, IR, and IO project ipsilaterally. Thus, I used
unilateral retro-orbital labeling in order to determine the transcriptional differences of a
single motor pool embedded within a motor nucleus (Fig. 3.9). Remarkably, comparison
between the superior rectus and all other motor pools, including all other oculomotor
pools, revealed selective expression differences including upregulation of orthodenticle
homolog 2 (Otx2) (1.7-fold upregulated, p-value 2.12x10-8), pappalysin 2 (Pappa2) (1.9fold upregulated, p-value 2.75x10-8), glucagon-like peptide 1 receptor (Glp1r) (1.79-fold
upregulated, p-value 3.23x10-8), and alanine-glyoxylate aminotransferase 2-like 1
(Agxt2l1) (1.62-fold upregulated, p-value 9.91x10-5). These four genes were expressed at
moderate levels in the superior rectus, but were virtually absent from all other motor
pools examined. Otx2 expression, in combination with Engrailed 1 (En1) expression,
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indicates early midbrain identity and regulates the identity and fate of neuronal progenitor
domains in the ventral midbrain (Mallamaci et al., 1996, Davis and Joyner, 1988, Puelles
et al., 2004). Agxt2l1 exhibits one of the largest alterations in differential splicing
observed in end-stage SMNΔ7 mice. This splicing perturbation occurs specifically in the
brain and spinal cord, but not peripheral tissues (Zhang et al., 2008). The contribution of
these genes to the identity and function of the superior rectus motor pool is unclear. Only
a limited number of genes were selectively downregulated in the superior rectus, with
small but significant downregulation; three of six transcripts have not been previously
characterized.
Discussion
Previous characterization of neuromuscular autopsies from Type I human SMA revealed
striking heterogeneity of vulnerability to low SMN protein, even within individual motor
nerves. However, little is known about the basic molecular differences between motor
pools that confer their divergent functions. Even less is known regarding different
responses to cellular stressors in disease. Parallel studies in the SMNΔ7 mouse revealed
highly conserved patterns of motor pool selectivity, indicating that the molecular
determinants of motor pool selectivity are conserved across species. Modulation of these
genes and pathways may confer SMA resistance (or alternatively inhibit SMA
vulnerability) and therefore represent potential therapeutic targets.
A previous study in the lab, despite its success in identifying a therapeutic target for ALS,
also highlighted the challenge of prioritizing analysis of potential targets; pairwise
comparisons between motor pools may produce hundreds of transcriptional differences
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(Kaplan et al., 2014). Here I present a novel method for identifying a small and unbiased
set of gene targets: comparative transcriptome-wide analysis of multiple differentially
vulnerable subpopulations. This extensive comparison may reduce molecular differences
due to anatomy, physiology, and ontogeny and highlight genes and pathways that are
selectively involved in vulnerability to SMA.
Motor neuron diseases are especially suitable for this method, since vulnerability of
individual motor pools manifests as denervation pathology and clinical weakness in the
corresponding muscle in the periphery. Thus, examination of individual muscles with
routine histology such as H&E permits the reliable identification of SMA-vulnerable and
–resistant motor pools. Comprehensive analysis of motor unit pathology in human and
mouse SMA presented here and in Chapter 2 provides a catalog of SMA vulnerability.
Selection of motor pools for inclusion in the comparative screen was first based on
clinically evident differences in vulnerability. The oculomotor nuclei and Onuf’s nucleus
have long been recognized to exhibit resistance to degeneration in SMA. Sparing of the
diaphragm, despite partial collapse of the chest cavity due to intercostal weakness, is also
a prominent clinical feature of Type I SMA. Examination of SMA patients in the
neuromuscular clinic at Columbia University Medical Center, coordinated by Dr. Darryl
De Vivo, allowed me to appreciate the relative preservation of the arm flexor muscles
compared to the extensors, which is not generally reported in the literature. This degree
of strength in flexors, such as the biceps brachii, did not merit inclusion in the SMAresistant category. However, the prominent involvement of arm extensors compared to
the flexors provided rationale for including the triceps brachii.
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Other motor pools were included on the basis of findings in patient autopsies and the
SMNΔ7 mouse. Marked differential vulnerability between dorsal and ventral neck
muscles in the SMNΔ7 mouse prompted examination of neck muscles in Type I SMA
patients. Certain infrahyoid muscles were virtually indistinguishable from control
muscles by H&E, prompting inclusion of the sternohyoid in the screen. Extensive
analysis of neuromuscular denervation revealed additional vulnerable motor pools, such
as the flexor digitorum brevis 2/3, which was also included in the comparative array. Dr.
Chien-Ping Ko and colleagues also found this selective denervation in the foot muscles
(Ling et al., 2011b), further increasing confidence in these findings.
Based on my characterization of motor pool vulnerability in human and mouse SMA, I
chose to isolate five vulnerable (masseter, biventer cervicis, triceps caput longus,
intercostals, flexor digitorum brevis 2/3) and seven resistant (oculomotor (medial rectus,
inferior rectus, inferior oblique), superior rectus, superior oblique, lateral rectus,
sternohyoid, phrenic, and EAS motor pools.
The next challenge was isolating individual pools within the relatively homogenous
morphology of the spinal cord by injecting retrograde tracer CTB into the corresponding
muscles in the periphery. I validated the reliability of this approach across the neuraxis in
both spinal and cranial motor pools. As one example, intrapleural injection of CTB
allowed simultaneous labeling of the neuroanatomically distinct intercostal motor pools
and the phrenic nucleus. As another example, unilateral retro-orbital injection of CTB
allows selective labeling of distinct pools due to the nearly exclusive ipsi- or contralateral
projections of individual extraocular motor pools.
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I used laser capture microdissection to isolate individual cell bodies of a given pool in
order to detect motor neuron-specific transcriptional differences. Transcriptome-wide
comparative microarray analysis of 11 differentially vulnerable pools with 6 biological
duplicates revealed only 31 genes with significant differential regulation (p<1x10-4)
between SMA-vulnerable and –resistant motor pools. Of these, only 9 had at least 2-fold
differential expression and only a single gene – mGluR8 – had a >5-fold magnitude. This
low and therefore manageable number of genes retrospectively validated my decision to
analyze multiple motor pools, reduced from the hundreds of differences observed in
pairwise comparisons.
In addition to identifying these potential therapeutic targets, this set of experiments
represents to my knowledge the most comprehensive catalog of motor pool-specific
molecular differences ever performed. Despite much progress in the basic developmental
mechanisms underlying motor pool specificity (Dasen, 2009), major gaps in our
knowledge remain for the vast majority of motor pools. By comparing the transcriptional
profile of individual motor pools to all other pools analyzed, I have identified potential
motor pool-specific markers. Such markers are instrumental in delineating the basic
biological mechanisms that underlie the differentiation of developing motor neurons into
hundreds of discrete pools that innervate peripheral muscle targets with high precision.
Beyond development, even less is understood about the molecular differences between
motor pools in the adult animals. The transcriptional profiles analyzed here, including
multiple spinal and cranial motor pools, may provide insight into the mechanisms
underlying the varying physiology, connectivity, and firing patterns responsible for
execution of their diverse functional demands via activation of somatic muscles.
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In conclusion, this extensive comparative transcriptional microarray has provided a small
number of highly compelling therapeutic candidates based on a high degree of
segregation with SMA-vulnerability or –resistance. The candidates identified here have
been implicated in diverse cellular functions, from phosphodiesterase signaling (Pde1c)
to regulation of presynaptic glutamate release (mGluR8). Upon first glance, there is no
obvious unifying principle linking these genes and pathways together. These genes will
be discussed individually and in greater depth in later chapters. Since this screen was
performed at P12, it remains possible that some of these transcriptional differences
emerge after the early postnatal period. Therefore, in Chapter 6 and 7 I confirm the
expression of these candidates at earlier developmental time points at the mRNA and in
some cases protein level. I proceed to evaluate the most promising targets based on
expression patterns, biological rationale, and available reagents. My preliminary results
with these candidate genes are also presented in these chapters.
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Figure 3.1 Large degree of denervation in the biventer cervicis.
Denervation was assessed by examining the co-localization of presynaptic motor terminal
marker vesicular acetylcholine transporter (VAchT) and marker for post-synaptic
acetylcholine receptors α-bungarotoxin (α-BTX).
(A) Biventer cervicis in P13 wild-type animals had fully occupied motor terminals (top
panels). Biventer cervicis in P13 SMNΔ7 mice had loss of presynaptic VAchT, indicating
neuromuscular denervation.
(B) Quantification in SMNΔ7 mice and corresponding control littermates. Denervation
was defined by less than 1/3rd occupation of the motor endplate (co-localization of
VAchT with α-BTX.
Values	
  are	
  means	
  ± SEM, n = 3 per genotype. 	
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Figure 3.2 Denervation analysis in select muscles of the motor V in SMNΔ7 mice.
Denervation was assessed by examining the co-localization of presynaptic motor terminal
marker vesicular acetylcholine transporter (VAchT) and marker for post-synaptic
acetylcholine receptors α-bungarotoxin (α-BTX). The masseter (top panels) was
approximately 50 % denervated. The mylohyoid (middle panels) and the anterior belly of
the digastric (bottom panels) had nearly full innervation. N = 3-5 per muscle.
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Figure 3.3 The dorsal neck muscles in the SMNΔ7 mouse were selectively affected
compared to ventral neck muscles.
Denervation was assessed by examining the co-localization of presynaptic motor terminal
marker vesicular acetylcholine transporter (VAchT) and marker for post-synaptic
acetylcholine receptors α-bungarotoxin (α-BTX). Muscles were classified according to
>80 % denervation (red), <20 % denervation (green), or an intermediate degree of
denervation (orange). Dorsal neck muscles were severely affected compared to ventral
neck muscles.
N = 3-5 per muscle.
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Figure 3.4 Denervation of the axial muscles in the SMNΔ7 mouse reflect the
corresponding weakness observed in human Type I SMA patients.
Denervation was assessed by examining the co-localization of presynaptic motor terminal
marker vesicular acetylcholine transporter (VAchT) and marker for post-synaptic
acetylcholine receptors α-bungarotoxin (α-BTX). Muscles were classified according to
>80 % denervation (red), <20 % denervation (green), or an intermediate degree of
denervation (orange).
N = 3-5 per muscle.
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Figure 3.5 Flexor digitorum brevis 2/3 is preferentially affected in hind foot of
SMNΔ7 mice.
Denervation was assessed by examining the co-localization of presynaptic motor terminal
marker vesicular acetylcholine transporter (VAchT) and marker for post-synaptic
acetylcholine receptors α-bungarotoxin (α-BTX). Muscles were classified according to
>80 % denervation (red), <20 % denervation (green), or an intermediate degree of
denervation (orange).
N = 3-5 per muscle.
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Figure 3.6 Human and mouse SMA show remarkable overlap in vulnerable and
resistant motor units.
Summary figure of all pathology performed in Type I human SMA (Chapter 2) and in the
SMNΔ7 mouse. Resistant motor pools are labeled in green and vulnerable motor pools
are marked in red.
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Figure 3.7 Confirmation of triceps motor pool-specific labeling following CTB
injection.
(A) Labeling of the triceps motor pool was performed with muscle injection of
fluorophore-conjugated retrograde tracer cholera toxin subunit B (CTB).
(B) Previous studies found that selective labeling of the triceps was not possible without
tracer diffusion into the closely positioned cutaneous maximus muscle.
(C) Motor pool-specificity of triceps injections were confirmed by examining the motor
neuron cell bodies labeled by CTB through the caudal cervical spinal cord. The ventrally
located cutaneous maximus motor pool was never labeled, indicating that muscle
injections were highly specific without diffusion to adjacent muscles. N = 3.
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Figure 3.8 Intrapleural CTB injection selectively labels the phrenic nucleus and
intercostal motor pools at distinct rostrocaudal levels.
(A) Intrapleural injections were performed by making an incision down the mid-axillary
line and injecting cholera toxin subunit B (CTB) into the costodiaphragmatic recess.
Successful injection was confirmed by visualizing diffusion of CTB through intrpleural
space.
(B) Due to the developmental divergence of the phrenic motor axons, intrapleural
injection produces retrograde tracing and selective labeling of the phrenic nucleus in the
mid-cervical spinal cord.
(C) The thoracic cavity is also lined by intercostal muscles. Intrapleural CTB injection
labels the intercostal motor pools through the extent of the thoracic spinal cord.
N = 3.
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Figure 3.9 Unilateral retro-orbital CTB injection labels distinct oculomotor
populations.
Retro-orbital injection of cholera toxin subunit B (CTB) allows localized diffusion into
the extraocular muscles. Due the contralateral projection of the superior rectus (SR) and
superior oblique (SO) motor pools, unilateral injection allows selective labeling of four
different subpopulations: 1. ipsilateral medial rectus (MR), inferior rectus (IR), and
inferior oblique (IO) within the oculomotor nucleus (III); 2. ipsilateral lateral rectus (LR);
3. contralateral SO; 4. contralateral SR.
N = 3, scale bar = 100 µm.

178

179

Figure 3.10 Isolation of external anal sphincter motor pool in female mice.
(A-D) Injection of cholera toxin subunit B (CTB) into the external anal sphincter (EAS)
in mice (B) produces diffusion through the perineal space and co-labeling of the
bulbospongiosus muscle, which is co-mingled with the EAS in the dorsomedial (DM)
nucleus of Onuf’s (A). However, the bulbospongiosus is scarcely present in female mice
(B). Therefore, injection into female mice allows identification of the EAS as the only
motor pool in the DM (C-D).
N = 5.
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Figure 3.11 Isolation of motor neuron cell bodies by laser capture microdissection
produces high quality RNA.
(A) Laser capture microdissection was performed on untreated fresh frozen sections of
spinal cord at P12, following CTB muscle injections at P10. Individual motor neuron cell
bodies were isolated.
(B) Analysis of all motor with a Bioanalyzer (whole RNA) revealed RNA integrity
numbers (RINs) of at least 7 or higher, indicating high quality RNA for downstream
microarray analysis.
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Figure 3.12 Affymetrix mouse Gene 1.0ST arrays produce highly consistent
distribution of expression value.
The distribution of expression values is an important quality metric for microarray
analysis.
(A-B) Distribution of expression values across all microarray chips performed in this
study. There was a highly consistent distribution of values without any outliers, as
visualized by box plots (B). The median expression value was 5.25, with a Q2-Q3
interquartile range of 3.7-6.9.
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Figure 3.15 Microarray data reflects parvalbumin-enriched oculomotor nuclei.
Parvalbumin is known to be highly enriched in extraocular motor nuclei, but absent from
all other motor pools included in this study as confirmed by the Allen Brain Atlas (ABA).
Microarray data closely reflect this known expression pattern, providing confidence that
microarray results reflect underlying biological differences.
Values are means, n = 1-2. Error bars are ± SEM (n = 2).
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Figure 3.16 Validation of rostrocaudal motor pool specificity based on Hox
regulatory network.
Microarray data of select Hox transcription factors. Hoxa5, Hoxc8, Hoxc9, and Hoxd10
are expressed in select rostrocaudal segements in accordance with their known expression
pattern in the embryonic mouse. This data confirms that this Hox pattern is maintained
through at least P12 and provides additional evidence that the microarray data faithfully
reflects underlying transcriptional differences.
Values are means, n = 1-2. Error bars are ± SEM (n = 2).
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Table 3.1 Genes selectively expressed in SMA-resistant motor pools.
Transcriptome-wide gene expression was compared between SMA-vulnerable and –
resistant motor pools. A Student’s t-test was performed between the expression values in
resistant and vulnerable motor pools for each transcript. Genes with p-values ≤1.0x10-4
were ranked by increasing value. Fold-change and primary known function for each gene
are also listed.
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Table 3.2 Genes selectively expressed in SMA-vulnerable motor pools.
Transcriptome-wide gene expression was compared between SMA-vulnerable and –
resistant motor pools. A Student’s t-test was performed between the expression values in
resistant and vulnerable motor pools for each transcript. Genes with p-values ≤1.0x10-4
were ranked by increasing value. Fold-change and primary known function for each gene
are also listed.
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Tables 3.4 - 3.16 Transcripts selectively upregulated or downregulated in individual
motor pools.
Genes selectively upregulated or downregulated in individual motor pools compared to
all other motor pools included in the analysis. Genes are ranked by p-value, which were
obtained by Student’s t-test of the expression values in the individual pool compared to
the expression values in all other pools. For motor pools with only one biological
replicate, genes were ranked by difference in magnitude between gene expression in
individual motor pools compared to the average expression value for all other motor
pools. These genes may have motor pool-specific biological functions. They also
represent candidates for pool-specific markers.
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UC* = 1810012P15Rik, NM_001076681, Mus musculus RIKEN cDNA 1810012P15
gene (1810012P15Rik), mRNA.
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*Nfib was identified separately by two different probe sets in this microarray
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UC* = ENSMUST00000082871, ncrna:snRNA
chromosome:NCBIM37:2:85725312:85725491:-1 gene:ENSMUSG00000064805
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Table 3.8 Uncharacterized transcripts
UC-1 Mus musculus adult male diencephalon cDNA, RIKEN full-length enriched
library, clone:9330172E22 product:hypothetical protein, full insert sequence.
UC-2 Mus musculus activated spleen cDNA, RIKEN full-length enriched library,
clone:F830016D02 product:hypothetical protein, full insert sequence.
UC-3 Mouse Ig active lambda-chain mRNA Vx-J2-C2-region, complete cds.
UC-4 Mus musculus predicted gene 10375 (Gm10375), mRNA.
UC-5 Mus musculus RIKEN cDNA 6030468B19 gene (6030468B19Rik), mRNA.
UC-6 Mus musculus predicted gene 5622 (Gm5622), mRNA.
UC-7 Mus musculus predicted gene 10375 (Gm10375), mRNA.
UC-8 Mus musculus RIKEN cDNA 1700057G04 gene, mRNA (cDNA clone
MGC:182640 IMAGE:9056534), complete cds.
UC-9 Mus musculus adult male testis cDNA, RIKEN full-length enriched library,
clone:4930560O18 product:unclassifiable, full insert sequence. UC-10 ncrna:misc_RNA
chromosome:NCBIM37:12:33039750:33040067:-1 gene:ENSMUSG00000065645
UC-11 cdna:known chromosome:NCBIM37:4:143994771:143996204:1
gene:ENSMUSG00000028590
UC-12 Mus musculus RIKEN cDNA 4930528F23 gene (4930528F23Rik), mRNA.
UC-13 hypothetical protein gene:ENSMUSG00000073184
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UC-14 cdna:pseudogene chromosome:NCBIM37:11:16543012:16543924:-1
gene:ENSMUSG00000081332
UC-15 ncrna:snRNA chromosome:NCBIM37:11:82409575:82409681:-1
gene:ENSMUSG00000065201
UC-16 Mus musculus predicted gene 10375 (Gm10375), mRNA.
UC-17 ncrna:snoRNA chromosome:NCBIM37:16:56035866:56036000:-1
gene:ENSMUSG00000064994
UC-18 cdna:Genscan chromosome:NCBIM37:3:140481279:140604181:-1
UC-19 cdna:pseudogene chromosome:NCBIM37:2:181458747:181459647:-1
gene:ENSMUSG00000082786
UC-20 Putative uncharacterized protein gene:ENSMUSG00000072613
UC-21 Mus musculus predicted gene 806 (Gm806), mRNA.
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UC* Mus musculus predicted gene 9104 (Gm9104), mRNA.
UC** cdna:known chromosome:NCBIM37:15:68141356:68141897:1
gene:ENSMUSG00000068397
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Table 3.11 Uncharacterized transcripts
UC* = 4933436C20Rik, NR_033641, Mus musculus RIKEN cDNA 4933436C20 gene
(4933436C20Rik), non-coding RNA.
UC** = A930038C07Rik, NM_172399, Mus musculus RIKEN cDNA A930038C07
gene (A930038C07Rik), mRNA.
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Table 3.12 Uncharacterized transcripts
UC* = GENSCAN00000039600 cdna:Genscan
chromosome:NCBIM37:7:50252240:50254829:1
UC** = AK157781 Mus musculus 9.5 days embryo parthenogenote cDNA, RIKEN fulllength enriched library, clone:B130038C21 product:hypothetical Beta tubulin containing
protein, full insert sequence.
UC*** = GENSCAN00000007031 cdna:Genscan
chromosome:NCBIM37:3:93038903:93039415:1
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Table 3.13 Uncharacterized transcripts
UC-1 ncrna:snRNA chromosome:NCBIM37:9:90246833:90247009:1
gene:ENSMUSG00000065881
UC-2 ncrna:snRNA chromosome:NCBIM37:15:8170004:8170114:1
gene:ENSMUSG00000064566
UC-3 Mus musculus ES cells cDNA, RIKEN full-length enriched library,
clone:2410024N13 product:hypothetical protein, full insert sequence.
UC-4 Mus musculus 12 days embryo eyeball cDNA, RIKEN full-length enriched library,
clone:D230033C15 product:unclassifiable, full insert sequence.
UC-5 ncrna:snRNA chromosome:NCBIM37:10:22886671:22886777:-1
gene:ENSMUSG00000064516
UC-6 cdna:known chromosome:NCBIM37:16:23110306:23111699:1
gene:ENSMUSG00000022884
UC-7 ncrna:snoRNA chromosome:NCBIM37:8:129468747:129468880:-1
gene:ENSMUSG00000065637
UC-8 ncrna:snoRNA chromosome:NCBIM37:18:35102298:35102367:-1
gene:ENSMUSG00000065904
UC-9 cdna:known chromosome:NCBIM37:9:3001070:3002330:1
gene:ENSMUSG00000074566
UC-10 ncrna:snRNA chromosome:NCBIM37:1:97462119:97462181:-1
gene:ENSMUSG00000088333
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UC-11 ncrna:snRNA chromosome:NCBIM37:11:83085000:83085190:1
gene:ENSMUSG00000064856
UC-12 ncrna:snRNA chromosome:NCBIM37:16:24406441:24406503:-1
gene:ENSMUSG00000087861
UC-13 ncrna:snRNA chromosome:NCBIM37:3:55109239:55109345:1
gene:ENSMUSG00000064586
UC-14 ncrna:snRNA chromosome:NCBIM37:11:83085000:83085190:1
gene:ENSMUSG00000064856
UC-15 ncrna:snoRNA chromosome:NCBIM37:1:39630591:39630720:-1
gene:ENSMUSG00000064936
UC-16 ncrna:snRNA chromosome:NCBIM37:6:6874118:6874279:-1
gene:ENSMUSG00000065770
UC-17 ncrna:snoRNA chromosome:NCBIM37:7:67042047:67042140:-1
gene:ENSMUSG00000075987
UC-18 ncrna:snRNA chromosome:NCBIM37:1:72272814:72273004:1
gene:ENSMUSG00000075752
UC-19 ncrna:rRNA chromosome:NCBIM37:12:54147695:54147813:-1
gene:ENSMUSG00000070192
UC-20 ncrna:snRNA chromosome:NCBIM37:18:21002948:21003093:-1
gene:ENSMUSG00000088549
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Table 3.14 Uncharacterized transcripts
UC-1 ncrna:snoRNA chromosome:NCBIM37:8:98269960:98270095:-1
gene:ENSMUSG00000065089
UC-2 cdna:known chromosome:NCBIM37:2:130100180:130105048:1
gene:ENSMUSG00000027405
UC-3 ncrna:snoRNA chromosome:NCBIM37:7:66678425:66678503:-1
gene:ENSMUSG00000075786
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Figure 3.17 Transcripts with selective differential expression in the oculomotor
nucleus.
Transcripts with the greatest enrichment in the ipsilateral CN III motor pools. Mir369 and
Mir130a are highly and selectively enriched in the medial rectus, inferior rectus, and
inferior oblique of the CN III nucleus. These transcripts are absent from the contralateral
projecting superior rectus pool of CN III, as well as most other motor pools analyzed.
Values represent relatively expression from microarray data in P12 WT mice. Error bars
are mean +/- S.E.M.
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Figure 3.18 Transcripts with selective differential expression in the abducens
nucleus.
Transcripts with the greatest differential expression in CN VI. Uts2 is selectively
downregulated compared to all other motor pools analyzed. Mir30e is highly enriched in
CNVI, but is not appreciably expressed in any other motor pool examined. Values
represent relatively expression from microarray data in P12 WT mice. Error bars are
mean +/- S.E.M.
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Table 3.15 Uncharacterized transcripts
UC-1 ncrna:snoRNA chromosome:NCBIM37:19:46433526:46433634:1
gene:ENSMUSG00000065204
UC-2 cdna:known chromosome:NCBIM37:2:130100180:130105048:1
gene:ENSMUSG00000027405
UC-3 ncrna:snoRNA chromosome:NCBIM37:4:46508027:46508157:1
gene:ENSMUSG00000064410
UC-4 ncrna:snRNA chromosome:NCBIM37:17:84686981:84687087:-1
gene:ENSMUSG00000065732
UC-5 ncrna:snoRNA chromosome:NCBIM37:3:144249789:144249916:-1
gene:ENSMUSG00000064960
UC-6 Uncharacterized protein gene:ENSMUSG00000079167
UC-7 Uncharacterized protein gene:ENSMUSG00000079167
UC-8 ncrna:snoRNA chromosome:NCBIM37:X:65937323:65937450:-1
gene:ENSMUSG00000089177
UC-9 ncrna:snoRNA chromosome:NCBIM37:18:75161109:75161173:1
gene:ENSMUSG00000064647
UC-10 ncrna:snoRNA chromosome:NCBIM37:8:98269960:98270095:-1
gene:ENSMUSG00000065089
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Table 3.16 Uncharacterized transcripts
UC-1 ncrna:snoRNA chromosome:NCBIM37:12:110919010:110919084:1
gene:ENSMUSG00000064487
UC-2 ncrna:snoRNA chromosome:NCBIM37:12:110920594:110920668:1
gene:ENSMUSG00000064545
UC-3 Uncharacterized protein gene:ENSMUSG00000072669
UC-4 ncrna:snRNA chromosome:NCBIM37:15:68501846:68501952:1
gene:ENSMUSG00000065168
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Chapter 4. Characterization of pathological endpoints in the SMNΔ7 mouse for
evaluation of potential therapeutic targets
Introduction
In order to assess the effect of potential therapeutic targets on the neuromuscular system
of SMA model mice, it is critical to have robust pathological endpoints that are relevant
to the human condition. The SMNΔ7 mouse is the most widely used and best
characterized preclinical model of SMA. As demonstrated in Chapter 2, this model
closely recapitulates Type I human SMA, at least at the level of individual motor pool
vulnerability. By extension, the SMNΔ7 mouse is an ideal model to assess modulation of
genes and pathways that segregate with motor unit vulnerability as potential therapeutic
targets. Here I examine the endpoints used in the literature before reporting my own
studies focused on quantitative aspects of the SMA phenotype in mice.
Gross phenotypic metrics such as weight, lifespan, and righting reflex are well
established in the literature for SMNΔ7 mice and represent convenient methods for the
evaluation of the overall health and motor behavior of animals. SMNΔ7 mice have
normal weight at birth and are indistinguishable from control littermates by gross visual
inspection. However, they weigh significantly less than their control littermates by P3,
and the difference is progressively accentuated throughout the disease course until endstage (Le et al., 2005a, Avila et al., 2007).
The median SMNΔ7 mouse lifespan is approximately 13 days, with a precipitous drop in
the Kaplan-Meier survival curve between P12 and P15. However, survival of the SMNΔ7
mice depends on the background genetic strain, which may impact the survival curve
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considerably (Kariya et al., 2008). Thus, the establishment of survival curves, especially
when introducing transgenes from different mouse strains, is necessary for each colony.
Another commonly assessed gross behavioral phenotype is the righting reflex, a complex
motor function by which animals will right themselves onto all four legs in response to
being placed on their back. SMNΔ7 mice are reported to have an impaired righting reflex
as early as P1. This impairment may improve slightly in the second postnatal week, but
still remains markedly affected compared to control littermates (Mentis et al., 2011).
Pathology in SMNΔ7 mice has also been examined extensively at the cellular and
molecular level. One of the earliest reported changes was neurofilament accumulation in
the presynaptic terminal but not the perikarya or proximal axons of motor neurons
(Cifuentes-Diaz et al., 2002, Kariya et al., 2008, Kong et al., 2009). This distribution of
neurofilament accumulation, including phosphorylated forms, is not a general
phenomenon of degenerative motor axons and so may be related to SMA pathogenesis.
The SOD1G93A model of ALS, for example, does not exhibit neurofilament accumulation
in motor axons (Gurney et al., 1994).
Another pathological change that has been observed in SMNΔ7 mice is loss of central
synaptic contacts, with a selective reduction in glutamatergic but not gabaergic synapses
(Ling et al., 2010). Among glutamatergic subtypes, the most severe loss occurs in
vesicular glutamate transporter 1-positive (VGluT1+) proprioceptive 1a afferents that
mediate the stretch reflex, with an 80 % loss of somatic afferents in motor neurons of the
lumbar medial motor column (MMC) in SMNΔ7 mice (Ling et al., 2010, Mentis et al.,
2011). Failure to gain or loss of 1a afferents occurs in utero in SMNΔ7 mice and
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precedes motor neuron loss, suggesting that it may contribute to SMA pathogenesis
(Mentis et al., 2011, Tarabal et al., 2014). Moreover, the H-reflex, which is mediated by
1a afferents, is reportedly lost in human SMA patients (Renault et al., 1983).
As presented in previous chapters, neuromuscular denervation has been examined
extensively in SMNΔ7 mice by measuring the co-localization of markers for presynaptic
motor terminals, such as synaptophysin, with motor endplates marked by α-bungarotoxin
(α-BTX). Severe denervation (defined as less than 50 % fully innervated motor
endplates) has been found in multiple axial and appendicular muscles by end-stage
(Chapter 2; Chapter 3), (Ling et al., 2011b).
However, this approach has limitations since the phenotype in most motor terminals is
only partial. Examination of previous studies indicates that approximately 70-90 % of
denervated endplates are “partially denervated,” meaning that part of the endplate was
covered with presynaptic labeling (Ling et al., 2011b). Distinguishing partial and full
innervation may be difficult to quantify reliably. Moreover, the pathological significance
of partial innervation and its effect on neuromuscular transmission is unknown. Thus,
denervation analysis should be accompanied by examination of other phenotypes.
Motor neuron loss is the pathological hallmark of SMA and is strongly related to disease
progression and clinical outcomes. Although motor neuron loss can’t be directly
measured in patients, an initial assessment of Type I SMA patients with the compound
motor action potential (CMAP), which represents the maximum motor response from
activation of all motor units in a given muscle, is highly predictive of functional
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outcomes (Swoboda et al., 2005). Therefore, quantification of motor neurons is an
especially relevant therapeutic endpoint.
However, motor neuron loss has been surprisingly underrepresented in the SMNΔ7
mouse when considering the severe overall phenotype. Using various methods,
quantification of the lumbar cord has revealed only a ~20-33 % loss by end-stage (Le et
al., 2005a, Avila et al., 2007, Passini et al., 2011). Other recent studies in the SMNΔ7
mouse have detected a more profound motor neuron loss, with a 60 % loss in L1 (Mentis
et al., 2011, Martinez et al., 2012) and a 50 % loss of the L5 MMC by P13, with an
approximately linear loss between birth and end-stage (Mentis et al., 2011).
In addition to these findings, my characterization of differential motor unit vulnerability
in SMA (Chapter 2) revealed a ~60 % loss in the motor V of end-stage SMNΔ7 mice.
This severe degree of motor neuron loss is consistent with the clinical picture, since
bulbar dysfunction is a prominent feature of human SMA due to degeneration of these
motor units that are responsible for chewing, swallowing, and maintaining patency of the
airways. This degree of loss in SMNΔ7 mice is also consistent with the 50-87 %
degeneration of spinal and cranial motor axons that I observed in human Type I SMA
compared to a control patient (Chapter 2).
Thus, degeneration of the motor V in end-stage SMNΔ7 mice represents a promising
pathological endpoint with known clinical relevance. However, the establishment of a
full time course of degeneration is necessary to determine the appropriate timing of
therapeutic intervention. Moreover, findings in motor V may not generalize to all motor
neurons, since cranial motor nuclei exhibit developmental, anatomic, and functional
224

divergence from spinal motor neurons. Thus, the characterization of additional motor
neuron populations that degenerate in the SMNΔ7 mouse are needed in order to
complement studies in the motor V.
Here I confirm known pathological phenotypes in the SMNΔ7 mouse, including at the
behavioral and cellular level, in order to establish a variety of methods for evaluating
motor unit health. Next I establish a time course of degeneration in the motor V, which
reveals that the majority of motor neuron loss occurs by the early postnatal period. I also
identify a progressive rostrocaudal gradient of motor neuron loss in the lumbar MMC.
Finally, I perform a power analysis in order to determine the most robust pathological
endpoints for evaluating potential therapeutic interventions in the SMNΔ7 mouse.
Results
Gross phenotype in the SMNΔ7 mouse
SMNΔ7 mice were weighed daily from birth until end-stage. At P0 SMA mice weighed
the same as control mice. However, they failed to gain weight appropriately and weighed
significantly less than littermate controls as early as P3 (Fig. 4.1B). SMA mice continued
to gain weight through the early postnatal period, albeit much more slowly than normal
mice, before plateauing in weight by approximately P7. This weight was maintained
stably until P11-P13 end-stage, at which point some mice began to lose weight perhaps
due to their inability to nurse appropriately (Fig. 4.1B). Dramatically, the weight of endstage SMNΔ7 mice is reduced by 67 % compared to wild-type littermates by P13.
Failure to gain weight, often followed by weight loss, is a characteristic feature of human
Type I SMA. As an example, one patient for whom we obtained an extensive clinical
225

history had a birth weight of 3.35 kg (50th percentile) and was initially discharged from
the hospital in presumed good health. However, by six weeks of life he had fallen to the
3rd percentile of weight at 2.86 kg and exhibited flaccid paralysis (Fig. 4.2). Thus, human
and mouse SMA is characterized by a failure to gain weight followed by weight loss by
disease end-stages. This occurs during a period of rapid growth for their healthy
counterparts.
Evaluation of righting reflex confirmed that SMNΔ7 mice have a significantly impaired
righting reflex as early as P1, at which point they are otherwise indistinguishable from
control littermates (Fig. 4.1C). P1 wild-type mice typically right themselves within 15
seconds, while P1 SMNΔ7 mice cannot right themselves at all. This failure to right
becomes more pronounced by P3, at which point wild-type mice are able to right
themselves within 3 seconds but SMNΔ7 mice still are unable to right themselves at all
(Fig. 4.1C).
Sub-cellular motor unit pathology
I next confirmed and extended SMNΔ7 mouse pathology at the sub-cellular level. I
examined neurofilament distribution at the neuromuscular junction in SMNΔ7 mice by
co-staining with anti-neurofilament antibody and α-BTX. The SMA-vulnerable tibialis
anterior (TA) had extensive accumulation of neuofilament in the presynaptic motor
terminal compared to control TA (Fig. 4.3A-D). There was also reduced “pretzel shape”
complexity and size of the postsynaptic accumulation of acetylcholine receptors. In
contrast, there was no abnormal presynaptic neurofilament accumulation in the SMAresistant extraocular muscles or the external urethral sphincter (Fig. 4.3E-J). Also, the
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motor endplates in these two muscles had more complex architecture and were
indistinguishable from control endplates. Examination of the soleus, another SMAvulnerable muscle, revealed “retraction bulbs” in some terminals that are thought to
represent denervation and retraction by the presynaptic terminal (Fig. 4.3K-N). However,
these bulbs were only present in a subset of terminals and other terminals did not exhibit
extensive neurofilament accumulation that was observed in the tibialis anterior. These
findings suggest that neurofilament accumulation may correlate with vulnerability in
some, but not all motor units.
I next examined proprioceptive 1a afferent loss in the lumbar spinal cord by co-staining
with antibodies to VGluT1, which specifically marks 1a afferent terminals in the ventral
horn (Todd et al., 2003, Alvarez et al., 2004), and choline acetyltransferase (ChAT) to
label motor neurons. Quantification of VGluT1+ synaptic puncta onto the soma of L1
motor neurons revealed a 76 % reduction in SMNΔ7 mice compared to control
littermates (Fig. 4.4), in accordance with reported findings in the literature.
Time course of motor V loss
My previous studies comparing the selectivity of neuromuscular degeneration in human
and mouse SMA found that the motor V, which innervates the muscles of mastication,
are highly affected in both human and mouse SMA. Overall, I found that the motor V is
nearly 60 % lost in P13 end-stage SMNΔ7 mice.
In order to determine the time course of motor neuron loss in the motor V, I examined
degree of motor neuron loss at progressively earlier time points. Quantification was
conducted by manual counting of ChAT+ cell bodies with a visible nucleus in every 5th
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cryosection. Surprisingly, quantification at P7 revealed a loss equivalent to that observed
at P13 (Fig. 4.5A, B), indicating that minimal additional cell death occurred during the
second half of the postnatal disease course in mice. Establishment of even earlier time
points indicated that 26 % percent of motor neuron loss occurred as early as P0 and a
majority of total cell loss (45 %) occurred by P4. Analysis in E17.5 SMNΔ7 embryos
indicates that a small degree of motor neuron cell loss may occur in earlier embryonic
stages (Fig. 4.5B).
Motor neuron loss in the lumbar spinal cord
The large degeneration in the motor V raised the possibility of other highly affected
motor neuron subpopulations that are clinically relevant. Another feature of Type I SMA
is prominent weakness of the axial musculature. The neck and trunk muscles are among
the most severely affected clinically, as evident by the marked weakness upon ventral
suspension or the pull-to-sit maneuvers (Volpe, 2008). Given this clinical picture, the
median motor column might be expected to exhibit the greatest motor neuron loss.
Indeed, quantification of the entire lumbar median motor column (MMC) in SMNΔ7
mice revealed a significant 41 % loss of motor neuron cell bodies by P7 (Fig. 4.6A, D).
Quantification of the lumbar lateral motor column (LMC) in parallel revealed only a 15
% loss, which had a trend towards significance (p < 0.07). Remarkably, a time course of
motor neuron loss in the lumbar MMC found a 25 % loss by P0 and the full extent of
motor neuron loss by P4 (Fig. 5.6B, C). No significant motor neuron loss was detected in
the LMC at these time points.
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Given this large degree of motor neuron loss in the lumbar MMC by P4, I sought to
determine if subpopulations within this motor column were selectively affected.
Quantification of individual lumbar regions at P0 revealed a selective 32 % loss in the L2
MMC, but not in other lumbar segments (Fig. 4.7A). By P4, there was significant 58 %
and 46 % loss in L2 and L3, respectively, but not L4 or L5 (Fig. 4.7B). Finally, at P7
there was significant ~40 % loss of motor neurons in L2, L3, and L4, with no significant
loss in L5 (Fig. 4.7C). This time course reveals striking regional selectivity of
degeneration, with rostrocaudal gradient of cell loss in the lumbar MMC in SMNΔ7 mice
from P0 – P7.
These findings in the lumbar MMC and motor V of the SMNΔ7 mouse represent the
earliest and most severe motor neuron loss that has been determined in this mouse model
to date.
Power analysis
Power analysis was performed into order to determine the most robust pathological
endpoints for detecting improvements in response to therapeutic interventions. Analysis
included weight, righting reflex, neuromuscular denervation, 1a afferent loss, and motor
neuron loss in the motor V and lumbar MMC using the G*Power program. Calculations
were performed to determine the number of SMNΔ7 animals needed to detect a 20 % or
50 % improvement, with an 80 % probability of detecting a significant effect at a p-value
of 0.05. The low variation in weight and righting reflex produced high statistical power,
predicting an ability to detect a 20 % improvement with as little 1-2 animals (Table 4.1).
Pathology at the cellular level was more variable. A predicted 18 experiments in SMNΔ7
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mice would be needed to detect a significant 50 % reduction in proprioceptive 1a afferent
loss, while only 2 SMA mice would be needed to detect an equivalent improvement in
motor neuron loss in the motor V or lumbar MMC (Table 4.1). These differences were
magnified when calculating the experimental number needed to detect a smaller 20 %
rescue: only 3 and 5 animals would be needed to detect a motor neuron rescue in the
lumbar MMC and motor V, respectively, but a remarkable 16 experiments would be
needed to detect a 20 % reduction in biventer cervicis denervation and 103 experiments
would be needed to detect an improvement in 1a afferent terminal loss (Table 4.1).
Discussion
I have validated a number of known pathological outcomes from the literature, as well as
defined a previously unappreciated severe degree of motor neuron loss in select
subpopulations. Power analysis determined that motor neuron loss is the most sensitive
cellular level pathology for detecting improvements. Here I discuss the advantages and
limitations of each phenotype, as well as its predicted relevance to SMA.
SMNΔ7 gross phenotype and motor behavior
Use of weight to assess the effect of potential therapeutics in SMNΔ7 is advantageous in
that the phenotype is large, objective, and captures the overall health of the animal. SMA
mice weigh significantly less than littermate controls by P3. Power analysis indicates that
as few as two animals are needed to detect a 20 % weight increase at P7. Despite this,
SMNΔ7 mice are known to exhibit progressive dilated cardiomyopathy and other
peripheral phenotypes that may affect weight substantially (Iascone et al., 2015). Weight
may not detect subtle improvements in motor unit integrity that do not produce a
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commensurate increase in muscle mass or overall health, but nonetheless have
therapeutic benefit.
Lifespan is also commonly assessed in SMA mice since improving lifespan is one of the
primary therapeutic goals in Type I SMA patients, who typically succumb to respiratory
failure by two years of age. SMNΔ7 mice live on average 13 days, with a maximum
lifespan of 17 days (Le et al., 2005), which I have confirmed in our colony (data not
shown). This lifespan is convenient for testing potential therapies and overcomes
challenges associated with other mouse models that are too severe/mild or have highly
variable lifespans. Smn-/-; SMN2+/+ mice, for example, have a severe neuromuscular
phenotype with death shortly after birth or within a few days that may preclude the
benefit of potential therapies. Indeed, modulation of the SMA modifiers plastin 3 and
RhoA had no benefit in Smn-/-; SMN2+/+ mice, despite conferring significant
improvements in pathology in less severe mouse models (Ackermann et al., 2013,
Bowerman et al., 2010). Additionally, other models may have greater variation in
lifespan than SMNΔ7 mice. Most Smn2B/- mice, for example, succumb between P25 and
P50, but approximately 25 % of these mice life a prolonged lifespan exceeding 100 days
(Bowerman et al., 2010). Thus, the SMNΔ7 model achieves a favorable balance between
recapitulating a severe SMA phenotype while still providing a sufficient therapeutic
window.
The righting reflex is a complex motor function mediated by motor neurons and their
associated motor circuits, which are required to integrate information from vestibular
pathways, proprioceptive afferents, and spinal interneurons. This information is
coordinated to produce a stereotyped pattern of muscle movements and invert the animal
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back into the upright position (Bignall, 1974, Bose et al., 1998). Advantages of the
righting reflex as an outcome measure include the early and large magnitude of effect and
high reproducibility between SMNΔ7 mice. Additionally, the complexity of this motor
function allows assessment of the motor system broadly, including motor neurons, motor
circuitry, and afferent vestibular and proprioceptive pathways.
However, in certain contexts these features may pose limitations. The severity of the
righting reflex, including its presence shortly after birth, may limit the effectiveness of
therapeutic interventions administered postnatally. Moreover, the complexity of this
phenotype may not detect improvement in one aspect of the motor system if the benefit is
masked by pathology in other cell types. For example, improvement in motor neuron
survival may not improve the righting reflex if proprioceptive afferents remain impaired
and are unable to provide this critical sensory input.
SMNΔ7 sub-cellular motor unit pathology
Neurofilament accumulation was an early finding in SMNΔ7 mice and was postulated to
play a role in SMA pathogenesis (Murray et al., 2008, Kariya et al., 2008). Examination
of the SMA-vulnerable TA recapitulated these findings. Intriguingly, motor terminals in
the SMA-resistant extraocular and external urethral sphincter muscles were devoid of this
pathology, suggesting that neurofilament accumulation may correlate with disease
vulnerability, at least in certain motor units. However, the SMA-vulnerable soleus muscle
did not exhibit neurofilament accumulation, even though some motor terminals had
“retraction bulbs” that may indicate a degenerative process.
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Indeed, other studies have found similar levels in both vulnerable and resistant motor
units, suggesting that neurofilament accumulation does not cause or predict motor neuron
degeneration (Le et al., 2005a, Ling et al., 2011b). In particular, neurofilament
accumulation was found in the diaphragm of SMNΔ7 mice and human Type I SMA
patients (Kariya et al., 2008), which I have found to exhibit profound SMA-resistance
(Chapter 2). Thus, this unique pattern of neurofilament accumulation in SMA is an
intriguing finding, but its inability to reliably predict vulnerable motor units suggests that
it is not an ideal marker for evaluating potential therapeutics.
In accordance with reported findings in the literature, I also found a large 67 % reduction
in proprioceptive 1a afferent terminals on the soma of L1 motor neuron cell bodies in
SMNΔ7 mice. Quantification of 1a boutons on dendritic compartments was not possible
using ChAT immunohistochemistry, although studies using retrograde filling of ventral
roots with dextrans have also found a prominent loss in proximal dendrites as early as P4
in these mice (Mentis et al., 2011).
Despite this, it remains unclear whether 1a afferent loss is critical to SMA pathogenesis.
Some investigators have postulated that proprioceptive afferent loss occurs secondarily to
pathology in motor neurons, since restoring SMN selectively in motor neurons rescues
loss of these synapses (discussed below). Additionally, loss of 1a afferents has not been
conclusively demonstrated in SMA patients, as loss of the H-reflex could also result from
neuromuscular denervation. Thus, central synaptic loss of 1a afferents may be an
important pathological readout, but there is as yet insufficient evidence to consider this a
primary endpoint.
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Early and selective SMNΔ7 motor neuron loss
Previous studies have found relatively modest loss in the SMNΔ7 mouse in many areas
examined. I have established a large degree of motor neuron loss in the motor V and
lumbar MMC of SMNΔ7. The motor V has high clinical relevance since the inability to
chew and swallow properly may lead to aspiration pneumonia. This is an important cause
of morbidity and mortality in Type I SMA as most patients succumb to respiratory
failure. The lumbar MMC is also highly relevant to human disease, since Type I SMA
patients exhibit marked axial weakness and are unable to sit unsupported.
One unexpected finding was the early timing of motor neuron loss - strikingly, the
entirety of motor neuron loss in the motor V occurred by P7, with nearly half of this loss
occurring by P0. One question raised by loss at P0 is whether these motor neurons
degenerate, or fail to develop properly in the first place. Examination of the motor V at
E17.5 indicates that these motor neurons degenerate rather than fail to form, as there is
only a small statistically insignificant degree of cell loss at this embryonic time point.
Similarly, motor neuron loss within individual segments of the lumbar MMC appeared to
occur rapidly and plateau, rather than degenerate in a linear fashion through SMNΔ7
disease course. These results support the increasing recognition of Type I SMA as a
neurological emergency, with much of the cell death occurring rapidly during a relatively
narrow window.
Longitudinal assessment of three Type I SMA human patients identified
presymptomatically via genetic testing revealed early, rapid, and severe declines in
CMAP and motor unit number estimation (MUNE) (Swoboda et al., 2005) (Fig. 4.8).
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This decline in motor unit number and function was temporally correlated with a
dramatic decline in clinical motor function over a 1-2 week period. All three infants
succumbed within the first six months of life. Another case report of a
presymptomatically identified Type I SMA patient had normal clinical findings at day 5
of life as assessed by CMAP and the CHOP INTEND scale of motor function.
Remarkably, the CMAP declined logarithmically to its nadir within the first 34 days of
life, which was accompanied by moderate clinical weakness. This patient was severely
weak by day 63 of life with no further decline in CMAP. Respiratory failure occurred on
day of life 81 (Finkel, 2013). My results in the SMNΔ7 mouse recapitulate this early and
precipitous motor unit degeneration observed in human Type I SMA patients and
underscore the need for early therapeutic intervention before symptom onset.
Motor neuron loss in anatomically defined populations
One challenge inherent in spinal motor neuron quantification is the relatively
homogeneous morphology of the ventral horn of the spinal cord, which contains as many
as ten motor pools at a single rostrocaudal level (Dasen, 2009). As demonstrated in
Chapter 2, there exists marked heterogeneity in SMA vulnerability among motor pools,
even within the same motor nerve. Thus, it is important to quantify the same motor
population in control, SMA, and SMA-treated mice in order to determine the effect of
potential therapeutic interventions. The motor V overcomes this challenge, since it exists
as an anatomically discrete motor nucleus in the mid-pons, with no adjacent ChAT+ cell
populations. Therefore, the motor V nucleus can be quantified reliably and
unambiguously. Additionally, I took advantage of the distinct morphological properties
of the lumbar enlargement in order to reliably identify distinct lumbar populations. First,
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the hindlimb-innervating LMC becomes anatomically distinct from the axial muscleinnervating MMC at approximately L2. Second, the transition from the lumbar to the
sacral spinal cord (L5-L6) is marked by the appearance of Onuf’s nucleus, at which point
there are four anatomically distinct nuclei. The dorsolateral and dorsomedial nuclei
correspond to Onuf’s nucleus that innervates the anal and urethral sphincters and male
sexual muscles, while the ventral and retrodorsolateral nuclei innervate the pelvic floor
muscles and the distal hindlimb muscles, respectively (McKenna and Nadelhaft, 1986,
Schroder, 1980). These two anatomical landmarks provide rostral and caudal reference
points for quantification of the entire lumbar spinal cord, which is critical for a
comprehensive analysis of multiple motor neuron subpopulations that I have found to
exhibit differential SMA vulnerability.
This fine-grained rostrocaudal gradient of cell loss has significant implications for
assessing motor neuron death in the SMNΔ7 mouse. For example, administration of a
candidate small molecule therapeutic at P0 would preclude rescue of the already
degenerated L2 lumbar MMC neurons, but may allow for rescue in L3-L4. Therefore,
assessment of lumbar motor neuron loss should be accompanied by a precise
determination of the rostrocaudal spinal cord level.
One potential criticism of this method is that the delineations between lumbar segments
may differ slightly from the conventional definition of a lumbar level – all motor units
that project axons through the corresponding ventral root. Here, the lumbar segments are
defined by dividing the L2-L6 cord into equal rostrocaudal segments. Ventral root
backfills more reliably labels motor neurons that correspond precisely to individual
ventral roots (Mentis et al., 2011), but this process is technically challenging and
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therefore not suitable for wide application. Despite this, the division of the lumbar cord
into equal rostrocaudal segments is a highly reproducible and robust pathological
endpoint that allows for assessment of multiple motor neuron subpopulations of in
different stages of degeneration.
A potential corollary problem is the dramatic size difference in the central nervous
system of SMNΔ7 versus wild-type mice. Grossly, the SMNΔ7 spinal cord is about the
same size as control littermates at P0, but growth failure produces a roughly ~25 %
smaller rostrocaudal length by end-stage at P13 (Fig. 4.9). Therefore, the spinal motor
columns and cranial motor nuclei may be correspondingly smaller in SMA mice. This
scenario could pose a considerable problem, since motor neuron quantification of the
same rostrocaudal distance would produce a 25 % overestimation in SMNΔ7 mice due to
increased motor neuron density.
My data indicates that, regardless of this size alteration, the neuroanatomical distribution
of motor neurons does not exhibit a corresponding change. Quantification of the lumbar
spinal cord at P7 revealed that the rostrocaudal distance between two neuroanatomical
landmarks – the split of the MMC and LMC at L2, and Onuf’s nucleus at L6 – is
approximately the same in SMNΔ7 and control littermates (2,600 microns), despite the
appreciably reduced size of the spinal cord in SMA mice (data not shown).
Moreover, quantification of the motor V at P13 determined that the medial-to-lateral
dimension of the nucleus remains approximately the same, with an average of 700
microns in wild-type mice and 600 microns in SMNΔ7 mice (data not shown). Part of
this 14 % reduction may be due to the selective loss of the lateral motor V, which is
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approximately 60 % depleted by end-stage. Interestingly, the anatomical dimensions of
both the lumbar spinal column and the motor V are equivalent at P0 and P13, indicating
that the neuroanatomical space occupied by motor neurons does not change during the
postnatal period, even if motor neuron size increases.
Power analysis of disease endpoints
In addition to disease relevance, pathological endpoints must also be evaluated by their
ability to produce statistically significant improvements in response to therapeutic
interventions. Statistical power is the probability of correctly accepting an alternative
hypothesis, which in this context is that a treatment intervention significantly improves
an outcome in SMA mice. This ability to detect significant differences is determined by
the variance of the outcome, which permits calculation of the sample size needed to
detect a given magnitude of effect.
Power analysis of all pathological outcomes revealed marked differences in ability to
detect significant differences. The predicted number of SMNΔ7 mice needed for an 80 %
chance of detecting a 50 % improvement in motor V cell survival with a p-value of 0.05
was only 2 animals. Given the same statistical parameters, the predicted number of SMA
mice needed to detect a 50 % improvement in loss of proprioceptive 1a afferents was 18.
Published literature indicates that these findings are not just speculative, but are highly
relevant in experimental settings. Mentis et al. 2011 examined both motor neuron loss
and 1a afferent loss in the SMNΔ7 mouse. Assuming that experimental numbers
generally reflect the minimum number needed for statistical significance, Mentis and
colleagues analyzed 3-4 SMNΔ7 mice treated with trichostatin A (TSA), a histone
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deacetylase inhibitor known to increase SMN levels, (and 5 untreated SMNΔ7 mice) to
detect a significant motor neuron rescue in L1 or L5 of the lumbar MMC at P13. In
contrast, the same group analyzed 15 TSA-treated SMNΔ7 experiments (and 15
experiments in untreated SMNΔ7 mice) to detect a significant improvement in 1a somatic
afferents at the same time point. These results are strikingly close to the predicted power
calculations, indicating that these data are useful in evaluating the number of experiments
needed to detect changes in pathological endpoints. Moreover, they support the
conclusion that motor neuron loss, in addition to its disease relevance, represents a
powerful endpoint for assessing potential therapeutic interventions.
Predictive value of SMNΔ7 phenotypes based on tissue-specific SMN restoration
As outlined above, there are a number of robust phenotypes in the SMNΔ7 mouse,
including gross behavioral deficits and motor unit pathology. However, the relevance of
these endpoints to the therapeutic strategy of this thesis must also be considered.
Candidate genes and pathways from the transcriptional screen (Chapter 3) are based on
differential motor unit degeneration in human and mouse SMA. By extension,
modulation of these genes and pathways would be expected to improve pathology at the
level of the motor neuron, but not necessarily in other cell types that also contribute to
SMA pathogenesis. Thus, I predict that the relevant pathological endpoints would
respond to motor neuron-selective SMN restoration, which effectively removes the motor
neuron-cell autonomous contribution to SMA pathology. In other words, the endpoints
that respond to SMN restoration in motor neurons would also be predicted to respond to
therapeutic strategies that specifically target motor neurons. Conversely, endpoints that
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require SMN restoration in other cell types may not be amenable to this motor neuronspecific strategy.
As discussed previously, restoration of SMN broadly using methods such as AAV
vectors, ASOs, and small molecule modulators of SMN2 tend to rescue all phenotypes,
including weight, righting reflex, and lifespan (Iascone et al., 2014). How effective is
SMN restoration selectively in motor neurons? Two groups have restored SMN in motor
neuron progenitors using Hb9-Cre or ChAT-Cre alleles and both found an unexpectedly
modest improvement in phenotype.
One study restored SMN selectively in motor neurons in SMNΔ7 mice using a Chat-Cre
allele found modest improvements in weight and lifespan, with a 64.7 % increase in
maximum weight (rescued mice still weighed ~70 % less than control littermates) and a
median survival increase from 15 to 23 days (Martinez et al., 2012). Despite this
relatively limited benefit, SMNΔ7 mice with motor neuron selective SMN restoration
exhibited virtually complete rescue of electrophysiological deficits, neurofilament
accumulation, neuromuscular denervation, endplate size, loss of central synapses, and
righting reflex, as well as a partial rescue of motor neuron cell death and loss of
proprioceptive 1a afferents (Martinez et al., 2012).
Another study performed motor neuron-selective restoration with the Hb9-Cre allele in
SMN2+/-; Smn2B-Neo/2B-Neo mice; these mice did not exhibit any improvement in weight and
only gained a five-day improvement in survival from P7 to P12 (Gogliotti et al., 2012a).
Despite this limited improvement in gross phenotype, these severe SMA mice exhibited
improvements in neuromuscular junction innervation, endplate maturity,
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electrophysiological deficits, and righting reflex. Moreover, they had complete rescue of
1a proprioceptive afferent loss and motor neuron cell body loss in the median motor
column, although not in the lateral motor column. This discrepancy between dramatic
motor unit rescue and minimal improvement in gross phenotype was in part attributed to
failed autonomic innervation of the heart, with marked bradycardia, prolonged PQ, QRS,
and QT intervals, and signs of terminal heart block, which were not improved in the
SMA mice with motor neuron SMN rescue (Gogliotti et al., 2012a).
These studies demonstrate that therapeutic interventions that benefit motor units may
produce only modest changes in gross phenotype. Marked improvements in motor neuron
survival, synaptic integrity, and electrophysiological properties did not produce a
commensurate rescue in weight or life span. The righting reflex, however, may be a more
sensitive marker for improvements in the motor unit. These findings, particularly related
to life span, are not entirely surprising, as rescuing motor neurons would not be expected
to produce improvements in cardiomyopathy or the autonomic innervation of the heart.
The zero to modest improvement in weight is more surprising, since reductions in
neuromuscular denervation might be expected to increase overall muscle mass. These
findings further highlight the contribution of peripheral tissues, such as muscle, to the
overall SMA phenotype, at least in mouse models. These findings must be considered in
evaluating therapeutic strategies that target SMA pathology selectively in motor neurons.
Other pathological endpoints
In addition to those evaluated here, there are a number of other pathological endpoints
that are beyond the scope of this study but may also be useful in evaluating the effect of
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potential therapies. One potentially promising readout is the adaptation of
electrophysiological measurements, such as CMAP, the summated electrical activity of
all motor units supplying an individual muscle, and MUNE, a measurement of both
motor unit number and size based on CMAP, to mouse models of SMA (Arnold et al.,
2014). Motor units have substantial capacity for collateral sprouting to re-innervate
denervated myofibers, which is an important compensatory mechanism in chronic
neuromuscular disease (Wohlfart, 1958, Brown, 1984, McComas et al., 1971). However,
it has been difficult measure changes in motor unit size in preclinical models of SMA.
Similar to human patients, CMAP and MUNE measurements of the sciatic nerve in
SMNΔ7 mice exhibit preserved neuromuscular function in the early postnatal period,
followed by motor unit loss that correlates with progression of the gross motor phenotype
(Arnold et al., 2014). Regenerative therapies that enhance collateral sprouting would be
expected to increase CMAP, due to enlarged motor unit territories, but not increase
MUNE. Thus, CMAP in combination with MUNE represents a potentially promising
method to assess motor unit loss, as well as preservation or collateral sprouting, in
response to therapeutic interventions in SMA model mice.
Conclusion
Robust pathological endpoints are critical for evaluating the effect of potential
therapeutic interventions in SMNΔ7 mice. I have confirmed and extended findings in the
literature at the behavioral and cellular level. Previous studies have found relatively
modest motor neuron loss in SMNΔ7 mice. I have identified two clinically relevant
populations – the motor V and the lumbar MMC – that exhibit the earliest and most
severe motor neuron loss defined to date in the SMNΔ7 mouse model. Establishment of a
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detailed time course provides the basis for evaluating the effect of interventions on
multiple motor neuron subpopulations at different stages of degeneration. Power analysis
indicates that motor neuron loss is a sensitive marker for even small improvements in cell
survival, especially when compared to other pathological outcomes at the motor unit
level. Degeneration in these populations occurred unexpectedly early, supporting studies
in Type I SMA patients that have found a precipitous decline in motor unit number early
in disease course, even within a period of days or weeks. These findings in mouse and
human SMA emphasize the importance of early intervention and suggest the potential
need for universal newborn screening when effective therapies have been identified.
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Figure 4.1 SMNΔ7 mice fail to gain weight and have significantly impaired righting
reflex compared to control littermates.
(A) End-stage SMNΔ7 mice exhibit a severe neuromuscular phenotype which is apparent
by gross visual inspection.
(B) Daily weights of SMNΔ7 mice and control littermates. SMNΔ7 mice weigh the same
as control littermates at P0, but fail to gain weight appropriately and weigh nearly 70 %
less than controls by P14.
(C) Righting reflex of SMNΔ7 mice and control littermates assessed by placing mice on
backs and counting time to right onto forelimbs. Righting time was averaged from three
consecutive trials for each animal. SMNΔ7 mice have a significantly impaired righting
reflex at P1, which persists through disease course but may improve slightly in the
second postnatal week.
Values are mean ± SEM, n = 5-6 per genotype.
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Figure 4.2 Type I SMA patient exhibited normal birth weight followed by dramatic
weight loss within the first few weeks of life.
This Type I SMA patient (ID SMA-1) was born at 41 weeks gestation from an
emergency C-section due to unreassuring heart tones and tachycardia. He had a normal
birth weight of 3.35 kg, placing him in the 50th percentile of weight. Patient was
discharged in apparent good health and was breastfeeding at home on day of life #6.
Following discharge, patient was nursing continuously and “never seemed satisfied.” At
the six week checkup, it was noted that he lost weight and was admitted for failure to
thrive. Upon admission patient was 2.86 kg (<3rd percentile), height was 55 cm (<3rd
percentile), head circumference was 37.5 cm (10th percentile). Physical examination
revealed cachectic, lethargic, and poorly nourished infant with “extremely poor tone.”
Muscle strength was 1/5. No clubbing, cyanosis, or edema. His hands remained fisted.
Neurological exam revealed absence of rooting reflex or gag reflex and was “fussy and
unconsolable with whimpering cry.” Gag reflex and deep tendon reflexes were
diminished. Patient was diagnosed with Type I SMA. Patient was re-admitted during the
third month of life due to respiratory distress and was sent home with noninvasive
ventilation and nasogastric tube. He succumbed to respiratory failure during the fifth
month of life.
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Figure 4.3 SMNΔ7 mice have neurofilament accumulation and retraction bulbs in
the presynaptic terminals of some affected motor units.
(A-N) Whole-mount muscles from end-stage SMNΔ7 mice and control littermates were
stained with anti-neurofilament antibodies (presynaptic terminals) and α-bungarotoxin
(motor endplates).
(A-D) The tibialis anterior (TA) in SMNΔ7 mice exhibits a large degree of presynaptic
neurofilament accumulation (B, D) and reduced “pretzel-shaped” complexity (B), which
is not observed in control TA (A, C).
(E-H) The superior rectus in SMNΔ7 mice (F, H) is indistinguishable from control (E,
H).
(I, J) The external urethral sphincter does not have abnormal neurofilament accumulation
(I, J) and exhibits complex motor endplates (I).
(K-N) The soleus in SMNΔ7 mice has “retraction bulbs” (arrows in L, N) and smaller
endplates (L) compared to corresponding control muscle (K, M).
N = 3 per genotype.
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Figure 4.4 Massive reduction of 1a afferent connections onto lumbar motor neurons
in end-stage SMNΔ7 mice.
(A) End-stage SMNΔ7 L1 motor neurons were stained with anti-choline acetyltransferase
(ChAT) and anti-vesicular glutamate transporter 1 (VGluT1) antibodies. There was a
marked reduction of VGluT1+ puncta, which are specific for proprioceptive 1a afferent
terminals.
(B) Quantification of VGluT1+ puncta that co-localized with the soma of L1 motor
neurons found a 76 % reduction in SMNΔ7 mice compared to control littermates.
Values are mean ± SEM; n = 5 (WT), 10 (SMA).
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Figure 4.5 Motor trigeminal is severely affected early in disease course in SMNΔ7
mice.
Motor V was quantified by counting the number of choline acetyltransferase-positive
(ChAT+) cells in every 5th cryosection.
(A) SMNΔ mouse had a large depletion of ChAT+ motor neurons by P7 compared to
wild-type littermates.
(B) Time course of motor neuron loss in the SMNΔ motor V revealed that the majority of
degeneration occurred in the embryonic and early postnatal period, with little additional
cell loss occurring after P7.
Values are mean ± SEM, n = 3-6.
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Figure 4.6 Early and selective loss of MMC motor neurons in SMNΔ7 mouse.
Motor columns were quantified by counting the number of choline acetyltransferasepositive (ChAT+) cells in every 5th cryosection through the rostrocaudal extent of the
lumbar spinal cord.
(A) Large selective reduction in ChAT+ motor neurons in the lumbar MMC of SMNΔ7
mice.
(B-D) Time course of motor neuron loss in the whole lumbar MMC of SMNΔ7 mice was
25 % at P0 (B), 55 % by P4 (C), and 59 % at P7 (D). There was no significant loss in the
LMC at P0 (B) or P4 (C), but there was a trend towards a significant 15 % loss by P7 (D).
Values are mean ± SEM, n = 3-4 spinal cords per genotype.
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Figure 4.7 Rostrocaudal gradient of motor neuron degeneration in the lumbar
MMC of SMNΔ7 mice.
Lumbar segments were quantified by counting the number of choline acetyltransferasepositive (ChAT+) cells in every 5th cryosection. Six sections were quantified for each
segment.
(A) Selective loss of ChAT+ motor neurons in the L2 segment of the lumbar MMC at P0.
(B) Significant motor neuron loss in the rostral half (L2, L3), but not the caudal half (L4,
L5) of the lumbar MMC by P4.
(C) Gradient of loss extends caudally by P7, resulting in significant motor neuron loss in
L2-L4, but not L5. No additional degeneration took place in L2 or L3.
Values are mean ± SEM, n = 2-5 per age/genotype.
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Table 4.1 Power analysis to predict the minimum number of animals required to
detect a significant improvement in SMNΔ7 pathology.
Power analysis was performed with G*Power (β = 0.2; α = 0.05).
Weight, righting reflex, and motor neuron loss in the motor V and lumbar MMC of
SMNΔ7 mice had a high statistical power to detect significant differences.
Denervation in the biventer cervicis and loss of proprioceptive 1a afferents had a low
statistical power, predicting a large experimental number to detect significant differences.
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Figure 4.8 Longitudinal assessment of compound motor action potential (CMAP)
and motor unit number estimation (MUNE) in Type I SMA patients.
Open diamonds represent patients that were diagnosed presymptomatically with genetic
testing due to a previously affected sibling. Solid diamonds represent subjects with
confirmed SMA after symptom onset.
(A) Longitudinal MUNE data in Type I SMA subjects. MUNE declined precipitously in
early disease course for presymptomatically identified patients.
(B) Longitudinal CMAP data in Type I SMA subjects. Similar to MUNE, CMAP
declined early and precipitously to nadir values before plateauing.
Figure is reproduced from Swoboda et al., 2005.
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Figure 4.9 The central nervous system of SMNΔ7 mice is substantially smaller than
control littermates by end-stage.
Brains and spinal cord were dissected from P13 SMNΔ7 mouse and a corresponding
littermate and placed together for size comparison.
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Chapter 5. Evaluation of Calbindin 2 as a potential therapeutic target
Introduction
Calcium signaling plays a critical role in many neuronal functions, including modulation
of transcription, synaptic transmission, cell cycle progression, and cell death. Precise
spatial and temporal control of Ca2+ levels is required in order to accomplish these
diverse cellular processes. Ca2+-binding proteins represent one mechanism by which
neurons shape the spatiotemporal distribution and amplitude of Ca2+ transients, which
occur in response to extracellular Ca2+ influx from plasma membrane channels or
intracellular Ca2+ release from the endoplasmic reticulum. The Ca2+-binding protein
family contains at least 240 proteins, and its three most abundant members are
parvalbumin, calbindin D28k, and calbindin 2 (Calb2) (a.k.a. calretinin) (Barinka and
Druga, 2010).
Calb2, which was one of the top SMA-vulnerability candidates from the comparative
microarray study in Chapter 3, encodes a highly conserved 29 kDa protein belonging to
the large EF-hand family of calcium-binding proteins. It contains six EF-hand motifs,
which are structural units with a well-characterized ability to bind Ca2+ (Schwaller,
2009). Of these EF-hand motifs, four have high Ca2+ affinity with positive cooperativity,
one has low affinity, and one is non-functional (Schwaller et al., 1997). This cooperative
Ca2+ binding produces kinetic properties of both slow and fast buffers in modifying
dendritic Ca2+ transients.
Calb2 is expressed in a variety of cell populations, including retinal ganglion cells,
vestibular hair cells, granule cells, cortical interneurons, and in select motor neuron and
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interneuron populations in the spinal cord. Of potential relevance to SMA, ~53 % of
lower motor neurons in the human spinal cord exhibit moderate intensity
immunoreactivity to CALB2 (Fahandejsaadi et al., 2004). Another SMA-vulnerable
population, the hypoglossal nucleus, has intense CALB2 staining in 90 % of motor
neurons. CALB2 was also observed within subpopulations of the SMA-resistant
oculomotor, trochlear, and abducens nuclei in humans, although at moderate to low
intensity (Fahandejsaadi et al., 2004). CALB2 immunoreactivity has also been examined
in cat extraocular motor units. The oculomotor, trochlear and abducens nuclei were
devoid of CALB2 expression, but had strong labeling of parvalbumin and calbindin D28k (de la Cruz et al., 1998). These expression patterns in normal human patients and cats
largely support my findings regarding CALB2 expression in mice (see Results section
below). The one potentially discordant pattern is the relatively low CALB2 expression
observed in the SMA-vulnerable motor V and facial nucleus in humans (Fahandejsaadi et
al., 2004). However, I have found markedly differential vulnerability even within the
motor V (Chapter 2); the CALB2+ motor neurons may therefore represent SMA-resistant
subpopulations. The involvement of the facial nucleus in SMA remains to be fully
determined.
The cytoplasmic concentration of CALB2 has been determined in mammalian cells, with
cochlear hair cells containing cytoplasmic CALB2 concentration on the order of 10 µM
(Hackney et al., 2005). This high concentration may generalize to other mammalian cell
types. CALB2, like other Ca2+ buffers, is thought to be freely diffusible with wide
cytoplasmic distribution. However, brainstem auditory neurons in the chick
magnocellularis exhibit a developmentally regulated CALB2 distribution. CALB2 in
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these neurons is diffuse in the cytoplasm until the onset of spontaneous activity, synaptic
transmission, and synapse refinement, at which point CALB2 becomes highly
concentrated under the plasma membrane (Hack et al., 2000). This localization may
spatially restrict glutamate-activated extracellular Ca2+ influx. Other studies have found
that CALB2 is localized in subcellular compartments of cerebellar granule cell dendrites,
a pattern of restricted movement that is further reduced in response to action potentials
(Arendt et al., 2013). These findings suggest that CALB2 has Ca2+-dependent interactions
with immobile binding partners and may act as a Ca2+ sensor. CALB2 localization in
motor neurons has not been described in detail.
The most well defined function of Calb2 is modulation of neuronal excitability. Calb2 is
expressed in select GABAergic interneurons and in hilar mossy cells of the dentate gyrus.
Calb2 knockout mice exhibit impaired long-term potentiation (LTP) in the dentate gyrus
without altering basal synaptic transmission (Schurmans et al., 1997). This LTP deficit
was observed even in Calb2+/- mice, indicating that high levels of Calb2 are required to
mediate its effects on synaptic plasticity (Gurden et al., 1998). These findings were
reversible with a GABA antagonist, suggesting that this effect was mediated through
inhibitory signaling.
Calb2 is also highly expressed in cerebellar granule cells, which exhibit Ca2+-dependent
intrinsic excitability and provide major excitatory input to Purkinje cells through parallel
fibers. Granule cells in Calb2 knockout mice exhibit enhanced frequency repetitive spike
discharge, indicating that Calb2 normally reduces excitability (Gall et al., 2003). These
electrophysiological findings are reversed by fast-Ca2+ buffer infusion or Calb2 reexpression in granule cells, indicating that these alterations result from decreased Calb2
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cytosolic Ca2+ buffering (Bearzatto et al., 2006, Gall et al., 2003). These studies
demonstrate that Calb2 plays critical roles in neuronal excitability and plasticity in select
cell populations: it represses intrinsic excitability and may modulate synaptic plasticity.
The role of Calb2 in cell death in certain forms of cancer is at first sight counterintuitive
for a Ca2+-binding protein: it enhances cell death in those cases studied. One proteomics
study demonstrated that upregulation of the tetraspanin membrane protein CD9, a
suppressor of tumor metastasis, triggers apoptotic cell death through Calb2 in small cell
lung cancer cell lines (He et al., 2013). A second microarray-based study examined the
molecular determinants of colorectal cancer cell line resistance to the antimetabolite 5fluorouracil (5-FU) and the platinum-based agent oxaliplatin and found robust changes in
Calb2 expression in response to 5-FU and oxaliplatin treatment. siRNA-mediated
knockdown of Calb2 reduced drug-induced apoptosis, indicating that Calb2 contributes
to cell death (Boyer et al., 2006). These studies provide direct links between Calb2 and
cell death, and suggest that high Calb2 levels may confer vulnerability to cell death.
Another study has implicated Calb2 as a potential mediator of synaptic and axonal
degeneration. A proteomic screen analyzed ~57,000 peptides in synapse-enriched
fractions of mouse brain in response to cortical lesion-mediated synaptic degeneration in
the ipsilateral striatum and found that 47 proteins exhibited robust expression differences
within 48 hours of injury. Of these proteins, Calb2 was one of six whose inactivation was
confirmed to cause a partial delay of injury-induced degeneration of axons in response to
surgical ablation of antennae in the Drosophila olfactory system (Wishart et al., 2012b).
Thus, Calb2 may play an active role in axonal and synaptic degeneration.
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Calb2 has also been examined for its potential role in mediating degeneration in ALS and
other disease contexts. Given the evidence that glutamate excitotoxicity leads to
abnormally high intracellular Ca2+ concentrations and subsequent motor neuron
degeneration in ALS, Calb2 and other Ca2+-binding proteins have been hypothesized to
play a neuroprotective role. However, Calb2 is not a reliable marker of resistance to
degeneration in motor neurons, corticospinal neurons, or other cortical neuron
populations in mouse or human ALS (Morrison et al., 1996, Laslo et al., 2000, Maekawa
et al., 2004, Hayashi et al., 2013). Unexpectedly, though not unreasonably in the light of
the cancer-related literature reported above, Calb2+ cortical and hippocampal neurons are
lost, rather than spared, in the SOD1G93A model of ALS, although it is unclear if these
populations are selectively affected (Chung et al., 2005). A number of studies have
examined the possible role of Calb2 in Ca2+-induced degeneration in cell or tissue culture
models, but the results remain largely equivocal, with some studies finding a protective
role of Calb2, while others suggest that it contributes to cell death (Lukas and Jones,
1994, Mockel and Fischer, 1994, Isaacs et al., 2000, Kuznicki et al., 1996, Marini et al.,
1997, Bouilleret et al., 2000, D'Orlando et al., 2001, D'Orlando et al., 2002).
Overall therefore, my microarray studies indicate that Calb2 exhibits a marked
preferential expression in the most SMA-vulnerable motor neuron populations.
Expression patterns in human and primate motor neurons largely support these findings
in mouse (Fahandejsaadi et al., 2004). Moreover, Calb2 has been directly implicated in
axonal and synaptic degeneration (Wishart et al., 2012b), which is a prominent feature of
SMA. Calb2 also contributes to cell death, at least in certain contexts (He et al., 2013,
Boyer et al., 2006). I therefore hypothesized that reducing Calb2 expression or function
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in SMA-vulnerable motor neurons might reduce motor unit pathology in the SMNΔ7
mouse. Here, in collaboration with Daniel Iascone during his rotation in the Henderson
lab, we confirm the differential expression of Calb2 at the mRNA and protein level and
evaluate its role as a potential therapeutic target in SMA.
Results
Confirmation of differential Calb2 expression in WT and SMA mice
Comparative microarray analysis of differentially vulnerable motor units identified Calb2
as a potential SMA vulnerability gene (Fig. 5.1A). Since my transcriptional analysis was
performed at P12, we confirmed that Calb2 expression segregates with SMA-vulnerable
motor pools in the early postnatal period by in situ hybridization (ISH). Motor neuron
localization was determined by comparison of adjacent sections with in situ probes to
choline acetyltransferase (ChAT) in all cases.
We first examined Calb2 expression in different motor columns of the spinal cord, since
motor neurons of the lateral motor column (LMC), which innervate the limbs, are overall
less vulnerable to SMA than those of the medial motor column (MMC), which innervate
body wall muscles. In the lumbar spinal cord of wild-type mice at P4 Calb2 was
selectively expressed in the MMC, but largely absent from the LMC (Fig. 5.2).
Elsewhere in the spinal cord, robust Calb2 expression was noted in the dorsal horn and in
other select cell populations.
Calb2 was also studied in the motor V in P4 wild-type mice. Remarkably, expression
localized selectively to the masseter motor pool in the caudal portion of the lateral motor
V (Fig. 5.3). Expression was not observed in the medial portion of the motor V, which I
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have found to be SMA-resistant (see Chapter 4). In contrast, the SMA-resistant
extraocular motor nuclei of P4 wild-type mice exhibited a marked exclusion of Calb2
expression, despite high expression in surrounding cell populations. The abducens
nucleus, for example, is strikingly demarcated by high Calb2 expression in the adjacent
paramedian pontine reticular formation (Fig. 5.4).
The expression of Calb2 was confirmed at the protein level by immunohistochemistry
(IHC) in the lumbar spinal cord of wild-type mice (Fig. 5.5A). Quantification of CALB2+
motor neurons by co-localization with staining for choline acetyltransferase (ChAT)
revealed that the absolute number of CALB2+ motor neurons in the MMC was at least
equivalent to that in the LMC (Fig. 5.5B, D), even though there are far fewer motor
neurons in the MMC. Indeed, calculation of the percentage of CALB2+ motor neurons as
a fraction of all ChAT+ motor neurons confirmed a large enrichment: nearly 30 % of
lumbar MMC motor neurons are CALB2+, while less than 5 % of motor neurons in the
corresponding LMC are CALB2+ (Fig. 5.5C, E). These results confirm that at lumbar
levels Calb2 is selectively expressed in the SMA-vulnerable MMC at the protein level.
Next we assessed whether CALB2+ motor neurons preferentially degenerate in SMNΔ7
mice. Quantification of the whole lumbar MMC at P7 in SMNΔ7 mice compared to
control littermates revealed a 24% loss of CALB2- motor neurons, but a striking 67% loss
of CALB2+ motor neurons (Fig. 5.6). These results suggested that CALB2+ motor
neurons may be preferentially vulnerable in SMNΔ7 mice, but we could not exclude the
possibility that some surviving MMC motor neurons downregulate Calb2.
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To further explore the hypothesis that CALB2+ motor neurons selectively degenerate, we
examined the distribution at an earlier time point, P0. Quantification of the whole lumbar
MMC at P0 in SMNΔ7 mice compared to control littermates revealed a 43 % loss of
CALB2- motor neurons (Fig. 5.7). Surprisingly, there were very few CALB2+ motor
neurons at this time point in either SMNΔ7 mice or wild-type controls, even though ISH
analysis indicated robust Calb2 expression in the MMC by P4, suggesting that Calb2 is
not expressed at birth but is upregulated in the early postnatal period.
Evaluation of Calb2 as a potential therapeutic target
The data above suggested that Calb2 indeed selectively labels SMA-vulnerable motor
neuron subpopulations in mice. However, they did not address the possibility that Calb2
might play a functional role in motor neuron degeneration. In order to test the hypothesis
that Calb2 contributes to motor neuron vulnerability in SMA, Calb2 KO mice were
crossed to SMNΔ7 mice. Calb2 KO mice are healthy and 4- to 6-week old KO mice have
normal runway test and stationary horizontal thin rod test scores, but abnormal
coordination on wheel running (Schiffmann et al., 1999). Older 18- to 24-month old
Calb2 KO mice exhibit more generalized coordination deficits. No deficits were observed
in Calb2 KO mice within the first two postnatal weeks, indicating that genetic reduction
of Calb2 alone would not affect the gross motor phenotype of SMNΔ7 mice.
Gross phenotype
As expected, SMNΔ7 mice weighed significantly less than control littermates by P3 and
fail to gain weight through disease course. Smn-/-; SMNΔ7+/+; Calb2-/- (SMNΔ7; Calb2
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KO) mice were weighed daily and did not exhibit any difference in weight compared to
Smn-/-; SMNΔ7+/+; Calb2+/+ (SMNΔ7; Calb2 WT) mice.
SMNΔ7 mice had a significantly impaired righting reflex by P1 that persisted through
disease course. SMNΔ7; Calb2 KO were also evaluated daily by the righting reflex and
did not exhibit any improvements compared to SMNΔ7; Calb2 WT mice.
Motor neuron loss
No difference in motor neuron number was detected in Calb2 KO or heterozygous mice
compared to Calb2 wild type mice, indicating that Calb2 reduction alone does not alter
motor neuron number.
Quantification of the entire lumbar lateral motor column (LMC) in SMNΔ7; Calb2 KO
mice compared to SMNΔ7; Calb2 WT mice and wild-type littermates at P7 revealed a
non-significant decrease in SMNΔ7; Calb2 KO (Fig. 5.8A). Analysis of individual LMC
lumbar levels revealed a significant 26 % reduction at L2, but no difference in other
lumbar levels (Fig. 5.8B). Analysis of the corresponding medial motor column (MMC)
revealed a trend (p=0.058) towards a significant 21 % reduction in SMNΔ7; Calb2 KO
compared to SMNΔ7; Calb2 WT mice at P7 (Fig. 5.8C). Quantification at individual
lumbar levels revealed 42 % and 37 % reductions at L3 and L5, but these values did not
reach statistical significance (Fig. 5.8D). No difference was observed between SMNΔ7;
Calb2 WT and SMNΔ7; Calb2+/- mice, indicating that partial Calb2 reduction also failed
to alter motor neuron number in SMA mice.
These results indicate that genetic deletion of Calb2 does not rescue, and may exacerbate,
motor neuron loss in SMNΔ7 mice.
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Neuromuscular denervation
Since Calb2 was previously implicated in synaptic degeneration (Wishart et al., 2012a),
we tested the hypothesis that genetic elimination of Calb2 improved neuromuscular
pathology. Previous studies established severe denervation pathology in the masseter.
Innervation was defined by co-localization of IHC for presynaptic protein vesicular
acetylcholine transferase (VAChT) and α-bungarotoxin (α-BTX) that marks the postsynaptic endplate. “Fully innervated” was defined by a large overlap between VAChT
and α-BTX. “Denervated” was defined as little or complete loss of presynaptic VAChT.
“Partial denervation” was defined as incomplete loss of VAChT co-localization.
Quantification was performed blinded to genotype.
As expected, wild type mice had ~95% full innervation, with no denervation observed. In
contrast, the masseter in SMNΔ7 mice had 39% full denervation and 25% partial
innervation, with only 36 % full innervation (Fig. 5.9). SMNΔ7; Calb2 KO mice
exhibited an improvement in neuromuscular pathology, with 53% full innervation, 32%
partial innervation, and only 15% full denervation (Fig. 5.9). These findings suggest that
genetic knockout of Calb2 may improve denervation pathology in the SMNΔ7 mouse.
Discussion
The cellular distribution of Ca2+-binding proteins has been studied extensively and is
facilitated by the tendency of these proteins to mark distinct neuronal populations in
many brain regions. Much interest stems from the known role of Ca2+ in normal cellular
functioning as well as disease states; abnormal Ca2+ homeostasis has been implicated in a
variety of neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease,
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and epilepsy (Heizmann and Braun, 1992). Thus, Ca2+-binding proteins have been
postulated to play a protective role. As one example, decreased calbindin-D28K and
parvalbumin has been suggested to contribute to selective vulnerability of motor neuron
subpopulations in ALS, perhaps due to loss of buffering capacity during Ca2+-mediated
excitotoxicity (Alexianu et al., 1994), though subsequent genetic experiments did not
strongly support this hypothesis.
Despite these findings, results from studies of Ca2+-binding proteins in neurodegenerative
disease contexts have been inconsistent (Heizmann and Braun, 1992) and some
investigators have found that these proteins contribute to disease pathology. Such has
been the case with Calb2: neuronal subpopulations with Calb2 expression may be
selectively vulnerable in SOD1G93A mice. Calb2 also contributes to axonal and synaptic
degeneration in certain disease contexts (Chung et al., 2005, Wishart et al., 2012a). My
comparative microarray screen between differentially vulnerable motor pools suggested
that Calb2 expression correlates highly with SMA-vulnerable motor neurons.
These findings were confirmed at the mRNA and protein level, with selective Calb2
expression in the lumbar MMC and in the lateral motor V nucleus - populations that
degenerate in the SMNΔ7 mouse. Initial examination at P7 in SMNΔ7 and wild-type
controls suggested that Calb2+ motor neurons in the lumbar MMC selectively
degenerated. However, Calb2 was scarcely expressed in this cell population at P0 in
either wild type or SMA mice. These results suggest the possibility that Calb2 is a marker
for SMA-vulnerable motor neurons but does not contribute directly to degeneration, since
there is already significant cell loss before the onset of robust Calb2 expression.
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Another possibility is that Calb2 contributes to selective vulnerability immediately after
onset of expression, which may explain the selective loss of Calb2+ motor neurons that is
observed at P7, but not at P0. This pattern of expression would be more consistent with a
role of Calb2 in executing motor neuron death rather than initiating upstream pathology
in response to insufficient SMN protein. Indeed, Calb2 has been linked directly to
execution of apoptosis in cancer models (He et al., 2013, Boyer et al., 2006).
Despite the correlation of Calb2 expression with SMA-vulnerable motor neuron
populations, genetic ablation of Calb2 does not rescue motor neuron death. On the
contrary, SMNΔ7; Calb2 KO mice exhibited significantly greater motor neuron loss in
select lumbar levels. Partial reduction of Calb2 in SMNΔ7; Calb2+/- mice also failed to
rescue motor neuron, indicating that these findings did not depend on the extent of Calb2
reduction.
Promisingly, denervation pathology appeared to improve in SMNΔ7; Calb2 KO mice,
with an increase in partially innervated and fully innervated neuromuscular junctions in
the masseter muscle by P7. This finding is intriguing given the known role of Calb2 in
axonal and synaptic degeneration. Since genetic knockout of Calb2 may have increased
rather than rescued motor neuron loss, improved neuromuscular denervation likely
resulted from another mechanism such as increased collateral sprouting from remaining
motor axons. Further studies are required to confirm this potentially promising finding.
The most well characterized role of Calb2 is modulating neuronal excitability (Gall et al.,
2003). Therefore, the potential link between Calb2 expression and motor neuron
excitability in SMA should be considered. Motor neurons in SMNΔ7 mice are
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hyperexcitable, with a marked ~4-fold increase in input resistance that is independent of
soma size, dendrite number, or dendrite length, all factors that may considerably affect
input resistance (Mentis et al., 2011). This increase in excitability has been postulated to
serve as a homeostatic mechanism to compensate for decreased excitatory inputs, such as
the dramatic loss of proprioceptive 1a afferents observed in SMNΔ7 mice (Mentis et al.,
2011). One line of evidence to support this hypothesis is that deafferentation of avian
brainstem auditory neurons results in a homeostatic increase in membrane excitability
and spontaneous firing (Kuba et al., 2010).
In contrast to the increased excitability observed in SMNΔ7 motor neurons, Calb2 is
known to dampen neuronal excitability. For example, cerebellar granule cells in Calb2
knockout mice exhibit markedly increased excitability with faster action potentials
(shorter duration) and enhanced frequency repetitive spike discharged; these findings are
reversed with Calb2 restoration or fast Ca2+ buffer infusion (Gall et al., 2003, Bearzatto et
al., 2006). Thus, Calb2 expression may contribute to pathology in select SMNΔ7 motor
neuron subpopulations by impairing the homeostatic increase in excitability after loss of
afferent input.
One confounding factor in evaluating Calb2 as a potential therapeutic target is that the
effects of Calb2 knockout are not limited to electrophysiological alterations at the
individual cellular level, but may generalize to whole networks. For example, Calb2 KO
mice exhibit alterations in Purkinje cell excitability due to loss of function in granule
cells (Schiffmann et al., 1999). These mice exhibit impairments in select tests of motor
coordination by approximately one month of age and develop more generalized
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coordination deficits after one year of age (Schiffmann et al., 1999), underscoring the
effect on larger cellular networks.
Calb2 expression in the spinal cord is not limited to motor neurons; the dorsal horns
exhibit very high Calb2 expression, as well as select neuronal populations (Fig. 5.2).
Therefore, widespread genetic elimination of Calb2 expression may alter ascending
sensory information or motor networks within the spinal cord thereby adversely
influencing motor neuron health. Thus, motor neuron-specific Calb2 knockdown, perhaps
through the use of AAV vectors, would be required to exclude the possibility that
impairments in premotor networks outweigh therapeutic benefit of reduction within
motor neurons. Disruptions in motor networks may also limit the potential of Calb2
modulation as a therapeutic target.
In conclusion, Calb2 expression correlates with motor pool vulnerability to SMA and
may serve as a marker for vulnerability. However, onset of expression occurs after
significant motor neuron loss has occurred in the lumbar MMC, indicating that Calb2
expression does not account for degeneration of these cells. Quantification of the lumbar
MMC at P7 in SMNΔ7; Calb2 KO mice indicates that genetic elimination of Calb2 does
not rescue motor neuron death. Despite this, SMNΔ7; Calb2 KO may have improved
neuromuscular innervation in the SMA-vulnerable masseter muscle. Further studies are
required to confirm this finding and more fully define the potential contribution of Calb2
to selective vulnerability in SMA.
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Figure 5.1 Calb2 is preferentially expressed in SMA-vulnerable motor pools and is
highly upregulated postnatally.
Relative expression values for Calb2 in comparative microarray screen. SMA-resistant
motor pools are green. SMA-vulnerable motor pools are in red.
Values are means, n = 1-2, error bars are ± SEM.
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Figure 5.2 Calb2 is preferentially expressed in SMA-vulnerable MMC.
(A) In situ hybridization to choline acetyltransferase (ChAT) labels motor neurons in the
lumbar spinal cord of P4 wild type mice.
(B) In situ hybridization to Calb2 in an adjacent section reveals selective expression in
the median motor column (MMC), but absent in the lateral motor column (LMC).
(C) Calb2 is also highly expressed in the dorsal horn, as well as other select cell
populations. 20 micron transverse sections.
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Figure 5.3 Calb2 is preferentially expressed in the SMA-vulnerable masseter motor
pool within the motor V.
(A) In situ hybridization to choline acetyltransferase (ChAT) labels motor neurons in the
motor V nucleus in P4 wild type mice.
(B) In situ hybridization to Calb2 in the motor V nucleus (adjacent section to A). Calb2 is
expressed in the caudal portion of the lateral motor V where the masseter motor pool is
located. 20 micron sagittal sections.
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Figure 5.4 Calb2 is not expressed in SMA-resistant oculomotor nuclei.
(A-B) In situ hybridization to choline acetyltransferase (ChAT) labels motor neurons in
the oculomotor (A), trochlear (A), and abducens (B) nuclei in P4 wild type mice.
(C-D) In situ hybridization to Calb2 in adjacent sections. Calb2 is not expressed in the
oculomotor (C), trochlear (C), or abducens (D) nuclei.
motor V nucleus in P4 wild type mice. 20 micron sagittal sections.
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Figure 5.5 Calb2 is highly enriched in the MMC compared to the LMC.
Quantification of Calb2+ motor neurons was performed by examining co-localization of
IHC to Calb2 and choline acetyltransferase (ChAT) in P7 wild type mice.
(A) Immunohistochemistry (IHC) to Calb2 in the lumbar spinal cord. Calb2 is
preferentially expressed in the median motor column (MMC), but largely absent from the
lateral motor column (LMC).
(B) Quantification of Calb2+ motor neurons in the entire lumbar LMC and MMC at P7
indicates that the MMC has a greater number of Calb2+ motor neurons.
(C) Quantification of Calb2+ motor neurons as a percentage of all motor neurons. MMC
motor neurons are nearly 30 % Calb2+, while less than 5 % of LMC motor neurons are
Calb2+.
(D) Quantification of Calb2+ motor neurons in individual lumbar spinal levels. Most
spinal levels had a similar number of Calb2+ motor neurons, with the exception of L3,
which appeared to have greater enrichment of Calb2 in the MMC.
(E) Quantification of Calb2+ motor neurons as a percentage of all motor neurons in
individual lumbar levels. The MMC was highly enriched with Calb2+ motor neurons at
all lumbar levels.
Values are mean ± SEM, n = 2 per genotype.
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Figure 5.6 Calb2 motor neurons are preferentially lost in P7 SMNΔ7 mice.
Quantification of Calb2+ motor neurons was performed by examining co-localization of
IHC to Calb2 and choline acetyltransferase (ChAT) in the medial motor column (MMC)
of P7 wild type (A) and SMNΔ7 (B) mice. There was a 67 % loss of Calb2+ motor
neurons, but only a 24 % loss of Calb2- motor neurons in SMNΔ7 mice (C). Values are
mean ± SEM, n = 2 per genotype.
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Figure 5.7 Calb2 motor neurons are preferentially lost in P7 SMNΔ7 mice.
Quantification of Calb2+ motor neurons was performed by examining co-localization of
IHC to Calb2 and choline acetyltransferase (ChAT) in the medial motor column (MMC)
in wild type (A) and SMNΔ7 (B) mice at P7. There was a 67 % loss of Calb2+ motor
neurons, but only a 24 % loss of Calb2- motor neurons in SMNΔ7 mice (C). Values are
mean ± SEM, n = 2 per genotype.
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Figure 5.8 Genetic ablation of Calb2 in SMNΔ7 mice does not rescue motor neuron
loss.
Motor neuron quantification was performed by counting the number of choline
acetyltransferase-positive (ChAT+) cells with visible nucleus.
(A) Quantification of the entire lumbar lateral motor column (LMC) in SMNΔ7 mice.
There was a non-significant reduction in motor neurons in SMNΔ7; Calb2 KO mice
compared to SMNΔ7 mice that were heterozygous or wild type for Calb2.
(B) Quantification of individual LMC spinal levels. There was a significant loss of motor
neurons in L2 of SMNΔ7; Calb2 KO mice compared to SMNΔ7 mice that were
heterozygous or wild type for Cab2.
(C) Quantification of the entire lumbar median motor column (MMC) in SMNΔ7 mice.
There was a trend towards a significant reduction in motor neurons in SMNΔ7; Calb2
KO mice compared to SMNΔ7 mice that were heterozygous or wild type for Calb2.
(D) Quantification of individual MMC spinal levels. There was a non-significant loss of
motor neurons in L3 and L5 of SMNΔ7; Calb2 KO mice compared to SMNΔ7 mice that
were heterozygous or wild type for Cab2.
Values are mean ± SEM, n = 2 per genotype.
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Figure 5.9 Genetic ablation of Calb2 in SMNΔ7 mice improves neuromuscular
junction pathology in masseter.
Neuromuscular junctions (NMJs) were evaluated by examining the co-localization of
immunostaining for presynaptic protein vesicular acetylcholine transferase (VAchT) and
α-bungarotoxin (α-BTX) that marks the motor endplate acetylcholine receptors. Fully
innervated was defined by a large overlap between VAchT and α-BTX. Denervated was
defined as little or complete loss of presynaptic VAchT. Partial denervation was defined
as incomplete loss of VAchT co-localization. All quantification was performed at P7 in
masseter muscle.
(A-C) In wild type mice VAchT (B) covered most of the motor endplate, marked by αBTX (A). Merge in (C).
(D-F) Denervation in SMNΔ7 mice by loss of presynaptic VAchT (E) staining on motor
endplates (D). Merge in (C).
(G-I) Partial rescue of presynaptic terminals (H) with motor endplates (G) in SMNΔ7;
Calb2 KO mice. Merge in (C).
(J) Quantification of fully innervated, partially innervated, and denervated NMJs in wild
type, SMNΔ7, and SMNΔ7; Calb2 KO mice.
Values are mean ± SEM, n = 1-2 per genotype.

296

Chapter 6. Evaluation of other potential therapeutic targets
Metabotropic glutamate receptor 8 (mGluR8)
Introduction
mGluR8 exhibited the greatest magnitude differential expression among all candidate
genes, with expression nearly 5-fold higher in all 6 resistant motor pools analyzed
relative to the 5 vulnerable motor pools. There was no overlap of expression values
between the two groups (p<4.4x10-7) (Fig. 6.1). mGluR8 is dramatically upregulated in
the central nervous system between E18.5 and P4, including in the ventral horn of the
spinal cord (Fig. 6.2).
mGluR8 is a Type III mGluR that acts as a presynaptic modulatory autoreceptor for
glutamate in a variety of CNS regions (Kinoshita et al., 1996, Schmid and Fendt, 2006,
Jones et al., 2008). mGluR8 is located perisynaptically and is activated when excessive
amounts of glutamate are present at the synapse to suppress further glutamate release
(Scanziani et al., 1997, Mitchell and Silver, 2000). Thus, it has been investigated as a
potential therapeutic target for a variety of pathological conditions characterized by
excess glutamate release, such as chronic pain, epilepsy, and anxiety. In particular,
glutamate dysfunction and excitotoxicity have been implicated in a variety of
neurodegenerative disorders, including motor neuron disorders such as ALS (Shaw,
2000, Palop et al., 2007, Kalia et al., 2008). Thus, one intriguing hypothesis is that higher
mGlur8 expression in motor pools contributes to SMA-resistance by modulating aberrant
glutamate release from central synapses onto motor neurons.
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Studies on mGluR8 have been facilitated by the availability of a highly specific and
potent agonist (S)-3,4-dicarboxyphenylglycine ((S)-3,4-DCPG). Administration of S(3,4)-DCPG is capable of depressing dorsal root-evoked ventral root potentials in the
neonatal rat spinal cord, which is though to occur by reducing glutamate release from
primary afferent terminals (Thomas et al., 2001). This is of particular interest, since it
was previously demonstrated that sensory-motor connectivity is functionally impaired in
the SMNΔ7 mouse model (Mentis et al., 2011). Specifically, SMNΔ7 mice exhibit an
85% reduction in dorsal root-evoked ventral root potentials and a 66% loss of 1a afferent
terminals on lumbar motor neurons by P4 (Mentis et al., 2011). Dysregulation of sensorymotor connectivity precedes motor neuron loss, suggesting that it may represent an early
initiating pathological event. The high correlation of mGluR8 expression with SMA
resistance suggests that sensory-motor dysfunction may lead to excitotoxic stress, which
is dampened by mGluR8-mediated presynaptic glutamate modulation.
Results
In order to test the hypothesis that activation of mGluR8 in vulnerable motor units
improves pathology, I administered S-(3,4)-DCPG to SMNΔ7 mice. Since this small
molecule has a short half-life of only 40 minutes (Robbins et al., 2007), I administered
three doses per day (t.i.d.). First, the maximal tolerated dose was established in wild-type
neonatal mice by administering increasing doses and observing for adverse effects such
as failure to gain weight, loss of pigmentation, and failure to suckle. Neonatal mice
tolerated 7 mg/kg S-(3,4)-DCPG without any adverse effects or weight loss, but lost
weight following dosing at 14 mg/kg.
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S-(3,4)-DCPG was delivered to SMNΔ7 mice by oral administration at 7 mg/kg t.i.d.
from P0 through P7. Treated SMA mice did not exhibit improvements in gross
phenotype, including righting reflex or weight. Evaluation of motor neuron loss in the
motor V of treated mice did not reveal any improvement, with a 60% motor neuron loss
at P7 that was equivalent to untreated mice (Fig. 6.3A). Additionally, evaluation of the
entire lumbar LMC and MMC did not reveal any reduction in motor neuron loss (Fig.
6.3B). Analysis of individual spinal levels of the lumbar MMC found variation between
levels, with an apparently greater number of motor neurons in L3 but reductions at L2,
L4, and L5 (Fig. 6.3C). Overall, these findings indicate that chronic administration of S(3,4)-DCPG did not rescue motor neuron degeneration in the motor V or lumbar MMC.
Discussion
It is unclear why administration of S-(3,4)-DCPG did not confer therapeutic benefit in
SMNΔ7 mice. (S)-3,4-DCPG is well tolerated, blood-brain barrier-penetrant, and has
been shown to improve outcomes in other disease models with aberrant excitatory
neurotransmission, such as epilepsy and affective pain in a dose-dependent manner (Jiang
et al., 2007, Palazzo et al., 2008). Specifically, (S)-3,4-DCPG is >100-fold selective for
mGluR8 over the other group III mGlu receptor subtypes(Thomas et al., 2001).
One possibility is that (S)-3,4-DCPG requires higher doses to affect motor neurons in
SMA, and that the low tolerance of neonatal mice for the compound was dose-limiting.
One study found that (S)-3,4-DCPG abolished sound-induced clonic seizures in mice
with an ED50 of 86 mg/kg, i.p. However, there was a remarkably steep dose response
curve, with virtually complete inhibition of seizures at 101 mg/kg but no seizure
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inhibition at 74 mg/kg (Moldrich et al., 2001). It remains unclear why (S)-3,4-DCPG was
not tolerated at higher doses than 7 mg/kg in neonatal mice. The most commonly used
dose in the literature is 30 mg/kg, and studies have used 100 mg/kg with no discernable
behavioral changes. Remarkably, (S)-3,4-DCPG tolerance in adult mice has been
established as high as 1,200 mg/kg by intraperitoneal injection with no adverse effects
(Jiang et al., 2007).
Arguing against the need for higher doses, increased neuronal activity has been detected
in several brain regions by examining c-Fos expression after systemic administration of
(S)-3,4-DCPG, with an ED50 of 6 mg/kg and 17 mg/kg, i.p. in the superior colliculus and
lateral parabrachial nucleus, respectively. This activity increase was abolished in mGluR8
knockout mice (Linden et al., 2003). Additionally, studies in rat spinal cord have
determined that the EC50 of depressing the dorsal root-evoked ventral root potential in
neonatal rat is 1.3 µM. Another detailed pharmacokinetic study in rat achieved a brain
concentration of 322 ng/g, which converts to 1.35 µM, of (S)-3,4-DCPG 30 minutes after
a 30 mg/kg i.p. injection. Although some of these findings are in rat, they suggest that
(S)-3,4-DCPG is able to modulate mGluR8 in the spinal cord across a wide range of
doses including the 7 mg/kg used in this study. One strategy to improve the
pharmacokinetic profile would entail the use of an intracerebroventricular osmotic pump
that provides a continuous infusion of (S)-3,4-DCPG directly into the central nervous
system. This method may increase the maximum tolerated dose by reducing peripheral
toxicity and keep drug levels within the therapeutic range. However, this method is not
feasible in neonatal mice. Ultimately, detailed pharmacokinetic and pharmacodynamic
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studies of (S)-3,4-DCPG administration in SMA mice are needed to assess if doselimiting toxicity precluded achievement of therapeutic benefit.
Another potential confound for the lack of efficacy of (S)-3,4-DCPG is that SMAvulnerable motor pools express mGluR8 at levels so low that pharmacological activation
alone cannot compensate. One way to overcome this would be to use adeno-associated
viral (AAV) vectors encoding the full-length mGluR8 cDNA to overexpress this protein
in vulnerable motor neurons. I have validated AAV serotypes 6 and 9 that achieve robust
expression of exogenous proteins in up to 80% of motor neurons at all levels of the spinal
cord (Fig. 6.14; Fig. 6.15)). One minor drawback to this method is that AAV6 and AAV9
do not transfect cranial motor neurons efficiently and so would not be expected to benefit
bulbar muscles such as the masseter innervated by the motor V. Overall, this represents a
promising alternative approach for providing proof-of-principle data for the relevance of
mGluR8 as a therapeutic target. Future studies are required to test this hypothesis.
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Figure 6.1 mGluR8 is highly enriched in SMA-resistant motor pools.
Comparison of mircroarray expression values for SMA-resistant (green) and SMAvulnerable (red) motor pools reveals a nearly 5-fold relative enrichment of mGluR8 in
SMA-resistant motor neurons (p-value = 4.4x10-7).
Values are mean ± SEM, n = 1-2 per motor pool.
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Figure 6.2 mGluR8 is highly upregulated in the mouse central nervous system
between E18.5 and P4 with expression in the ventral horn.
Allen Brain Atlas in situ hybridization data for mGluR8 in E18.5 and P4 mouse brain and
spinal cord. E18.5 brain exhibits low levels of mGluR8 transcript. There is robust
mGluR8 signal through the brain and spinal cord by P4, with notable expression in the
ventral horn of the spinal cor.
E18.5 sagittal experiment ID 10094890; RP_090901_04_B07
ABA P4 sagittal experiment # 100056121; RP_080225_04_D07
Spinal cord P4: RP_080225_04_D07
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Figure 6.3 Treatment of SMNΔ7 mice with S-(3,4)-DCPG does not rescue motor
neuron loss.
SMNΔ7 mice were treated with S-(3,4)-DCPG (7 mg/kg t.i.d., oral administration) from
P0 until P7. Motor neurons were quantified at P7 by counting the number of choline
acetyltransferase-positive (ChAT+) cell bodies with visible nucleus.
(A) Quantification of motor V in wild type, SMA, and SMA-treated mice. SMNΔ7 mice
treated with S-(3,4)-DCPG exhibited 60 % motor neuron loss, which was equivalent to
untreated SMNΔ7 mice.
(B) Quantification of the entire lumbar median motor column (MMC) and lateral motor
column (LMC) in wild type, SMA, and SMA-treated mice. SMNΔ7 mice treated with S(3,4)-DCPG exhibited 14 % motor neuron loss in the LMC compared to 16 % loss in
untreated mice. Treated mice exhibited a 37 % loss in the MMC, compared 40 % in
untreated mice.
(C) Quantification of motor neurons in individual lumbar segments. SMNΔ7 mice treated
with S-(3,4)-DCPG exhibited some variation compared to untreated SMA mice, but there
was no consistent improvement in motor neuron number.
Values are mean ± SEM, n = 1-4 per genotype/treatment; p-values were determined by
performing two-tailed, unpaired Student’s t test.
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Phosphodiesterase 1c (Pde1c)
Introduction
Pde1c was one of the top candidate vulnerability genes with over 2-fold upregulation in
SMA-vulnerable compared to –resistant motor pools. Pde1c was the number one
candidate gene from the comparative microarray by p-value: 1.68x10-7 (Fig. 6.4A).
Phosphodiesterases (PDEs) are a diverse group of enzymes consisting of 11 families, 20
genes, and a large number of splice variants that produce greater than 100 unique proteins
(Conti and Beavo, 2007). PDEs terminate intracellular cAMP and cGMP signaling by
converting the cyclic nucleotides to 5’AMP and 5’GMP, respectively. Pde1c is one of
three members of the Pde1 family, the only known Ca2+-calmodulin-dependent
phosphodiesterases that are exclusively activated in response to extracellular Ca2+ influx.
The other two members Pde1a and Pde1b affect cGMP more strongly than cAMP, while
Pde1c has an equivalent effect on cAMP and cGMP (Bischoff, 2004). Thus of all the
PDEs, Pde1c is uniquely positioned to mediate cross-talk between cAMP and Ca2+
signaling and is though to provide dynamic spatial and temporal modulation of cAMP in
select subcellular compartments.
Inhibition of the Pde1 family is thought to enhance plasticity, potentiate glutamatergic
transmission, and exert a neuroprotective effect via enhancing levels of cAMP and
cGMP. One major mechanism for NMDA receptor-mediated long-term potentiation
(LTP) is via cGMP-dependent synaptic insertion of AMPA receptors (Serulle et al.,
2007). Thus, it has been hypothesized that Pde1 inhibition may improve plasticity
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through cGMP-mediated increases in AMPA receptors and subsequent potentiation of
glutamate signaling (Medina, 2011).
Another postulated mechanism for Pde1 inhibition-mediated plasticity is though the
phosphorylation and activation of the cAMP responsive element binding protein (CREB)
downstream of increased cAMP/cGMP levels. CREB is a critical mediator of neuronal
plasticity paradigms, including LTP, learning and memory, and ocular dominance and
barrel cortex plasticity (Barco et al., 2002, Bourtchouladze et al., 2003, Frank and
Greenberg, 1994, Mower et al., 2002, Glazewski et al., 1999). In addition to the role of
CREB in neuronal plasticity, CREB phosphorylation may exert neuroprotective effects
via induction of neurotrophic factors, such BDNF, FGF, and TGF and anti-apoptotic
factors, such as Bcl-2 (Lonze and Ginty, 2002, Kitagawa, 2007). In contrast, mice lacking
CREB exhibit apoptosis, axonal growth defects, and degeneration of peripheral neurons
(Lonze et al., 2002). CREB also upregulates peroxisome proliferator activated receptor
gamma coactivator 1 alpha (PGC-1α), which suppresses reactive oxygen species
formation and neurodegeneration (St-Pierre et al., 2006). An alternative mechanism is
CREB activation of NR4A orphan nuclear receptors, which protect neurons from
oxidative and excitotoxic stress independently of PGC-1α (Volakakis et al., 2010).
Intriguingly, CREB activation has also been directly linked to upregulation of the SMN
promoter (Majumder et al., 2004).
The classic inhibitor of Pde1 is the alkaloid vinpocetine (Vereczkey, 1985, Nicholson,
1990). Vinpocetine facilitates LTP in the rodent dentate gyrus and increases the structural
dynamics of dendritic spines, supporting the hypothesis that Pde1 inhibition improves
plasticity (Molnar and Gaal, 1992, Lendvai et al., 2003). A placebo-controlled
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randomized double-blind trial of vinpocetine in patients with mild to moderate dementia
found an improvement in cognitive performance without significant side effects,
suggesting that it may also modulate plasticity in human patients (Hindmarch et al.,
1991). Given the high correlation of Pde1c with SMA-vulnerable pools and the
established neuroprotective role of Pde1 inhibition, I tested the hypothesis that chronic
vinpocetine administration to SMNΔ7 would improve neuromuscular pathology.
Results
Examination of Pde1c expression in neonatal and adult spinal cord using the Allen Brain
Atlas revealed high expression in large anterior horn cells that represent putative motor
neurons (Fig. 6.4B-D). I confirmed the expression of Pde1c using in situ hybridization in
P4 wild-type and SMNΔ7 mice in order to confirm motor neuron expression and assess
for altered expression in SMA mice. As an internal control, examination of cerebellar
Purkinje cells revealed very high Pde1c expression in accordance with known expression
in this cell types (Fig. 6.5A). P4 wild type mice had moderate expression in motor
neurons (Fig. 6.5B). Interestingly, P4 SMNΔ7 mice appeared to exhibit higher Pde1c
expression than wild type mice, suggesting that this transcript may be upregulated in
response to SMA pathology (Fig. 6.5D). Motor neuron-specific expression was
confirmed with probes to choline acetyltransferase (ChAT) in adjacent spinal cord
sections (Fig. 6.5C).
Prior to treatment with vinpocetine, the maximal tolerated dose was established in wildtype neonatal mice by administering increasing doses and observing for adverse effects
such as failure to gain weight, loss of pigmentation, and failure to suckle. Neonatal mice
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tolerated 7 mg/kg vinpocetine without any adverse effects or weight loss, but lost weight
following doses at 14 mg/kg.
Vinpocetine was delivered to SMNΔ7 mice by oral administration at 7 mg/kg t.i.d. from
P0 through P7. SMA mice did not exhibit any improvements in overall phenotype,
including weight and righting reflex.
Motor neuron loss was assessed at P7. Vinpocetine-treated SMNΔ7 mice had 65 % loss
of motor V cell bodies, which was slightly worse than the 60 % loss observed in
untreated SMA mice (Fig. 6.6A). Evaluation of the entire lumbar LMC and MMC
likewise found no improvement (MMC) or slightly greater motor neuron loss (LMC)
(Fig. 6.6B). In order to determine if there was selective preservation in the caudal lumbar
MMC levels that are lost later in disease course, analysis was also performed in
individual lumbar segments. However, there was not robust motor neuron rescue at any
level examined (Fig. 6.6C).
Thus, vinpocetine did not appear to improve SMA neuromuscular pathology. However,
vinpocetine is a nonspecific Pde1 inhibitor and has other effects, including modulation of
Na+ channels and inhibition of TNF-α-induced NF-kappaB activation (Jeon et al., 2010).
In order to rule out the possibility that non-specific interactions confounded the results, I
sought to test another Pde1 inhibitor.
Pde5 inhibitors, such as sildenafil, vardenafil, and tadalafil are highly selective and potent
molecules that have achieved clinical success for the treatment of erectile dysfunction
and pulmonary hypertension. To illustrate this selectivity, vardenafil inhibits Pde5a with
an IC50 of 0.89 nM, while it inhibits Pde2a and Pde8 with an IC50 of over 10,000 nM
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(Bischoff, 2004). However, this degree of specificity does not apply to all other Pde
classes: Vardenafil inhibits the Pde1 family with an IC50 of 121 nM (Bischoff, 2004).
Despite the obvious limitations of an inhibitor that is more potent for another Pde class,
the IC50 for vardenafil is three orders of magnitude lower than the IC50 of vinpocetine
(Tomkinson and Raeburn, 1996). Therefore, I tested the hypothesis that Pde1 inhibition
with vardenafil would improve the SMNΔ7 phenotype.
The maximum tolerated dose of vardenafil was established at 14 mg/kg. Vardenafil was
delivered to SMNΔ7 mice by oral administration at 14 mg/kg t.i.d. from P0 through P7.
SMA mice did not exhibit any improvements in overall phenotype, including weight and
righting reflex.
Motor neuron number was quantified in the motor V and lumbar MMC. Vardenafiltreated SMNΔ7 mice exhibited equivalent motor V loss to untreated mice, with 57 % loss
by P7 (Fig. 6.7A). Quantification of the entire lumbar LMC revealed no improvement in
motor neuron number (Fig. 6.7B). However, quantification of the lumbar MMC
identified a small 11 % increase in motor neuron number compared to untreated SMNΔ7
mice. Examination of individual levels of the lumbar MMC likewise appeared to
demonstrate improvements in L2, L3, and L4, but no change in L5 (Fig. 6.7C).
In conclusion, treatment of SMNΔ7 mice with 14 mg/kg vardenafil t.i.d. did not rescue
motor neuron loss in the motor V or the lumbar LMC, but may have slightly improved
motor neuron number in the lumbar MMC. The treatment of additional SMA mice is
required to confirm this potential effect.
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Discussion
Pde1c exhibited a remarkably selective expression in SMA-vulnerable motor pools, with
the lowest p-value of the entire comparative transcriptional screen (1.68x10-7). Moreover,
inhibition of the Pde1 family exhibits broad neuroprotective effects in a myriad of
pathological contexts. For example, one study found that treatment with Pde1 inhibitor
vinpocetine produced a concentration-dependent neuroprotection of rat cortical neurons
in multiple neurotoxicity models in vitro, partially mediated by preventing pro-apoptotic
caspase-3 activation (Chen et al., 2007).
Here, I tested the hypothesis that chronic inhibition of Pde1c with Pde1 family inhibitors
would improve the neuromuscular pathology in SMNΔ7 mice. However, treatment with
Pde1 inhibitors vinpocetine and vardenafil t.i.d. from P0-P7 failed to provide significant
benefit in gross phenotype or motor unit pathology. Vardenafil may have modestly (11%)
improved motor neuron number in the lumbar MMC, but this result requires additional
confirmation.
The most likely explanation for lack of efficacy is the absence of a highly specific and
potent Pde1 (or Pde1c) inhibitor. Vinpocetine, for example, has classically been
considered a Pde1 inhibitor, but is far from specific and demonstrated activity that
includes but is not limited to Na+ channel inhibition and TNF-α inhibition (Jeon et al.,
2010). Indeed, the paucity of specific inhibitors has greatly limited study of the Pde1
family in both basic science and disease contexts (Medina, 2011). Even less progress has
been made in developing inhibitors specific for Pde1 family subtypes such as Pde1c.
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Based on protein structure, Pde1c-selective inhibition should be possible (Bischoff,
2004). However, this has not yet been achieved.
One strategy to overcome the lack of an effective inhibitor is genetic inactivation of
Pde1c, which achieves selective and complete reduction in this Pde subtype that is not
possible with pharmacological inhibitors. Pde1c-/- mice appear normal without any overt
phenotype and breed normally (Cygnar and Zhao, 2009). Thus, we are currently crossing
Pde1c-/- mice to SMNΔ7 mice and will assess for potential therapeutic benefit.
Another potential confounder is the complexity of PDE signaling, which is thought to
help neurons integrate thousand of afferent signals to produce a coherent output. The
enormously complexity of this second messenger signaling system is exemplified by
medium spiny neurons, which constitute >85 % of neurons the in the mammalian
striatum and integrate cortical and dopaminergic input to regulate motor and cognitive
functions (Menniti et al., 2006). Medium spiny neurons expresses 7 out of the 11 PDE
families, including some of the highest mRNA concentrations of any cell type.
Compartmentalization of Pde subtypes creates additional complexity. For example,
Pde1b and Pde10a, together with Pde2a, metabolize either cAMP or cGMP. However,
distinct subcellular localization within medium spiny neurons (Pde10a at the membrane,
Pde1b in intracellular compartments, Pde2a at both locations) determines distinct
functional roles (Xie et al., 2006). Even at the membrane, Pde2a is selectively enriched in
lipid rafts (Noyama and Maekawa, 2003).
Similar differential Pde subcellular localization has also been observed in other cell types
(Menniti et al., 2006). This highly specific compartmentalization to control distinct
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intracellular signaling cascades suggests high therapeutic potential for inhibition of
individual Pde isoforms. However, this complexity of this second messenger system may
limit the therapeutic potential of less selective Pde inhibitors.
In summary, the selectively enriched Pde1c expression in SMA-vulnerable motor pools,
in conjunction with the known neuroprotective effects of Pde1 inhibition, suggests that
inhibition of Pde1c is a potential therapeutic strategy in SMA. Further studies are
required to determine if genetic inactivation of Pde1c can overcome this barrier and
demonstrate therapeutic benefit in the SMNΔ7 mouse.
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Figure 6.4 Pde1c is overexpressed in vulnerable motor neurons; Pde1c expression is
higher in motor neurons than other cell types.
Comparative microarray data and in situ hybridization data from the Allen Brain Atlas.
(A) Pde1c transcripts were overall expressed 2.4-fold higher in the SMA-vulnerable
motor pools than in SMA-resistant motor pools (p-value = 1.7x10-7). Values are mean ±
SEM, n = 1-2 per motor pool.
(B) Pde1c was expressed in spinal motor neurons at least as early as P4 in wild type mice.
(C-D) Examination of Pde1c in P56 adult wild type mice indicated that Pde1c in the
spinal cord was maintained in motor neurons through adulthood (D) and exhibited
especially robust motor neuron expression compared to other spinal cord cell types (C).
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Figure 6.5 Pde1c expression may be increased in SMA mice.
In situ hybridization data for Pde1c. Probes for ChAT were used in adjacent sections to
confirm motor neuron identity.
(A) Pde1c exhibited very high expression in cerebellar Purkinje cells consistent with
known expression patterns.
(B) Pde1c was expressed at low levels in spinal motor neurons in P4 wild type mice.
(C-D) Pde1c expression appeared to be increased overall in P4 SMNΔ7 mice (D),
particularly in motor neurons as confirmed by ChAT (C).
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Figure 6.6 Treatment of SMNΔ7 mice with vinpocetine does not rescue motor
neuron loss.
SMNΔ7 mice were treated with vinpocetine (7 mg/kg t.i.d., oral administration) from P0
until P7. Motor neurons were quantified at P7 by counting the number of choline
acetyltransferase-positive (ChAT+) cell bodies with visible nucleus.
(A) Quantification of motor V in wild type, SMA, and SMA-treated mice. SMNΔ7 mice
treated with vinpocetine exhibited 64 % motor neuron loss, which was slightly greater
than untreated SMNΔ7 mice.
(B) Quantification of the entire lumbar median motor column (MMC) and lateral motor
column (LMC) in wild type, SMA, and SMA-treated mice. SMNΔ7 mice treated with
vinpocetine exhibited 25 % motor neuron loss in the LMC compared to 16 % loss in
untreated mice. Treated mice exhibited a 39 % loss in the MMC, compared 40 % in
untreated mice.
(C) Quantification of motor neurons in individual lumbar segments. SMNΔ7 mice treated
with vinpocetine exhibited some variation compared to untreated SMA mice. Overall,
there was no consistent improvement in motor neuron number.
Values are mean ± SEM, n = 1-4 per genotype/treatment; p-values were determined by
performing two-tailed, unpaired Student’s t test.
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Figure 6.7 Treatment of SMNΔ7 mice with vardenafil does not rescue motor neuron
loss in the motor V, but may result in modest rescue in the lumbar MMC.
SMNΔ7 mice were treated with vardenafil (14 mg/kg t.i.d., oral administration) from P0
until P7. Motor neurons were quantified at P7 by counting the number of choline
acetyltransferase-positive (ChAT+) cell bodies with visible nucleus.
(A) Quantification of motor V in wild type, SMA, and SMA-treated mice. SMNΔ7 mice
treated with vardenafil exhibited 57 % motor neuron loss, which was slightly greater than
untreated SMNΔ7 mice.
(B) Quantification of the entire lumbar median motor column (MMC) and lateral motor
column (LMC) in wild type, SMA, and SMA-treated mice. SMNΔ7 mice treated with
vinpocetine exhibited a 13 % motor neuron loss in the LMC compared to 16 % loss in
untreated mice. Treated mice exhibited a 32 % loss in the MMC, compared 42 % in
untreated mice.
(C) Quantification of motor neurons in individual lumbar segments. SMNΔ7 mice treated
with vardenafil appeared to exhibit some modest improvement in the L2, L3, and L4
spinal level, but not at L5.
Values are mean ± SEM, n = 1-4 per genotype/treatment; p-values were determined by
performing two-tailed, unpaired Student’s t test.
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Synaptotagmin 1 (Syt-1)
Introduction
My comparative microarray data indicated that Syt-1 had 3.34-fold higher expression in
SMA-resistant motor pools (p-value of 2.5x10-5) (Fig. 6.8). Intriguingly, a number of
known pathological phenotypes in SMA mice are consistent with a reduction in Syt-1. I
will outline the known function of Syt-1 and potential links to SMA below.
Synchronous neurotransmitter release
Presynaptic nerve terminals release neurotransmitters reliably with high spatial and
temporal precision in response to incoming action potentials, which is the basis for
neuronal signaling. Neurotransmitter release occurs by a specialized form of membrane
fusion by which transmitter-filled synaptic vesicles fuse with the presynaptic plasma
membrane in response to Ca2+, which was observed by Katz as early as 1969 (Katz,
1969). The Ca2+ sensor for exocytosis was identified in 1981 (Matthew et al., 1981) as a
65-kDa protein, syt, that associated with synaptic vesicles and large dense core vesicles
in neurons and neuroendocrine cells. Syt has a single transmembrane domain and a large
cytoplasmic domain with two C2 domains - C2A and C2B - that are connected by a
linker.
Syt-1 is the most well characterized isoform and its most prominent role is coordination
of synchronous neurotransmitter release in response to incoming action potentials.
Mammalian neurons with genetic ablation of Syt-1 are capable of significant evoked
neurotransmitter release, but this release is not synchronous with incoming action
potentials (Yoshihara and Littleton, 2002). For example, cultured hippocampal autaptic
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synapses from Syt-1 knockout mice exhibit total exocytosis that is equivalent to wildtype synapses, but the rate of neurotransmitter release is dramatically reduced (Nishiki
and Augustine, 2004b, Nishiki and Augustine, 2004a).
Introduction of point mutations into Syt-1 has revealed the mechanisms by which this
protein coordinates release. A point mutation that reduces Ca2+ affinity two-fold without
introducing structural changes causes a corresponding two-fold decrease in the Ca2+
sensitivity of transmitter release, indicating that Syt-1 is a Ca2+ regulator of release
probability (Fernandez-Chacon et al., 2001). Other point mutations that selectively alter
either the SNARE complex binding or the phospholipid binding of Sy-1 produce
corresponding alterations in Ca2+-triggered release (Pang et al., 2006). Thus, Syt-1
regulates the Ca2+-dependence of transmitter release through interactions with both the
SNARE complex and phospholipids (Fig. 6.8B).
In an interesting parallel to this prominent Syt-1 function, SMNΔ7 mice have large
reductions in evoked synchronous transmitter release. One study found the endplate
current in the tibialis anterior of P9-10 SMNΔ7 mice in response to nerve stimulation was
reduced by >50 % (Kong et al., 2009). Given that the endplate current is determined by
both the quantal content released and the muscle response to a quantum of transmitter,
the muscle response could account for part of the phenotype. However, the amplitude of
the miniature endplate current was not significantly reduced, indicating a reduction in
evoked transmitter release. Another study found similar results, with a 55 % reduction in
evoked neurotransmitter release in the transversus abdominis of P7-8 SMNΔ7 mice, and
a similar reduction at P13-14 (Ruiz et al., 2010). Thus, synchronous transmitter release,
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which represents one of the best-characterized functions of Syt-1, is markedly reduced in
SMA mice.
Asynchronous neurotransmitter release
Although the role of Syt-1 in coordinating synchronous transmitter release was well
established, the potential role in asynchronous release was unknown. Asynchronous
release occurs after the rapid synchronous evoked release and represents a slow phase of
synaptic transmission that can occur for hundreds of milliseconds and modulate
postsynaptic excitability (Best and Regehr, 2009). Studies in cultured mouse cortical
autapses established that, at high stimulation frequencies (> 4 Hz), deletion of Syt-1
dramatically increases delayed asynchronous release after the stimulus train (Maximov
and Sudhof, 2005). Thus, Syt-1 is though to restrict asynchronous transmitter release
induced by residual Ca2+ after trains of action potentials.
Interestingly, asynchronous transmitter release is also markedly increased in SMA mice,
with one study finding a 300 % increase in the transversus abdominis of the SMNΔ7
mouse by P8 (Ruiz et al., 2010). This increase was attributed to bulk Ca2+ accumulation
in presynaptic nerve terminals following intense stimulation. However, clamping
asynchronous transmitter release is also a known function of Syt-1, and an increase in
SMNΔ7 is consistent with a reduction in Syt-1 function.
Spontaneous miniature release
It has been known for over 60 years that synapses release transmitter quanta
spontaneously at low frequencies under physiological conditions; these quanta are known
as spontaneous miniature release (minis). Although this release occurs at low frequencies,
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the total signal onto a typical neuron is substantial, considering the thousands of synapses
present. Moreover, presynaptic minis are known to exert postsynaptic effects, including
maintenance of dendritic spines and modulation of local dendritic protein synthesis
(McKinney et al., 1999; Sutton et al., 2006).
Minis have recently been demonstrated to play a critical role in the normal structural
maturation of Drosophila NMJs, independently of evoked transmission (Choi et al.,
2014). Studies in mouse cortical autaptic cultures have found that over 95 % of
spontaneous release is mediated by Ca2+-binding to Syt-1, indicating that synchronous
and spontaneous release occur through the same mechanism (Xu et al., 2009).
Paradoxically, Syt-1 knockout induced a large increase in spontaneous release, which
remained Ca2+-sensitive, but at lower Ca2+ concentrations and with different kinetics.
Thus, Syt-1 is thought to clamp another Ca2+ sensor of spontaneous release.
In further support of potentially reduced Syt-1 function in SMA, the transversus
abdominis in P7-9 SMNΔ7 mice exhibits a 3.4-fold increase in spontaneous transmitter
release in vulnerable motor units (Ruiz et al., 2010). Given the large increase in
spontaneous release in Syt-1 knockout autapses, an increase in SMA mice is also
consistent with a reduction in Syt-1 function.
Synaptic vesicle positioning
An important component of synchronous release is synaptic vesicle positioning, which is
a prerequisite for achieving high temporal precision of transmitter release in response to
incoming action potentials. However, delineating defects in vesicle positioning from
defects in Ca2+-sensitivity of release is difficult in autaptic neurons, since the synapses
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are too small to measure the intrinsic Ca2+ of release. Thus, the giant calyx of Held
synapse, which permits intrinsic Ca2+-sensitivity of release measurements in response to
flash-photolysis of caged Ca2+, has been utilized in order to decouple these functions.
Expression of a Syt-1 mutation with perturbed evoked release in the calyx demonstrated
destabilization of both the readily releasable pool and coupling between Ca2+ influx and
transmitter while the intrinsic Ca2+-sensitivity of Syt-1 remained intact (Young and
Neher, 2009). Thus, in addition to its function as a Ca2+ sensor for transmitter release,
Syt-1 plays an essential role in synaptic vesicle positioning that is a prerequisite for
efficient synchronous release.
Correspondingly, there are defects in synaptic vesicle positioning in SMA mice. The
overall density of synaptic vesicles within the presynaptic terminal of the tibialis anterior
of P13 SMNΔ7 mice is reduced by 56 % (Kong et al., 2009). Moreover, the distribution
within presynaptic terminals is abnormal. Vesicles in SMNΔ7 mice are shifted towards
the membrane of the terminal and have a heterogeneous distribution; some areas have
high vesicle concentration, while others areas have virtually no vesicles present. Synaptic
vesicle density within 200 nm of the presynaptic terminal is reduced by 24 % compared
to control littermates (Kong et al., 2009). Critically, the number of docked vesicles,
defined as those within 20 nm of the membrane, is reduced by 32 %. In further support of
a dysfunction in Syt-1 in SMA, SMNΔ7 mice have substantially reduced synaptic vesicle
positioning, a known function of Syt-1.
Thus, there are striking correlations between the known functions of Syt-1 and the
electrophysiological deficits that have been observed in SMA mice, supporting the
hypothesis that a reduced Syt-1 contributes to vulnerability in SMA.
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Syt-1 transport deficit in SMNΔ7 mice
These findings raise the question of why Syt-1 would fail to localize properly to the NMJ
or fail to function properly in the NMJs of SMA mice. One study examined axonal
transport in the sciatic nerve of SMNΔ7 mice and found a deficit in fast, anterograde
transport of Syt-1. Remarkably, Syt-1 was reduced by 80 % in the distal but not the
proximal sciatic nerve of SMA mice by P11 (Dale et al., 2011). This reduction did not
appear to result from reduced Syt-1 in the nervous system, since Syt-1 protein in the
spinal cord of SMNΔ7 mice was unaltered at P7 and P11. Moreover, the kinesin Kif5c
was not altered in the distal nerve, ruling out the possibility of a generalized defect in
anterograde transport.
Reduced Syt-1 was not observed in P7 SMNΔ7 mice. However, this transport deficit
appears at least two days before the reductions in quantal release and presynaptic vesicle
positioning in the tibialis anterior muscle, suggesting that reduced Syt-1 may contribute
to the NMJ pathology in SMNΔ7 mice (Dale et al., 2011). The lumbar LMC does not
exhibit significant motor neuron loss, especially compared to the early and severe
degeneration observed in the lumbar MMC. One hypothesis is that these transport deficits
appear significantly earlier in the more affected medial motor units that innervate the
axial musculature.
In conclusion, these findings suggest that a selective transport defect of Syt-1 in distal
motor axons may lead to insufficient Syt-1 at the neuromuscular junction and subsequent
electrophysiological alterations. Motor pools with lower levels of endogenous Syt-1
expression may be especially vulnerable to Syt-1 reductions in the distal terminal,
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contributing to the remarkable selectivity of motor unit degeneration observed in SMA.
Thus, I sought to test the hypothesis that increasing Syt-1 expression or function in
SMNΔ7 mice improves neuromuscular pathology
Results
The segregation of Syt-1 expression with SMA-vulnerable motor pools was confirmed by
in situ hybridization. Syt-1 was expressed widely throughout the spinal cord, including
the ventral horn (Fig. 6.9). Previous studies established that the lateral motor V, which
includes the masseter motor pool, is highly SMA-vulnerable with approximately 60 %
degeneration by end-stage. The medial motor V, in contrast, appears to be highly SMAresistant (Chapter 5).
In order to rigorously test the hypothesis that Syt-1 segregates with SMA-vulnerability I
examined Syt-1 expression differences within the motor V, using probes to ChAT in
adjacent sections in order to confirm anatomical location. Consistent with the
transcriptional data, Syt-1 was expressed at low levels in the lateral motor V (Fig.
6.10C,D). In contrast, Syt-1 was highly enriched in the SMA-resistant medial motor V
(Fig. 6.10A,B). These findings support the hypothesis that Syt-1 expression correlates
with motor unit pathology in SMNΔ7 mice, even in motor pools that were not previously
included in the microarray. Interestingly, I found relatively low Syt-1 expression in the
facial nucleus, but exceptionally high expression in the nucleus ambiguus (Fig. 6.11).
However, the vulnerability of these nuclei has not been closely characterized in the
SMNΔ7 mouse.
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Differential Syt-1 expression in motor units has also been confirmed at the protein level.
In accordance with my microarray findings, a previous study in the Henderson lab
examining the potential role of Syt-1 in ALS found highly enriched Syt-1 in the SMAresistant extraocular muscles, but very low Syt-1 expression in the SMA-vulnerable
tibialis anterior by immunohistochemistry (Fig. 6.12).
Previous studies have generated Syt-1 knock-in mice with substitutions in the Ca2+binding site of Syt-1 that dramatically alter the Ca2+-dependent SNARE complex binding,
which is a rate-limiting factor in fast neurotransmitter release; these mutations did not
affect Syt-1 binding to phospholipids, which is also important for transmitter release. An
aspartate-to-asparagine D232N substitution markedly increased the Ca2+-dependent
binding to SNARE complexes and a corresponding increase in evoked and spontaneous
neurotransmitter release (Pang et al., 2006, Xu et al., 2009). In contrast, an R233Q point
mutation markedly decreased the Ca2+-dependent SNARE complex binding, producing a
reduction in evoked and spontaneous release.
These knock-in mutations did not alter the levels of Syt-1 or other synaptic proteins,
ruling out potential artifacts from Syt-1 overexpression. Additionally, mutant mice did
not exhibit alterations in morbidity, mortality, overt behavior, or breeding (FernandezChacon et al., 2002).
I hypothesize that increasing Syt-1 function in SMNΔ7 mice by crossing to Syt-1D232N
mice will improve motor unit pathology in Syt-1 depleted SMA-vulnerable motor pools.
Increasing the Ca2+-dependent functions of Syt-1 may improve the electrophysiological
abnormalities at the neuromuscular junctions of SMNΔ7 mice. For example, the D232N
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mutation markedly increases evoked release, which is >50 % reduced in SMA mice
(Kong et al., 2009, Ruiz et al., 2010). Conversely, I hypothesize that crossing SMNΔ7
mice to Syt-1R233Q mice will produce a corresponding exacerbation of motor unit
pathology by further reducing Syt-1 function in SMA-vulnerable motor terminals. Both
of these crosses are currently ongoing.
One alternative method to increase Syt-1 function in SMA-vulnerable motor pools is Syt1 overexpression with an AAV virus. I have previously validated an AAV-9-GFP virus
from the AAV production company Virovek. This virus produces remarkably robust GFP
expression specifically in motor neurons through the extent of the spinal cord (Fig. 6.14).
I have collaborated with Virovek to produce an AAV9-Syt1 vector with CMV promoter
at 1x1014 vg/mL. These specifications are identical to previously validated AAV9-GFP
vector, indicating that the Syt-1 virus should achieve robust and motor neuron-specific
expression. Experiments delivering AAV9-Syt1 to SMNΔ7 mice are also currently
ongoing.
Discussion
Syt-1 expression exhibits a remarkably high correlation with motor pool resistance to
SMA. I also found very high Syt-1 expression in the medial motor V, which was not
included in the original comparative microarray but is highly SMA-resistant. This data
supports the hypothesis that high Syt-1 confers resistance to SMA.
Remarkably, virtually all of the known functions of Syt-1 – coordination of synchronous
neurotransmitter release, inhibition of asynchronous release, spontaneous mini release,
and presynaptic vesicle positioning – are perturbed in SMNΔ7 mice. Critically, in all
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cases the pathology in SMA mice is consistent with a reduction in Syt-1 at the
presynaptic motor terminal. In further support of this hypothesis, a study examining
transport defects in the SMNΔ7 mouse found a selective 80 % reduction in Syt-1 in the
distal sciatic nerve, which was not due to reduction in Syt-1 expression or a generalized
defect in anterograde transport (Dale et al., 2011). Thus, multiple lines of evidence
indicate that that insufficient presynaptic Syt-1 contributes to SMNΔ7 pathology. Lower
endogenous Syt-1 expression in SMA-vulnerable motor units may partially explain their
selective vulnerability to SMA, since these motor neurons would be most susceptible to a
homogeneous overall reduction in Syt-1 levels (Fig. 6.13).
In order to test this hypothesis, I am collaborating with the Jackson Laboratory to cross
SMNΔ7 mice to Syt-1D232N mice to increase the function of Syt-1 in SMA-vulnerable
motor units. The D232N mutation dramatically increases the Ca2+-dependent functions of
Syt-1, such as synchronous neurotransmitter release that is reduced in SMNΔ7 mice. A
complementary cross to the reduced function Syt-1R233Q mice will test whether further
reduction in Syt-1 activity worsens SMA mice.
One alternative possibility is that Syt-1 in SMA-vulnerable motor units is so far reduced
that even increasing the function of available Syt-1 will not improve function. Indeed,
despite reduced Syt-1 in distal motor axons, there does not appear to be a compensatory
increase in Syt-1 protein in the spinal cord of SMNΔ7 mice (Dale et al., 2011). In this
case, overexpression of Syt-1 may increase the amount of Syt-1 transported to the distal
motor nerves. Thus, another ongoing set of experiments entails administration of an
AAV9-Syt-1 vector to overexpress Syt-1 in all motor neurons, which may produce
therapeutic benefit in SMA-vulnerable motor units with lower endogenous Syt-1.
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In conclusion, there is a striking relationship between high Syt-1 expression and
resistance to SMA pathology, suggesting Syt-1 is a candidate resistance gene.
Experiments are currently ongoing to determine if increasing the function or expression
in SMNΔ7 mice improves neuromuscular pathology. In parallel, others in the Henderson
lab are exploring the potential role of Syt1 in ALS
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Figure 6.8 Active zone protein Syt-1 is highly enriched in SMA-resistant motor
pools.
(A) Comparison of Syt-1 mircroarray expression values for SMA-resistant (green) and
SMA-vulnerable (red) motor pools reveals a 3.3-fold relative enrichment of Syt-1 in
SMA-resistant motor neurons (p-value = 2.5x10-5). Values are mean ± SEM, n = 1-2 per
motor pool.
(B) Syt-1 is a presynaptic active zone protein that complexes with SNARE proteins and
phospholipids in order to coordinate fast synchronous neurotransmitter release at the
neuromuscular junction, among other functions. Figure adapted from Chapman, 2008.
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Figure 6.9 Syt-1 is expressed widely in the spinal cord, including the ventral horn.
Syt-1 expression by in situ hybridization
(A-B) Syt-1 is expressed in many cell types within the mid-lumbar (A) and lumbosacral
(B) spinal cord, in accordance with its known role in coordinating neurotransmitter
release. Syt-1 is also expressed in the ventral horn in putative motor neurons.
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Figure 6.10 Syt-1 is highly and selectively expressed in SMA-resistant motor pools
within the motor V.
Examination of Syt-1 expression within the motor V nucleus by in situ hybridization.
Probes to ChAT were used in adjacent sections in order to identify motor neurons and
confirm position within motor V nucleus.
(A-B) Syt-1 was high expressed in the medial motor V (B) that includes the SMAresistant mylohyoid and anterior digastric motor pools, identified with ChAT (A).
(C-D) Syt-1 expression was much lower in the lateral motor V (D) that includes the
SMA-vulnerable masseter and temporalis motor pools, identified with ChAT (C).
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Figure 6.11 Syt-1 is highly expressed in the nucleus ambiguus, but relatively absent
from the facial motor nucleus.
Examination of Syt-1 expression in a P4 wild type mouse brain by in situ hybridization,
sagittal orientation. Probes to ChAT were used in adjacent sections in order to confirm
identity of motor nuclei.
(A-B) Syt-1 was highly expressed in many neuronal cell types in the mouse brain, with
markedly high expression in the nucleus ambiguus but relatively low expression in the
facial nucleus (B). Identity of these nuclei was confirmed with ChAT (A).
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Figure 6.12 Syt-1 protein is highly enriched at the neuromuscular junctions of SMAresistant extraocular motor units.
Immunohistochemistry to Syt-1 (green) and identification of motor endplates with αbungarotoxin (red). Longitudinal muscle sections of adult wild type mice.
(A) Syt-1 was barely detectable in the neuromuscular junctions of the SMA-vulnerable
tibialis anterior. Staining artifact was observed between myofibers.
(B) Syt-1 was highly enriched in the SMA-resistant superior rectus extraocular muscle.
Syt-1 was observable in the motor axons and in the presynaptic motor terminal (overlap
with red motor endplates).
These experiments were performed by Artem Kaplan and this figure was adapted from
his thesis.
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Figure 6.13 Hypothesis: SMA-vulnerable motor neurons with lower endogenous
Syt-1 expression are selectively affected by reduced Syt-1 transport into distal motor
axons.
Schematic representations of hypothesized Syt-1 levels in wild type animals and
reductions during SMA. Normal levels of Syt-1 protein in resistant and vulnerable motor
pools reflect the relative expression data from the comparative microarray screen (3.3fold lower expression in vulnerable motor units). The 80 % reduction depicted is based
on findings from Dale et al., who found an 80 % reduction in Syt-1 in selectively in the
distal portion of the sciatic nerve in P11 SMNΔ7 mice.
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Other candidate resistance genes
Glutaminyl cyclase (Qpct)
Qpct encodes one of the acyltransferases that are abundant in mammalian neuroendocrine
tissues, such as the hypothalamus and pituitary (Huang et al., 2005). Several genetic
diseases in humans, such as osteoporosis, appear to result from mutations in QPCT
(Ezura et al., 2004). QPCT also catalyzes the pyroglutamate modification of N-terminally
truncated A-beta peptides (pE3-Aβ) in vivo, conferring resistance to proteolysis, rapid
aggregation, and neurotoxicity (Hartlage-Rubsamen et al., 2011, Alexandru et al., 2011).
QPCT is highly abundant in defined hippocampal layers and subcortical nuclei that are
severely affected in AD and has been postulated to explain the selective vulnerability of
these neuronal populations (Morawski et al., 2010). Moreover, QPCT mRNA and protein
in peripheral blood of AD patients correlates with the severity of dementia. In a mouse
model of Alzheimer’s disease, knocking out Qpct significantly reduces pE3-Aβ and the
resulting neurotoxic Aβ oligomers, further suggesting this enzyme may play a role in AD
pathophysiology. Qpct expression in motor neurons is highly correlated with SMAresistance; its potential neuroprotective role, based on its known functions, remains
unclear.
Cadherin 8 (Cdh8)
Cdh8 is a type-II classic cadherin, which are thought to mediate selective cell-cell
adhesion based on their subtype-specific binding nature. Cdh8 is expressed widely in the
developing and adult spinal cord. One known role for Cdh8 is the physiological coupling
between cold-sensitive neurons in the dorsal root ganglia and their Cdh8+ target neurons
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in the dorsal horn (Suzuki et al., 2007). In the hippocampus, Cdh8 has been implicated in
axon fasciculation and targeting and development and maintenance of synapse number
(Bekirov et al., 2008). Cdh8 is also downregulated in response to long-term potentiationassociated synaptic structural remodeling in the dentate gyrus (Huntley et al., 2012).
Since early functional impairment of sensory-motor connectivity has been demonstrated
in the SMNΔ7 mouse, higher Cdh8 levels in SMA-resistant motor neurons may delay or
prevent synaptic defects in these populations.
Ubiquitin specific peptidase 11 (Usp11)
USP11 is one of at least 79 deubiquitylating enzymes in the human genome that are
responsible for editing and removing ubiquitin chains by cleaving the isopeptide bond
(Reyes-Turcu et al., 2009). Usp11 has been shown to interact with multiple pathways,
including: RanBPM in the formation of microtubules, negative regulation of TNFαinduced NF-kB signaling via IkBα, BRCA2 in DNA repair, and SMAD7 and ALK5 to
enhance the TGFβ signaling pathway (Ideguchi et al., 2002, Schoenfeld et al., 2004,
Yamaguchi et al., 2007, Sun et al., 2010, Wiltshire et al., 2010, Al-Salihi et al., 2012).
It is unclear which of these pathways may be relevant to motor neuron vulnerability,
although the Usp11-mediated pro-survival effect in response to DNA damage suggests
that it might exhibit a pro-survival effect in other disease contexts. Intriguingly,
examination of the transcriptional profile of degenerating motor neurons in sporadic ALS
with laser capture microdissection of individual motor neurons from human autopsies
identified USP11 as the third most highly upregulated gene in ALS compared to control
motor neurons (Jiang et al., 2005). Since only motor neurons that have not degenerated
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remain in end-stage autopsy material, high USP11 levels in these neurons may contribute
to ALS resistance.
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Other candidate vulnerability genes
Hepatocyte growth factor (Hgf)
Hgf was originally identified as a mitogen for hepatocytes and a motility-enhancing
factor for epithelial cells (Birchmeier and Gherardi, 1998). It has since been found to
influence diverse cell types in multiple organ systems, including the growth of a number
of neuronal populations. Hgf acts as a chemoattractant and pro-survival factor for
embryonic cranial and spinal motor neurons (Caton et al., 2000), and in particular limbinnervating LMC motor neurons (Yamamoto et al.). In addition, sensory and sympathetic
neurons respond to Hgf with increased differentiation, survival, and axon outgrowth
(Maina et al., 1997, Maina et al., 1998, Maina and Klein, 1999, Thompson et al., 2004).
The broad spectrum of activity of Hgf and its synergistic role with other neurotrophic
factors, such as CNTF, indicate that one of its primary functions in the nervous system is
to potentiate the response of developing neurons to other signaling pathways (Davey et
al., 2000). In mouse models of ALS, Hgf overexpression has been demonstrated to
reduce gliosis and motor neuron loss and to extend life span (Sun et al., 2002, Kadoyama
et al., 2007). Our expression data indicate that higher Hgf expression in motor neurons is
associated with increased vulnerability to SMA; dysregulation of Hgf signaling in SMA
may predispose populations with higher endogenous Hgf requirements to SMA
vulnerability.

350

351

Figure 6.14 ICV injection of AAV6 provides robust, motor neuron-specific
transgene expression.
Intrecerebroventricular (ICV) injection of AAV6-CMV-GFP virus with a 1x10^14 vg/mL
titer was performed at P1, followed by analysis at P14. All levels of the spinal cord
exhibited high GFP expression selectively in motor neurons. Fluoresence is solely from
AAV-mediated GFP expression; immunohistochemistry to GFP was not performed in
these images. N=3 per virus/titer.
Virus was produced by Virovek.
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Figure 6.15 ICV injection of AAV9 provides robust, motor neuron-specific
transgene expression.
Intrecerebroventricular (ICV) injection of AAV9-CMV-GFP virus with a 1x10^14 vg/mL
titer was performed at P1, followed by analysis at P14. All levels of the spinal cord
exhibited high GFP expression selectively in motor neurons. Fluoresence is solely from
AAV-mediated GFP expression; immunohistochemistry to GFP was not performed in
these images. N=3 per virus/titer.
Virus was produced by Virovek.
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Chapter 7. General Discussion
SMA is an optimal disorder for studying selective neurodegeneration
Selective neuronal loss in response to loss or dysfunction of a ubiquitously expressed
protein is a hallmark feature of neurodegenerative diseases. However, the molecular
determinants of selective vulnerability are not well understood for almost any disorder. I
have discussed some of the challenges associated with common neurodegenerative
disorders, with particular reference to Alzheimer’s disease (AD) and Parkinson’s disease
(PD), the most common cause of dementia and movement disorder, respectively.
One difficulty is the genetic and environmental heterogeneity among disorders. Aside
from a defined genetic etiology or genetic risk factors for a small percentage of cases
(e.g. early-onset autosomal dominant forms of AD that affect the clearance of the βamyloid protein or autosomal dominant mutations in the α-synuclein gene that cause PD),
the vast majority of cases are considered sporadic. Although in some cases the clinical
and neuropathological findings in familial and sporadic cases are indistinguishable, it
remains to be determined if findings in animal models based on known familial mutations
generalize to sporadic forms.
SMA, in contrast, has a known genetic etiology in all patients: autosomal recessive
mutation or deletion in the survival motor neuron 1 (SMN1) gene. Variable copy numbers
of the remaining paralog survival motor neuron 2 (SMN2) produce large heterogeneity in
disease severity, but all forms of SMA are characterized by insufficient SMN protein and
resulting motor neuron loss and resulting neuromuscular weakness. Approximately half
of patients exhibit Type I SMA, which is the most severe form of SMA that presents
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within the first six months of life (except Type 0 patients with decreased movements in
utero or weakness at birth). I have focused my studies on Type I SMA, since this is the
most common form and there is an urgent need for therapies in these patients.
Another difficulty with studying neurodegenerative disorders is that while regional
vulnerability is often appreciated, selective vulnerability at the level of neuronal
subpopulations is often not well defined. Adding to this difficulty, the function of the
vulnerable neurons is often not well understood. For example, approximately 40 % of
A10 dopamine neurons in the medial and ventral tegmentum are lost in PD patients, but
there is marked differential vulnerability within this midbrain region (Damier et al., 1999,
Javoy-Agid and Agid, 1980, McRitchie et al., 1997). These neurons are known to project
to the ventromedial striatum, limbic system, and cortex and are thought to contribute to
reward and emotional behavior. However, their function is not well understood and there
is increasing evidence of functional diversity among dopamine neurons even within a
single anatomically defined network (Liss and Roeper, 2008). In addition to the challenge
of defining differential vulnerability within A10, the lack of knowledge of functionally
and molecularly distinct neuronal subtypes further hinders insight into possible
underlying mechanisms.
In contrast, SMA is characterized by selective loss of motor pools, which are discrete
clusters of motor neurons with a well-defined function: graded contraction of individual
muscles in the periphery. Chronic motor neuron degeneration results in neuromuscular
denervation and accompanying pathology, including denervation atrophy and collateral
sprouting of remaining motor units to denervated myofibers. Since myofiber type is
dictated by the firing properties of the innervating motor unit, this process results in
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rearrangement of myofiber from the normal checkerboard pattern of Type I and Type II
myofibers into groups. Severe denervation eventually produces fibro-fatty infiltrates.
These pathological features are readily observed with routine H&E histology and myosin
immunohistochemistry, which allows rapid classification of motor pool vulnerability to
disease.
Another challenge with studying neurodegenerative disorders is that modeling neuronal
loss in mouse models has been notoriously difficult to achieve. For example, extensive
efforts have been made to create mouse models of PD, including a transgenic mouse with
a triple knockout of parkin, PINK1 and DJ-1, which are three of the four autosomal
recessive causes of PD. Despite this herculean effort, these mice do not exhibit dopamine
neuron pathology (Kitada et al., 2009). Progressive postnatal loss of dopamine neurons in
the substantia nigra was achieved with mice that are heterozygous null for engrailed-1
(En1) and homozygous null for engrailed-2 (En2) (EnHT mice), two transcription factors
required cell-autonomously and in a gene-dose-dependent manner for the survival of
midbrain dopamine neurons (Sgado et al., 2006, Alberi et al., 2004). However, EN1 has
not been directly implicated in PD. Moreover, cell degeneration in EnHT mice occurs
within the first three months of life, in contrast to the age-dependent loss observed in PD.
To date, no mouse model of PD with known familial mutations recapitulates the agedependent progressive dopamine neuron degeneration and accompanying motor
phenotype that is characteristic of the human disease.
In contrast, introducing the human SMN2 gene on a background of homozygous loss of
mouse Smn produces a progressive neuromuscular phenotype that resembles that in
human SMA. Increasing copies of the SMN2 gene ameliorates the mouse phenotype, a
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close parallel to the inverse relationship between SMN2 copy number and disease severity
in human SMA. Critically, the SMNΔ7 mouse exhibits motor neuron loss and
neuromuscular denervation that are the pathological hallmarks of human SMA. The
presence of this pathology greatly facilitates studying the underlying mechanisms of
neurodegeneration, as well as assessing motor neuron rescue in response to therapeutic
interventions.
Extensive comparative microarray analysis as a novel strategy for identifying a limited
number of candidate therapeutic targets
Previous studies in the Henderson lab demonstrated that comparative transcriptome-wide
microarray analysis between differentially vulnerable motor neuron subpopulations is a
potentially powerful strategy for identifying the molecular determinants underlying
vulnerability. Comparison of the ALS-resistant oculomotor nucleus and Onuf’s nucleus
to ALS-vulnerable lumbar LMC motor neurons identified MMP-9 as a powerful
modulator of vulnerability. Genetic ablation of Mmp-9 in the SOD1G93A mouse model of
ALS conferred marked improvements in neuromuscular denervation and lifespan (Kaplan
et al., 2014).
However, this study also highlighted the difficulties in prioritizing candidate therapeutic
targets, given the large molecular heterogeneity among motor pools. Pairwise motor pool
comparison revealed at least 200 gene that were at least 5-fold differentially regulated
and a three-way comparison of the ALS-resistant and –vulnerable populations identified
54 genes that were at least 5-fold differentially expressed.
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Thus, I hypothesized that comparison between multiple differentially vulnerable motor
neuron subpopulations in SMA would identify a small number of highly promising
candidate genes. Extensive comparison of differential motor pool vulnerability between
Type I human SMA and the SMNΔ7 mouse provided a strong basis for such an approach.
This comparison demonstrated that SMNΔ7 mouse recapitulates the differential motor
unit vulnerability in human SMA with remarkable specificity. This suggests that the
molecular determinants of vulnerability are conserved between human and mouse. By
extension, studies in mouse may provide insight into mechanisms in human disease.
Remarkably, the comparative microarray strategy comparing 11 differentially vulnerable
populations identified only 31 genes with significant (p<1x10-4 by Student’s t-test; false
discovery rate 0.09) differences between SMA-vulnerable and –resistant populations. Of
these, only 9 genes were at least 2-fold differentially regulated and only a single gene
(mGluR8) was over 4-fold differentially regulated.
In order to assess the effectiveness of this strategy, I compared these results to a pairwise
comparison between the resistant phrenic and the vulnerable intercostal muscles. None of
the top ten candidate genes corresponded to the top ten differences in the pairwise
comparison. Strikingly, the candidate genes from the full comparative array spanned the
first >15,000 genes from the pairwise comparison with an average ranking of 2,274.
Thus, a more limited microarray strategy would not have identified any of the targets
from the full screen, retrospectively validating the power of this method to detect a
limited number of promising transcripts with remarkable correlation to SMAvulnerability.
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In conclusion, I present a novel method for identifying a small number of candidate genes
and pathways that may contribute to disease vulnerability: identification, isolation, and
comparative transcriptional analysis between multiple disease-vulnerable and –resistant
populations. This strategy could be applied to other neurodegenerative disorders. My
study highlights that such a strategy is particularly amenable to motor neuron disorders,
for which motor pool vulnerability can be determined by examination of the
corresponding muscle in the periphery. Moreover, motor pool isolation may be achieved
with muscle injection of retrograde tracer, a highly specific technique that does not
require a priori knowledge of pool-specific molecular markers. Nevertheless…..
Potential therapeutic mechanisms of top candidate genes
Analysis of the top eleven candidate genes – Pde1c, Hgf, mGluR8, Syt-1, Tpd52l1, Qpct,
Cdh8, Adcy8, Usp11, and Calb2 – did not reveal any known pathways in common.
However, I discuss potential shared mechanisms below, including parallels to findings in
human SMA.
Activity-dependent Ca2+ signaling
One potential link between multiple candidate targets is activity-dependent Ca2+
signaling, which is critical for diverse neuronal processes, including synaptic
transmission. Precise spatial and temporal control of Ca2+ is required to accomplish these
functions. In contrast, Ca2+ dysregulation has been implicated in many disease pathways,
including the execution of neuronal cell death.
Calb2 is an EF-hand Ca2+-binding protein that exhibits kinetic properties of both slow
and fast buffering in response to Ca2+ transients. Although Ca2+ buffers are thought to
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confer neuroprotection against excessive Ca2+ in some disease contexts, Calb2 expression
correlates with SMA-vulnerable motor neurons. The most well defined functions of
Calb2 are modulation of neuronal excitability and synaptic plasticity; reduction or
elimination of Calb2 markedly increases excitability (Schurmans et al., 1997, Gurden et
al., 1998, Gall et al., 2003, Bearzatto et al., 2006). In pathological contexts, Calb2 has
been implicated in cell death and synaptic and axonal degeneration (Boyer et al., 2006,
Wishart et al., 2012a).
Candidate vulnerability gene Pde1c is one of three member of the Pde1 family, which is
the only known phosphodiesterase family activated in response to extracellular Ca2+
influx (Ca2+-calmodulin-dependent). The other two family members preferentially
catalyze cGMP, while Pde1c has an equivalent effect on converting cGMP and cAMP to
5’GMP and 5’AMP (Bischoff, 2004). Thus, among the 11 pde families, which comprise
over 100 unique proteins, Pde1c appears to provide a unique link between Ca2+ influx
and termination of cAMP signaling. Inhibition of the Pde1 family is thought to enhance
plasticity, potentiate glutamatergic transmission, and provide neuroprotection via
increased cGMP and cAMP and subsequent phosphorylation and activation of CREB. In
turn, CREB is known to induce neurotrophic factors and anti-apoptotic factors (Lonze
and Ginty, 2002, Kitagawa, 2007).
Candidate resistance gene mGluR8, a Type III mGluR, is a presynaptic autoreceptor
activated in response to excessive glutamate release to dampen further release (Scanziani
et al., 1997, Mitchell and Silver, 2000, Zhai et al., 2002). Specifically, mGluR8 inhibits
N-type Ca2+ channels, which are thought to regulate presynaptic neuronal excitability
(Guo and Ikeda, 2005). mGluR8 also inhibits presynaptic adenylate cyclase, reducing the
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generation of cAMP (Benarroch, 2008). mGluR8 has been implicated as a potential
therapeutic target for neurological conditions characterized by excessive glutamate,
including excitotoxicity in ALS (Shaw, 2000, Palop et al., 2007, Kalia et al., 2008).
How can the functions of these genes be reconciled in a coherent and parsimonious
manner? The association of Ca2+-buffering protein Calb2 with vulnerability suggests that
motor units in SMA may have insufficient extracellular Ca2+ influx, which is exacerbated
by the presence of high intracellular Ca2+ buffers. Pde1c, also associated with
vulnerability, is one of only three Pdes that are activated in response to extracellular Ca2+
influx, perhaps contradicting the notion of insufficient Ca2+ influx. However, inhibition
of the Pde1 family potentiates glutamatergic signaling. SMA-resistant motor units with
lower Pde1c may exhibit greater postsynaptic AMPA receptor density and, consequently,
increased extracellular Ca2+ influx in response to glutamate signaling. Thus, lower levels
of Calb2 and Pde1c in resistant motor neurons are consistent with greater excitability,
glutamate signaling, and Ca2+ influx.
In contrast, the potential resistance gene mGluR8 dampens presynaptic glutamate release,
which is potentially inconsistent with the roles of Calb2 and Pde1c. However, there is a
remarkable dichotomy in N-methyl-D-aspartate (NMDA) receptor activation by
glutamate: synaptic NMDARs activate nuclear Ca2+ signaling, CREB phosphorylation,
and robust neuroprotection, while extrasynaptic NMDARs induce CREB
dephosphorylation and pro-death pathways (Hardingham et al., 2002, Vanhoutte and
Bading, 2003, Hardingham and Bading, 2003, Hardingham and Bading, 2010).
Therefore, mGluR8 could provide motor neuron protection by inhibiting excessive
glutamate release that actives pro-apoptotic extrasynaptic NMDARs. This function would
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not interfere with normal glutamatergic synaptic transmission. These potential
neuroprotective pathways may also work in concert with the SMN protein, as both
NMDA receptor activation and CREB activation have been linked to transcriptional
upregulation of the SMN gene (Andreassi et al., 2002, Majumder et al., 2004).
Another candidate resistance gene with links to Ca2+ influx is Syt-1, which acts a
presynaptic active zone protein that coordinates synchronous neurotransmitter release in
response to Ca2+ influx from incoming action potentials. As discussed previously, there is
a selective transport deficit of Syt-1 to the distal motor terminal in SMA mice.
Additionally, known electrophysiological abnormalities in SMA mice are consistent with
a reduction in Syt-1 at the neuromuscular junction. In conjunction my expression data,
these findings support the hypothesis that a relatively lower expression levels in SMAvulnerable motor units may be most affected by the reduction that occurs in during SMA.
An alternative hypothesis is that there is a reduction in Syt-1 in central synapses onto
motor neurons. My laser capture microdissection approach targeted motor neuron cell
bodies, but some mRNA transcripts from the surrounding cell types was also included.
The inclusion of presynaptic gene mGluR8 among candidate genes suggests that mRNAs
present in central synapses were indeed included in the screen. In this case, higher Syt-1
in afferent synapses onto SMA-resistant motor units would be expected to enhance
glutamatergic neurotransmission, in conjunction with mGluR8.
In conclusion, multiple top candidate genes have expression patterns that are potentially
consistent with SMA motor neurons showing a higher degree of extracellular Ca2+ influx
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from increased presynaptic excitatory drive and higher intrinsic motor neuron
excitability.
Links between candidate genes and vulnerability observed in human Type I SMA patients
In a remarkable parallel, my studies comparing differential motor pool vulnerability in
human and mouse SMA found one compelling link between the SMA-resistant motor
pools: they were among the most highly active of all motor units. The extraocular
muscles, diaphragm, suprahyoid muscles and external anal sphincter fire continuously,
even during sleep (Porter et al., 1995b, Floyd and Walls, 1953, Taverner and Smiddy,
1959, Okura et al., 2006). The extraocular motor neurons, for example, fire an order of
magnitude higher than most motor units with a tonic discharge of 100 spikes per second
at the primary position and high frequency bursts as high as 600 spikes per second during
ballistic movements (Porter et al., 1995b). Another example is the SMA-resistant
diaphragm, which fires continuous rhythmic bursts to maintain respiration that is
necessary for human life. The SMA-vulnerable intercostal muscles, by contrast, are not
active during normal respiration or sleep (Taylor, 1960).
How might neuronal activity relate to SMA vulnerability? A physiological level of
neuronal signaling is critical for neuronal survival, as blocking electrical activity induces
cell death in vitro and in vivo (Catsicas et al., 1992, Sherrard and Bower, 1998). Afferent
synaptic input plays an important role in maintaining cell survival in the developing
nervous system, including induction of electrical activity and delivery of trophic factors
(Sherrard and Bower, 1998). For example, the trophic factor BDNF exhibits direct
transneuronal transfer to postsynaptic neurons in an activity-dependent manner (Kohara
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et al., 2001). BDNF promotes neuronal survival and strengthens synapse formation and
function (Huang and Reichardt, 2001); this may further increase electrical activity,
creating a positive feedback loop.
As briefly discussed above, glutamatergic synaptic activity and resulting Ca2+ influx
through NMDA receptors also promotes survival and may account for a considerable
portion of the neuroprotective effect of electrical activity (Hardingham and Bading,
2003). Synaptic NMDA activation results in activation of the CREB transcription factor,
which has a well-documented role in activity-dependent neuroprotection against
apoptosis. CREB is thought to active a set of ten genes, termed activity-regulated
inhibitors of death, that provide broad protection in in vitro and in vivo models of
neurodegeneration (Hardingham and Bading, 2010). CREB also upregulates BDNF.
In considering the parallel between the high activity of SMA-resistant motor units and
top candidate therapeutic targets that are implicated in activity-dependent Ca2+ signaling,
I hypothesize that SMA-vulnerable motor units may suffer from pathologically low levels
of synaptic activity, especially synaptic NMDA receptor activity known to impart
considerable neuroprotection. Lower mGluR8 expression in vulnerable motor pool
afferents may predispose to extrasynaptic NMDA receptor activity that directly
antagonizes and thus exacerbates this paucity of healthy synaptic signaling.
Links between Syt-1 and known SMN-independent modulators
Two of the only known SMN-independent modifiers of SMA are PLS3 and RhoA. PLS3
binds and bundles actin filaments, leading to the formation of F-actin polymers that
localize to the distal ends of growth cones and filopodia (Delanote et al., 2005, Dent et
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al., 2003). Overexpression of PLS3 in an SMA mouse model resulted in a significant
improvement in motor function and motor unit pathology, including a marked rescue in
proprioceptive 1a afferent terminals. As suggested by its role in F-actin bundling, PLS3
overexpression significantly increased F-actin in the presynaptic terminal and resulted in
improved synaptic vesicle organization and content in the terminal. These mice also
exhibited improvements in axon stabilization (delayed pruning) and neuromuscular
junction connectivity and neurotransmission (Bleckert et al., 2012, Ackermann et al.,
2013).
RhoA, a small GTPase, is a major regulator of actin dynamics (Luo et al., 1997). RhoA
expression is increased in in vitro, and possibly in vivo, models of SMA (Bowerman et
al., 2007, Bowerman et al., 2009). Treatment of the Smn2B/- mouse with an inhibitor of
Rho-kinase (ROCK), which is a direct effector of RhoA-GTP (Amano et al., 1996),
resulted in a dramatic improvement in survival from approximately 1 month to 100-230
days of age. ROCK inhibition also improved neuromuscular junction size and maturity,
but not motor neuron survival (Bowerman et al., 2010).
In a remarkable parallel to the function of these two modifier genes, overexpression of
Syt-1 causes dramatic actin polymerizing activity including extensive filopodia formation
in both neuronal and non-neuronal cell lines (Johnsson and Karlsson, 2012). This
filopodia formation was reduced by co-expression of a dominant negative RhoA, linking
the function of these two genes. The ability of Syt-1 to cause actin polymerization has
been largely unstudied, since actin at the presynaptic terminal is thought to have a largely
non-propulsive role in separating the synaptic vesicles from the rest of the nerve terminal
(Feany and Buckley, 1993, Sankaranarayanan et al., 2003). However, recent studies with
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super-resolution light microscopy have demonstrated that actin filaments may generate
directed force-generation locally, such as through actin-stabilized endosomal subdomains
responsible for receptor recycling (Puthenveedu et al., 2010). These findings suggest that,
in addition to the well-described function of Syt-1 as a Ca2+ sensor for synchronous
neurotransmitter release, it may also contribute to membrane flow and vesicle recycling
in the pre-synapse (Johnsson and Karlsson, 2012).
In conclusion, an increasingly recognized function of Syt-1 – actin polymerization –
exhibits a striking parallel to two of the only known SMN-independent modifiers
described to date. These findings support the hypothesis that dysregulation of actin
contributes to SMA pathogenesis. Considering that Syt-1 is one of the transcripts most
strongly associated with SMA-resistance, actin dysregulation may also contribute to
differential vulnerability among different motor units.
Comparative microarray to identify fundamental molecular differences between motor
pools
The mammalian nervous system contains hundreds of anatomically distinct muscles with
a diversity of functional demands. Therefore, motor pools – discrete clusters of motor
neurons that innervate a single muscle in the periphery – must exhibit a corresponding
diversity in physiology, anatomy, and presynaptic connectivity in order to carry out these
demands. However, very little is known about the basic molecular differences that
differentiate motor pools. Some strides have been made in delineating the developmental
logic of motor pool differentiation, such as the role of Hox transcription factors in
establishing the rostrocaudal and intrasegmental basis of motor pool identity (Dasen,
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2009). Despite this, little is known about how the vast majority of motor pools acquire
and maintain their unique molecular characteristics and functions, especially in the adult
animal.
In this thesis, I present a catalog of molecular differences between multiple spinal and
cranial motor pools along the extent of the neuraxis. These transcriptional differences
may lead to the identification of motor pool markers that are needed for the identification,
isolation, and perturbation of individual motor pools during development. Retrograde
labeling of individual muscles represents one method to identify motor pools. However,
this can only be achieved postnatally after motor pools have already acquired many
aspects of their identity. This study demonstrated the difficulty of achieving selective
labeling of motor pools during the early postnatal period. I used pulled electrodes, which
are exceptionally fine caliber needles, and was unable to achieve high specificity in the
smallest muscles before P10. The requirement for retrograde transport further delayed
robust labeling until P12, the time point at which my comparative transcriptional
microarray was performed. Thus, with the exception of a few anatomically discrete motor
pools, most are not amenable to labeling during the first postnatal week.
Analysis of a limited number of known molecular markers suggests that my comparative
microarray may reliably uncover previously uncharacterized motor pool-specific
transcripts. For example, the second microarray hit from the phrenic transcriptome was
Pdch10, which has recently been identified as a phrenic neuron-specific gene (Machado
et al., 2014). Pdch10 was identified by retrograde labeling and comparative microarray
analysis in E11.5 mice, confirmed by in situ hybridization. Identification of pool-specific
transcripts may also provide mechanistic insights regarding the generation of pool
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identity and function: Pdch10 is thought to mediate clustering of phrenic motor neurons
into an anatomically coherent nucleus, which was supported by functional studies in vitro
(Machado et al., 2014).
Although this approach identified the phrenic-specific Pdch10 in accordance with known
results, it also highlighted the potential importance of comparing anatomically and
functionally pools. This was illustrated by examination of the transcriptional profile of
the masseter, which revealed a striking selective enrichment of transcription factor
Tbx20. However, Tbx20 is known to coordinate hindbrain motor neurons, including other
motor pools within the motor V and the facial nucleus (Song et al., 2006). Inclusion of an
additional motor V motor pool in the comparative microarray, such as the closely
positioned temporalis, would have eliminated Tbx20 as a potential masseter-specific
motor pool marker. Thus, comparison of anatomically and functionally related motor
pools may be required in order to identify pool-specific markers.
Motor neuron diversity in health corresponds to diversity of disease involvement
Motor neuron populations with highly divergent functions are likely to exhibit a
corresponding molecular diversity. Nowhere among motor neurons is this more evident
than the extraocular motor pools, which manifest a striking diversity of anatomy,
function, and response to disease state.
The extraocular motor pools are responsible for the exquisitely fine motor control
required for binocular vision and high visual acuity during tasks such as tracking a visual
target in three-dimensional space. Complex eye movement reflexes, such as the
vestibulo-ocular and optokinetic reflexes, utilize signals from head accelerations and
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visual cues, respectively, to provide ocular stability as a baseline from which to perform
voluntary eye movements. In addition to these reflexes, eye muscles perform pursuit and
vergence to maintain fixation on moving targets, including targets at velocities so high
that movement is barely perceptible to the visual system. Superimposed on these
movements, saccadic eye movements are capable of rapid reorientation to novel visual,
auditory, or somatosensory stimuli with peak velocities as high as 600 degrees per
second. Ultimately, the demands of this enormously complex system fall on the final
common pathway: firing of the oculomotor neurons to control the tension of the
extraocular muscles.
Given these unique properties of oculomotor neurons, it is perhaps not surprising that
they also exhibit a corresponding diversity of response to disease, including motor neuron
disease. In Chapter 1 I discussed the parallels between selective vulnerability of the
extraocular motor nuclei and Onuf’s nucleus. Remarkably, these two populations are
resistant to degeneration in SMA, ALS, SBMA and paralytic poliomyelitis, all conditions
that are characterized by widespread motor neuron loss in severe cases. However, the
extraocular motor nuclei and Onuf’s nucleus are not absolutely resistant to disease and
may exhibit vulnerability; both nuclei preferentially degenerate in MSA.
The extraocular motor nuclei also exhibit unique vulnerability in other disease contexts.
Myasthenia gravis (MG) is an autoimmune disorder with antibodies against muscle
acetylcholine receptors, leading to a reduction in the safety factor and neurotransmission
failure at the neuromuscular junction. Extraocular muscle and levator palpebrae weakness
are the initial signs in most patients and eventually occurs in virtually all MG patients.
Approximately 10-15 % of patients will exhibit exclusive extraocular muscle
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involvement (Grob et al., 1987, Kaminski et al., 2002). A number of factors may
contribute to the preferential ocular involvement in MG. One hypothesis is that the
exceptionally high extraocular firing rates lead to a relative reduction in acetylcholine
release, thus predisposing to a MG-mediated reduction in safety factor. Another
possibility is that tonic extraocular fibers, which generate force in proportion to endplate
depolarization and therefore have no safety factor, are affected by any reduction in
postsynaptic acetylcholine receptors (Ruff et al., 1989, Jacoby et al., 1989).
Another striking preferential involvement of the extraocular muscles occurs during
botulism, a potentially life-threatening neuroparalytic syndrome caused by Clostridium
botulinum toxin, which irreversibly inhibits acetylcholine release in neuromuscular
junctions. Extraocular involvement causes double vision and is an early and universal
feature of botulism. This finding itself may not be surprising, given the rapid and
irreversible effects of botulinum toxin on motor terminals. However, in contrast to the
short-term reversible effect on most muscle fibers after presynaptic terminal sprouting
and new synapse formation, the singly innervated myofibers of the extraocular muscles
undergo degeneration (Spencer and McNeer, 1987, Porter et al., 1991). The mechanism
underlying selective extraocular muscle vulnerability in botulism is completely unknown,
and especially perplexing given the reported absence of denervation atrophy in response
to extraocular motor axon transection (Porter et al., 1989, Christiansen, 1992).
In addition to motor neuron disease and diseases affecting the neuromuscular junction,
the divergent properties of the extraocular muscles also lead to differential involvement
in disease. Duchenne muscular dystrophy (DMD), caused by loss of function of the
dystrophin protein, is characterized by widespread and progressive degeneration of
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skeletal, cardiac, and smooth muscle. Although loss of dystrophin also occurs in
extraocular muscles, advanced-stage DMD patients retain normal ocular movements,
including normal saccades and absent nystagmus (Kaminski et al., 1992). Absent
extraocular muscle pathology has also been confirmed in animal models of DMD
(Karpati et al., 1988).
Thus, extraocular motor units meet remarkably unique functional demands and exhibit a
correspondingly diversity of response to pathology, including but not limited to the
genetic, autoimmune, neurotoxin, and viral-mediated diseases discussed here. This
finding supports the hypothesis that the same molecular determinants of function may
predispose or protect motor units from disease stressors. Therefore, a more detailed
understanding of the genes and pathways underlying basic functions may also lead to the
identification of potential therapeutic targets. For example, why are extraocular muscles
resistant to DMD when all other skeletal, cardiac, and smooth muscle exhibits
degeneration? Elucidation of the mechanism for resistance to dystrophin loss may allow
us to confer this mechanism onto other muscle types.
In this thesis I have transcriptionally profiled all three extraocular motor nuclei (III, IV
and VI). I have also taken advantage of the unique contralateral projection of the superior
rectus within the oculomotor nucleus in order to selectively isolate this motor pool. This
profile, in direct comparison to diverse spinal and cranial motor pools, may provide some
insight into the diversity of extraocular motor unit function in normal physiology and in
response to disease states.
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Identification of severe and selective motor neuron loss as a robust pathological
endpoint
In order to test the effect of potential therapeutic interventions in SMA mice, it was
necessary to establish reliable pathological endpoints that are relevant to the human
disease. The SMNΔ7 mouse exhibits an obvious gross neuromuscular phenotype, with a
failure to gain weight, inability to right, and death within approximately the first two
weeks of life. These measures are useful for assessing the overall health of the animal,
but improvements in the neuromuscular system may fail to translate to significant gains
in these outcomes since SMA affects multiple cell types within the central nervous
system and the periphery.
Multiple pathological phenotypes had been determined at the level of the motor unit,
including neurofilament accumulation, proprioceptive 1a afferent synapse loss, partial
neuromuscular denervation in select motor units, and electrophysiological abnormalities.
Extensive motor neuron loss, however, has been underappreciated in the SMNΔ7 mouse,
even though this is the primary neuropathological hallmark of the human disease. It has
been argued that SMNΔ7 mice simply do not live long enough for the full extent of
motor neuron loss to occur since peripheral phenotypes, such as the dilated
cardiomyopathy and QT prolongation, may result in cardiac arrhythmias and early death
that preclude more extensive motor neuron death.
My findings challenge this hypothesis and indicate that shortened lifespan is not the only
cause of underrepresented motor neuron loss. I have detected severe motor neuron loss in
the motor V nucleus (60 % loss) and the lumbar median motor column (MMC) (41 %
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loss) in mid-to-end-stage SMNΔ7 mouse. Remarkably, a time course of degeneration in
these subpopulations revealed that much of the total cell loss – 75 % of total motor V loss
and the entirety of lumbar MMC loss – occurred by P4. In other words, only one quarter
of the motor neuron loss in the motor V occurred during the second half of disease course
and no additional cell loss occurred in the lumbar MMC after P4.
These data indicate that shortened lifespan, although it may prevent observation of the
widespread spinal motor neuron loss I observed in patients, is not sufficient to prevent
there being signficant motor neuron loss in SMNΔ7 mice. In specific populations,
degeneration occurs very early in the disease course (even in utero in the motor V) .
These findings are consistent with data from human patients. Analysis of neuromuscular
autopsies from Type I human SMA (Chapter 2) found a 50-87% loss of motor axons in
spinal and cranial motor nerves. Moreover, longitudinal electromyography studies in
Type I SMA patients diagnosed presymptomatically with genetic testing due to affected
siblings found that precipitous motor neuron loss occurred very early in disease course,
often within a period of week, followed by minimal additional motor unit loss (Swoboda
et al., 2005). One patient presymptomatically diagnosed patient, for example, exhibited a
logarithmic decline in compound motor action potential (CMAP) within the first 34 days
of life, after which no additional decline in CMAP was detected (Finkel, 2013).
In conclusion, these findings represent the earliest and most severe motor neuron loss in
the SMNΔ7 mice that has been identified to date. The rapid loss of the motor V and the
lumbar MMC subpopulations closely recapitulates the logarithmic motor unit loss that
has been detected in human patients. Therefore, loss in these populations represents a
highly relevant pathological endpoint for assessing the potential therapeutic targets.
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These findings also suggest that for maximum therapeutic effect, therapeutic
interventions for Type I SMA patients may require initiation shortly after birth and before
symptom onset. Such a strategy would require widespread genetic screening in infants.
Current challenges and future directions
I have identified a limited number of highly promising candidate therapeutic targets, as
well as defined pathological endpoints for assessing these genes in SMNΔ7 mice.
Preliminary experiments have modulated select candidate genes in the SMNΔ7 mouse
using a combination of pharmacological and genetic approaches.
To date, I have not achieved robust rescue of the key pathological endpoints in the
SMNΔ7 mouse, such as motor neuron loss or neuromuscular denervation, by modulating
these targets. One major limitation has been the lack of highly potent and specific small
molecules that inhibit or activate these targets. Inhibition of the Pde1 family, for example,
is thought to provide broad neuroprotection in a variety of disease contexts. However,
there are no commercially available inhibitors that are highly selective for the Pde1
family, let alone the Pde1c subtype; this lack of inhibitors has considerably hampered
research in the field (Medina, 2011). Indeed, my studies relied on the vinpocetine, which
is a classical inhibitor of the Pde1, but also interacts with other proteins, including
inhibition of Na+ channels and the TNF-α pathway (Jeon et al., 2010). I also resorted to
use of vardenafil, which inhibits the Pde1 family with considerably greater potency than
vinpocetine, but is primarily a Pde5 inhibitor. Most other candidate genes also lack
effective small molecule modulators.
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Another unexpected challenge was the low minimum tolerated dose in neonatal mice for
all small molecules tested. The mGluR8 agonist (S)-3,4-DCPG, for example, was used in
previous studies in doses ranging from 30-100 mg/kg, with a maximum tolerated dose as
high as 1,200 mg/kg by intraperitoneal injection in adult mice (Moldrich et al., 2001,
Jiang et al., 2007). In contrast, I found that (S)-3,4-DCPG was not tolerated at doses
higher than approximately 7 mg/kg. The maximum tolerated dose of Pde1 inhibitors
vinpocetine and vardenafil was 7 mg/kg and 14 mg/kg, respectively.
One potential contributing factor to toxicity was use of oral administration. This route
was selected due to the short half-life of the small molecules used in this study. (S)-3,4DCPG, for example, has a half-life of only 40 minutes (Robbins et al., 2007). Since I
hypothesized that chronic modulation of candidate genes was necessary for optimal
therapeutic effect, administration was performed t.i.d. Neonatal pups did not tolerate
multiple intraperitoneal injections per day. Instead, solubilized drug was administered
orally, a desirable method for fragile neonatal pups. However, one possibility is that this
method predisposed to gastrointestinal upset, which may prevent nursing and normal
weight gain. Despite the potential need for higher doses to affect motor neurons in SMA,
some studies indicate that the administered doses were able to modulate the target genes.
For example, (S)-3,4-DCPG induced c-Fos expression in the superior colliculus with an
ED50 of 6 mg/kg, an effect that was abolished in mGluR8 knockout mice (Linden et al.,
2003).
In order to overcome these limitations of small molecule modulators, I have resorted to
more targeted approaches, including crossing SMNΔ7 mice to relevant transgenic mice
and administration of AAV vectors to overexpress candidate genes. Indeed, we crossed
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Calb2 knockout mice onto an SMNΔ7 background to genetically ablate Calb2 expression
in all motor neurons. Although SMNΔ7; Calb2-/- mice did not exhibit a robust
improvement in motor unit pathology, this strategy allowed candidate gene modulation
that is not possible with pharmacological approaches.
Another example of a genetic approach that overcomes current limitations of small
molecule modulators is our cross between SMNΔ7 mice and Pde1c knockout mice.
Pde1c was the top candidate vulnerability gene from the comparative microarray (p-value
= 1.7x10-7). However, currently available inhibitors are not potent and interact with all
Pde1 subtypes. Thus, we are currently crossing SMNΔ7 mice to Pde1c knockout mice,
which have no overt behavioral or pathological defects (Cygnar and Zhao, 2009); this
cross will genetically eliminate this Pde1 family subtype in SMA-vulnerable motor
neurons, a degree of reduction that is not possible with current pharmacological
approaches.
Another strategy includes the use of AAV vectors in order to overexpress candidate
SMA-resistance genes selectively in motor neurons. In collaboration with Virovek, I have
characterized AAV serotypes 6 and 9 that achieve robust overexpression with high motor
neuron specificity. One ongoing experiment includes the use of a AAV9:Syt-1 vector to
overexpress this candidate gene in SMNΔ7 mice. Other potentially promising candidate
genes for AAV overexpression studies include mGluR8 and Hgf.
Conclusions
In this thesis I have performed extensive characterization of differential motor unit
vulnerability in Type I SMA, even within individual motor nerves. I have also established
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that the SMNΔ7 mouse, the most commonly used model of SMA, remarkably
recapitulates the differential vulnerability observed in the human disease. These findings
were the basis for a comparative transcriptional microarray between multiple SMAvulnerable and –resistant motor pools, which identified a small number of highly
promising targets that segregate with vulnerability and thus represent potential
therapeutic targets. This study also provides an unprecedented molecular profile of
anatomically and functionally diverse motor pools, which may lead to the identification
of motor pool markers that are currently lacking. Future studies may reveal how these
genes and pathways contribute to basic physiologic differences between motor pools that
correspond to their varied functional demands.
In parallel, I have established robust pathological endpoints in the SMNΔ7 mouse in
order to evaluate potential therapeutic targets. I found early and selective degeneration in
the clinically relevant motor V and the lumbar MMC, which represents the most severe
motor neuron loss determined to date. I have also confirmed the expression of top
candidate genes and performed a series of preliminary studies modulating these targets in
SMNΔ7 mice. Ongoing and future studies are combining pharmacological, genetic, and
viral approaches to delineate the potential contribution of these genes and pathways to
selective motor pool vulnerability. My studies in human established that SMA-resistant
pools were markedly preserved, even in a 17-year-old Type I SMA patient. These
findings suggest the molecular determinants of SMA resistance may confer virtually
indefinite motor neuron preservation. Conferring this resistance onto vulnerable motor
neurons may provide substantial clinical benefit in Type I SMA patients who currently
die by two years of age due to a lack of effective treatments.
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Chapter 8. Experimental Procedures
Ethics statement
All human tissue was collected with the consent from the family of patients and was
conducted in accordance with Columbia University institutional guidelines.
Human tissue dissection and processing
Brian, spinal cord, motor nerves, and muscles were dissected from Type I SMA patients
with the shortest postmortem interval possible and immediately drop fixed in 10%
formalin. A neuropathologist (D.J.P.) confirmed the identity of all tissues. Tissue was
fixed for seven days. Following fixation, brain, spinal cord, and muscles were paraffin
embedded using standard protocols. Central nervous system tissue was stained with
combination H&E-luxol fast blue staining. Muscles were stained with H&E. Motor
nerves were embedded in plastic using standard protocols and toluidine blue staining was
performed on semi-thin sections.
Classification of muscle pathology
Muscles were divided into at least six longitudinal segments, followed by embedding and
staining as described. Pathological classification was performed blinded to SMA status
and muscle identity. Classification was based on the criteria listed above. Overall
classification was based on close examination of at least six cross-sections and was
performed twice for each muscle to ensure reliability. On average, muscle from three
SMA patients was examined for each muscle type. When classification was not
consistent across trials or across patients for the same muscle type, a third definitive
classification was performed.
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Human motor nerve quantification
At least three 60x images were obtained from toluidine blue-stained semi-thin sections of
motor nerves. Representative images were evenly spaced across the cross-sectional motor
nerve area to ensure unbiased sampling. The inner circumference of each myelinated
fiber was manually traced with MetaMorph image software. Axons number, density, and
size distribution was plotted graphically.
Human muscle immunohistochemistry
Human muscles were fixed and process as described above. Immunohistochemistry to
MHC-I, MHC-II, CD68, and MPO were performed using automated staining techniques
based on the Ventana Ultra platform.
Animals
All work was performed in accordance with Columbia University IACUC protocols.
Animals were housed on a 12:12 light/dark cycle and provided with food and water ad
libitum. Original breeding pairs of SMA mice used in this study (Smn+/;SMN2+/+;SMNΔ7+/+) were purchased from Jackson Laboratory. Pups were genotyped
using PCR on tail DNA as described previously (Avila et al., 2007). All SMA mice had
the following genotype: Smn-/-;SMN2+/+;SMNΔ7+/+. Littermates heterozygous or
homozygous for Smn were analyzed as wild-type controls. Calb2 knockout mice were
obtained from the Jackson Laboratory (Stock #013730). Pde1c knockout mice were
generously provided by Dr. Haiqing Zhao (Johns Hopkins University). The Jackson
Laboratory crossed Syt-1D232N mice to SMNΔ7 mice. They also crossed Syt-1R233Q mice
to the SMNΔ7 mice. These experiments are ongoing.
380

Mouse immunohistochemistry
Mice were transcardially perfused with 10 mL/g of 4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS). Brains were dissected and post-fixed overnight in 4%
PFA in PBS, followed by a 2-4 hour wash with PBS. Tissue was cryoprotected with 48hour immersion in 30% sucrose in 0.1 M PB. Cryopreserved tissue was embedded in
OCT on dry ice. Embedded tissue was stored at -80°C until sectioning. Brain and spinal
cord were cryosectioned at 20 µm. Muscles were cryosectioned at 40 µm.
Cryosections were incubated with ice cold 50% ethanol for 30 minutes, followed by a
PBS wash for 3x5 minutes at 4°C. Blocking and permeabilization was performed with a
one hour incubation with 4% goat serum/1% Triton-X/PBS at 4°C. Slides were incubated
with primary antibodies in 0.4% goat serum/0.1% Triton-X/PBS at 4°C overnight. Slides
were washed with PBS 3x10 minutes. Incubation with secondary antibodies in 0.4% goat
serum/0.1% Triton-X/PBS was performed at room temperature for 2 hours. Slides were
washed with PBS 3x10 minutes and glass coverslips were mounted using Vectashield.
The following primary antibodies were utilized: goat anti-ChAT 1:125 (Millipore), goat
anti-VAchT 1:2,000 (Sigma-Aldrich), rabbit anti-GFP 1:1,000 (Invitrogen), rabbit antiIsl1 1:2,000 (Abcam), rabbit anti-Calb2 1:1,000 (Millipore), and rabbit anti-vGluT1
1:2,000 (Synaptic Systems).
Secondary antibodies were generated in donkey and conjugated to Alexa fluor dyes
(Invitrogen). Antibodies conjugated to Alexa fluor 488, 555, 568, and 594 were used at
1:1,000. Antibodies conjugated to Alexa fluor 647 were used at 1:400.
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Neuromuscular junctions (cryosections)
Muscles were cryosectioned longitudinally at 40 µm, followed by blocking and
permeabilization with 4% BSA/1% Tri-X for one hour. Cryosections were incubated with
rabbit anti-VAchT 1:16,000 (Covance) and TMR-conjugated BTX 1:200 (SigmaAldrich) overnight in 0.4% BSA/0.1% Tri-X. Slides were incubated with secondary
Alexa fluor 488 (Invitrogen) 1:1,000 in 0.4% BSA/0.1% Tri-X for two hours.
Neuromuscular junctions (whole mount)
Whole mount staining of neuromuscular junctions was performed as described previously
(Kariya et al., 2008). Muscles were dissected immediately following CO2 asphyxiation
and placed in -20°C methanol for 5 minutes. Muscles were then washed in ice cold PBS
and blocked in 3% BSA/0.3% Tri-X for 24 hours. Following PBS washes 3x10 minutes,
muscles were teased into thin myofibers and incubated with rabbit anti-neurofilament 160
kDa 1:1,200 (Millipore) and TMR-conjugated BTX (1:1,000) for 24 hours. Myofibers
were mounted with Vectashield and coverslips prior to imaging.
Imaging
Imaging of neuromuscular junctions was performed on a Nikon Eclipse TE2000-E
fluorescent microscope. Sections were scanned with a 20x objective.
Imaging of spinal cord immunohistochemistry was performed with a confocal
microscope (Leica SP5). Z stacks of 20 µm sections were obtained at 2 µm invervals with
a 40x objective. ChAT+ neuron quantification was performed blinded to genotype. Only
motor neurons with a visible nucleus were counted. For proprioceptive 1a afferent
quantification, Z stacks were reconstructed from 1 µm invervals.
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Motor neuron quantification
Experimental mice were transcardially perfused and fixed as described above. Brains and
spinal cord segments were cryosectioned at 20 µm. Sections were stained with goat antiChAT and secondary antibodies as described above.
For quantification of the motor V nucleus, the brain was divided along the midline into
two sagittal halves. One half was placed flat, embedded into OCT, and sagittal
cryosections were obtained. The motor V was identified based on characteristic
neuroanatomical location of ChaT+ motor neurons, confirmed by The Mouse Brain in
Stereotactic Coordinates atlas (Paxinos). Motor neurons were quantified in every 5th
cryosection. Only motor neurons with a visible nucleus were counted.
For quantification spinal cord motor neurons, the entire lumbar cord was embedded into a
single block of OCT, sectioned transversely, and stained with ChaT+. The lumbar
segments were identified based on the neuroanatomical divergence of the lumbar lateral
motor column around L1 rostrally, as well as the appearance of Onuf’s nucleus caudally.
The middle lumbar segments were divided based on rostrocaudal distance from these two
morphological areas. Motor neurons were quantified in every 5th cryosection. Only motor
neurons with a visible nucleus were counted.
Quantification of neuromuscular denervation
Cryosections were sampled evenly throughout the muscle, with section spacing
determined by the total size of the muscle. For larger muscles such as the masseter, every
3rd section was examined. For smaller muscles such as the extraocular muscles, all
sections were quantified. Images were processed with NIS-Elements 3.0 software (Nikon
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Instruments Inc.). Denervation was determined by examining the co-localization of
presynaptic VAchT staining with post-synaptic BTX. A denervated NMJ was defined as
having less than 33% occupancy of the motor terminal with BTX. If greater than 33% of
the terminal was occupied, the NMJ was considered innervated. For Calb2 experiments
innervation status based on occupancy was defined as follows: <33% denervated, 33-66%
partially innervated, >66% innervated.
Righting Reflex
Mice were placed directly on their back from the upright position and time to upright
position was assessed. Time was based on an average of three consecutive trials. Cutoff
time for test was 60 seconds. If mouse ceased efforts to right itself, the trial was
discounted. If mouse ceased efforts during more than one trial, the mouse was excluded
from data analysis. Time-to-right was only recorded if mouse was able to maintain
upright position for at least 5 seconds. Definition of upright included standing on all four
limbs; upright on only forelimbs was not counted. If not possible to place older wild-type
mouse on back due to its high motor dexterity, trial was counted as one second.
Retrograde labeling
P10 wild type mice were anesthetized with isoflurane (5 % induction, followed by 1 %
maintenance) until were unresponsive to toe pinch. Skin overlying muscle was incised
and cholera toxin subunit B (CTB) conjugated to Alexa fluor 488 was injected into
muscle with modified pulled glass electrode. Individual muscles were identified based on
Anatomy of the Laboratory Rat (Hebel & Stromberg, 1976). One to two microliters of
CTB, depending on muscle size, mixed with 0.5 µl of sterile luxol fast blue (for
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visualization) was injected into muscle. Injection site was irrigated extensively with PBS.
Skin overlying the muscle was closed with Vetbond and pups were returned to mom upon
recovering from anesthesia. Mouse spinal cord and brain was dissected rapidly following
sacrifice with CO2 and embedded in OCT on dry ice. Specificity of muscle injections was
ensured with fluorescent microscope. Mouse tissue from non-specific injections was
discarded.
Laser capture microdissection
PALM Membrane Slides (1.0 PEN; Zeiss, catalog # 415190-9041-000) were made
RNAse-free by incubating in a UV crosslinker on maximum power for fifteen minutes.
Fresh frozen tissue was cryosectioned onto membrane slides at 10 microns. Each
membrane slide was placed on dry ice immediately after filling each one and stored at 80°C until use. Fresh lysis buffer (Absolutely RNA Nanoprep kit; Agilent catalog #
400753) was prepared for each experiment by adding 0.7 µl of 14.2 M betamercaptoethanol per 100 µl of lysis buffer for a final concentration of 0.1 M. Forty µl of
lysis buffer (+bME) was pipetted into cap of 0.5 mL collection tube. Before laser capture
microdissection (LCM), individual slides were removed from -80°C/dry ice and
dehydrated with 95% ethanol for 15 seconds. Slide was allowed to dry for <30 seconds,
then loaded onto the Leica LCM machine (DM6000 B). Note: for very small motor pools,
dehydration step was skipped since this improved motor neuron visibility and reduced
background fluorescence. Since the very few motor neurons in these pools required
minimal LCM time, RNA degradation in non-dehydrated tissue did not occur.
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Individual motor neuron cell bodies, labeled with retrograde CTB, were isolated with the
LCM machine and collected into tubes. When sufficient RNA was collected (calculation
of RNA yield was based on total area captured), motor neurons were pooled together and
isolated with Absolutely RNA Nanoprep kit. DNase step was included in order to
increase RNA purity. Individual motor pools from 2-4 WT animals (depending on pool
size and yield) were pooled together in order to create a single biological replicate for
subsequent analysis. Thus on average, each motor pool was individually back-labeled and
isolated from six animals. These six RNA samples were split into two groups in order to
produce biological duplicates for each motor pool.
RNA integrity number (RIN) and amount of RNA was quantified with a Bioanalyzer
2100 (Agilent Technologies). At least 1 ng was collected for each motor pool, with a
range of 1.30 - 43.45 ng, depending on motor pool size, and an average yield of 8.3 ng.
The average RIN was ~7.
Microarray analysis
At least 1 ng of purified total RNA was amplified with the Ovation Pico WTA System
V2 RNA (Nugen, cat. #3303-12) amplification system. Amplification of >1 ng produced
at least 8 µg (average of ~10 µg) of cDNA for each motor pool replicate. Five
micrograms of cDNA for each replicate was fragmented and labeled with the Encore
Biotin Module (Nugen, cat. #4200-12). Hybridization onto the transcriptome-wide Mouse
Gene 1.0 ST Array (Affymetrix) was performed by Vladan Milijkovic at Columbia
University Medical Center. Microarray analysis was performed using the Affymetrix
Expression Console Software.
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In situ hybridization
Mice were anesthetized and intrapericardially perfused as described above. Tissue was
dissected, fixed post-perfusion, cryoprotected in 30% sucrose, and embedded in OCT as
also described above. In situ hybridization was performed on 20 µm cryosections from
brain and spinal cord. Primers were ordered from Invitrogen. Sequences were obtained
from GenePaint.org, the Allen Brain Atlas, or created using the ~500 nucleotide sequence
spanning the 3’ coding and UTR of a given gene. T7 sequence was added to the 3’
primer. Primer3 (MIT) and Primer-BLAST (NCBI) were used to confirm sequence
specificity. Riboprobe template synthesis was performed using standard PCR protocols.
In some cases, probes were generated off cDNA vectors from OpenBiosystems (Pde1c,
Id 5400689; Calb2, Id 4527074; Hgf, Id 8733977). Clones were cultured in LB with
appropriate antibiotics and isolated with Quiaprep Miniprep Kit (Quiagen). Clones were
linearized with restriction enzymes. Antisense RNA probes were synthesized off cDNA
templates with polymerase (T7 or SP6) and digoxigenin (DIG)-labeled UTPs. Successful
synthesis was confirmed by running RNA probes on agarose gel. In order to confirm
motor neuron-specific expression patterns, in situ hybridization to ChAT was performed
on a slide containing adjacent sections in parallel.
Power analysis
Power analysis was performed with G*Power version 3.1, with α of 0.05 and β of 0.2.
Standard deviation was determined by our experimental data, or data from the literature.
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Pharmacological experiments
S-(3,4)-DCPG and vinpocetine were purchased from Tocris Biosciences (Cat. 1302 and
0757, respectively). Vardenafil was purchased from Santa Cruz Biotechnology (Cat. Sc362054A). S-(3,4)-DCPG and vardenafil were dissolved in sterile water to desired
concentration. Vinpocetine was dissolved as follows 10 mg vinpocetine, 4 microliters
concentrated HCl, and 200 microliters DMSO. All compounds were serially diluted for
maximum tolerated dose (MTD) testing. Compounds were administered to pups PO by
allowing them to drink out of pipette tips. Any loss of weight or failure to gain weight
compared to control pups administered equal volume of water was considered a toxic
dose. Tolerated doses were subsequently administered three times per day to ensure
absence of toxicity at experimental dose frequency. MTDs were determined as follows:
vardenafil 13 mg/kg, S-(3,4)-DCPG 5 mg/kg, and vinpocetine 6 mg/kg. For experiments,
compounds were administered t.i.d. at 9:00 am, 2:00 pm, and 7:00 pm. Dosing was readjusted daily based on individual animal weight to ensure consistent dosing. Volume
administered per dose was approximately 2-5 microliters, depending on size of individual
pup.
AAV experiments
AAV vectors were generated by Virovek (Hayward, CA), including the following:
AAV6-CMV-GFP 1x10^14 vg/mL, AAV6-CMV-GFP 2.98x10^14 vg/mL, AAV9CMV-GFP 1x10^14 vg/mL, AAV9-CMV-GFP 2x10^14 vg/mL, and AAV9-CMVSynaptotagmin I-SV40pA 1x10^14 vg/mL. Plasmid containing pCMV5 full-length rat
Syt-1 was generously provided by Dr. Thomas Sudhof (Stanford). All vectors were
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vortexed for 10 seconds prior to use in order to reverse possible aggregation from high
titers.
Mice were injected at P0-P1. Following anesthesia by placing mouse in ice bath until
unresponsive to toe-pinch, 1 µl of sterile fast green dye was added to 3 µl of virus and
injected into the right ventricle with a 31-gauge insulin syringe (BD). Injections site was
approximately 1 mm posterior to the midline between the ipsilateral eyeball and lambda,
at an angle perpendicular to the skull. Injection depth was 2 mm. Success of injection was
confirmed by observing immediate diffusion of green dye to contralateral lateral ventricle
and third ventricle. Syringe was held in ventricle 10-15 s in order to let virus diffuse
within cerebrospinal fluid and minimize reflux through injection track. Pups were
returned to mother immediately after recovery on warming blanket.
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