
PhD Thesis  Randy Peterson  

i 

 

 

 

ROLE OF SONIC HEDGEHOG IN AMYOTROPHIC LATERAL SCLEROSIS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



PhD Thesis  Randy Peterson  

ii 

 

 

INVESTIGATION OF THE CYTOPROTECTIVE EFFECTS OF 

SONIC HEDGEHOG IN CELLULAR AND ANIMAL MODELS 

OF AMYOTROPHIC LATERAL SCLEROSIS  

 

 

 

BY  

RANDY PETERSON, Hons. BSc, MSc. 

 

 

 

A Thesis 

Submitted to the School of Graduate Studies in Partial Fulfillment of the 

Requirements for the Degree  

Doctor of Philosophy 

 

 

 

 

 

McMaster University 

©Copyright by Randy Peterson, January 2012 



PhD Thesis  Randy Peterson  

iii 

 

DOCTOR OF PHILOSOPHY (2012)                                               McMaster University 

(Medical Sciences)                                                                                   Hamilton, Ontario 

 

 

TITLE:  Investigation of the cytoprotective effects of Sonic hedgehog in    

cellular and animal models of amyotrophic lateral sclerosis  

 

AUTHOR:                   Randy Peterson, Hons. BSc. MSc. 

 

SUPERVISOR:           Dr. John Turnbull MD, PhD, FRCPC 

 

PAGE#:     xvii, 142  

 

 

 

 



PhD Thesis  Randy Peterson  

iv 

 

Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a fatal progressive neurodegenerative disease with no 

known cause. Despite the efforts of investigators over the past 150 years, there remains no 

effective cure which substantially prolongs life. Therapeutic strategies have explored all of the 

proposed underlying pathological pathways of the disease from increased oxidative damage to 

impaired axonal transport, with little to no success. In the following pages, a novel perspective 

will be presented outlining the preliminary investigations of a new line of research demonstrating 

that Sonic hedgehog (Shh) protein and its agonists have cytoprotective effects on motor neurons. 

To begin these investigations, initial experiments were conducted in vitro utilizing a mouse 

hippocampal cell-line (HT-22) which served as a model for transient transfection and oxidative 

challenge assays. The results are reported in Chapter 2. Building upon these introductory 

findings, further investigations were conducted exploiting the SOD1
G93A

 mouse model of ALS. 

Chapter 3 summarizes key observations pertaining to the abundance of a key cellular organelle in 

the sensing of Shh signalling, the primary cilium, in the spinal cord of SOD1
G93A

 mice. In 

Chapter 4, a semi-quantitative analysis of the effects of Shh and Shh agonists pre-treatment in 

vitro on primary mixed spinal cord cultures are described. Subsequent challenge with an 

excitotoxic NMDA treatment was also conducted, as well as an in vivo survival study exploring 

the potential therapeutic effects of chronic Shh administration on SOD1
G93A

 mice. The 

cumulative research presented here represents the very first investigation into the unique 

application of Shh and its agonists as potential therapeutic agents for the treatment of ALS, and 

our findings indicate that Shh has the potential of becoming a novel therapeutic agent for the 

treatment of ALS.  
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Aims of the Thesis 

The foundation for the research being presented here deals with the heretofore unexplored role of 

the developmental morphogen Sonic hedgehog in neuronal protection against cellular stress in 

the context of Amyotrophic Lateral Sclerosis.  

Our investigations had three major objectives: 

(i)       Establish proof-of-concept in a defined in vitro cell culture system;  

(ii)       Identify and survey for the abundance of primary cilia in primary mixed spinal cord 

cultures of wild-type and transgenic mice; 

(iii)       Elucidate if exogenous administration of Shh could prolong survival of transgenic 

animals and could also confer resistance to an applied excitotoxic challenge in 

primary mixed spinal cord culture. 
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Preface 

The research presented herein includes observations which have been previously 

published/prepared for submission for publication. As such chapters 2-4 represent three original 

scientific manuscripts which, as of January 2012, are in print or have been submitted. The work 

presented in each manuscript was a collaborative effort that involved several colleagues, and thus 

has resulted in multiple authors.  

 

Chapter 2: Peterson R, Turnbull J. Sonic Hedgehog is Cytoprotective against Oxidative 

Challenge in a Cellular Model of Amyotrophic Lateral Sclerosis. J mol.Neurosci. 

Oct.7, 2011. 

This work was conducted over the period of 2009-2010. I designed and conducted the 

experiments, analyzed and interpreted the data, and contributed to the writing of the manuscript. 

 

Chapter 3: Ma, X, Peterson R, Turnbull J. Adenylyl Cyclase type 3, a marker of primary 

cilia, is reduced in primary cell culture and in lumbar spinal cord in situ in G93A 

SOD1 mice. BMC Neuroscience 2011, 12:71 

 

These investigations were conducted from 2010-2011. All in vitro experiments were conducted 

and analyzed by me along with the establishment of the primary culture system. All in vivo 

experiments were designed by Dr. John Turnbull and conducted by Dr. Xioxing Ma. Data 

collection for these studies was conducted by Dr. X. Ma and analysis was completed 
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collaboratively by Dr. Ma and Dr. Turnbull. Manuscript preparation was collaboratively done 

among the three researchers. 

 

 

Chapter 4: Jiang F*, Peterson R*, Turnbull J. Sonic hedgehog reduces excitotoxicity in 

cultured mouse motor neurons and improves survival in the G93A SOD1 mouse 

model of ALS. Submitted PLOS neuroscience. (*These authors contributed 

equally to this work) 

 

This study was performed over the period of 2010-2011. I am responsible for all in vitro 

experimental design, data collection, analysis, and interpretation. I also contributed to the design 

of the in vivo experiments. In vivo experiments were conducted by Dr. Fan Jiang, along with data 

collection. Data analysis and interpretation was completed by Dr. Turnbull. Manuscript 

preparation was collaboratively done between me and Dr. Turnbull.   
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1) Neurobiology of Amyotrophic Lateral Sclerosis (ALS) 

1.1 Introduction 

ALS is a fatal progressive neurodegenerative disease, and is the most common form of adult-

onset motor neuron dysfunction. First described over 150 years ago by Charcot [1], it is known 

in North America as Lou Gehrig's disease and in Europe as Motor Neuron Disease (MND). Its 

hallmark is the death of specific populations of motor neurons located in the brain and spinal 

cord, which eventually leads to the paralysis of voluntary muscle [2].  

The reported incidence of ALS in North America is approximately 1-2 per 100,000; the 

prevalence is slightly higher at 4-6 per 100,000 [3]. Due to the relatively low number of reported 

cases in the general population, ALS has status as an 'orphan' disease. The risk of developing 

ALS during a person's lifetime demonstrates a gender bias, with men seemingly being more 

susceptible (1:350) compared to women (1:400). The average age of onset for the disease is 

between 58-63 years (sporadic form) and 47-52 years (heritable or familial version) [4]. 

The clinical manifestations of the disease are not uniform and show great heterogeneity. 

Therefore clinical definition of ALS is based upon the site of weakness and also depends on 

whether the upper or lower motor neurons are involved. The main clinical presentations of motor 

neuron disease include: a) disease onset in limbs, involving both upper and lower motor neurons 

(UMN and LMN, respectively); b) bulbar disease onset which presents with speech and 

swallowing impairments; c) disease onset with a purely UMN involvement; and d) pure LMN 

with progressive muscular atrophy [5]. Patients who present with bulbar-onset disease comprise 

25% of all cases, while 70% of cases are due to limb-onset ALS; the remaining 5% involve 

initial trunk or respiratory involvement [6].  
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UMN involvement leads to spasticity, weakness, and exaggerated deep tendon reflexes. By 

contrast, LMN involvement leads to muscular fasciculation, wasting, and weakness. Bulbar 

UMN degeneration results in spastic dysarthria and defects in speech. LMN bulbar dysfunction 

is characterized by tongue wasting, weakness, and fasciculations, and late onset dysphagia [7]. 

Fully 50% of all ALS patients succumb to the disease within 30 months of symptom onset, with 

20% of patients surviving between 5-10 years [8]. The prognosis for survival for patients with 

ALS is dependent upon the demonstrated symptoms, and age at the time of disease onset. 

Generally younger age is associated with longer survival. In all patients early respiratory muscle 

dysfunction and bulbar-onset disease are associated with shorter survival periods [8]. 

Currently, the only drug licensed for the treatment of ALS by the FDA is Riluzole. The 

effectiveness of the drug was determined in a randomized trial of approximately 900 patients, 

who took 50 mg twice daily [9]. Results from this study showed that the overall probability of 

survival after 1 year of treatment with the drug was 9% greater than placebo, which functionally 

translates to a life-span extension of 2-3 months. Given the relative ineffective nature of 

available treatment options, the best care for patients with ALS focuses on a multidisciplinary 

integrated approach involving a team of several health care professionals including neurologist, 

physiotherapist, occupational therapist, psychologist, dieticians, speech language therapist, and a 

respirologist [8].  
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1.2 Pathobiology of ALS 

1.2.1 Environmental Factors and ALS 

ALS has been widely accepted as a complex disease with a complicated aetiology likely 

involving both genetic and environmental factors. So far, epidemiologic studies have been able 

to conclusively link increased age, male sex, and smoking as risk factors for ALS [10]. Less 

certain are findings that suggest that agricultural work, along with exposures to such chemicals 

as pesticides, lead, mercury, and those used in the textile and plastics industries, are linked to 

increased incidence of ALS [11]. Recently, more controversial associations between ALS and 

military service and playing professional soccer have also been made [12].  

Rare geographical clusters of ALS have been linked on the island of Guam to the neurotoxin 

beta-methylaminoalanine (BMAA), which is derived from the cycad nut. This feature of the 

disease is part of the ALS Parkinsonism dementia complex (ALS-PDC). However, the pathology 

suggests that it is more closely related to a tauopathy rather than traditional ALS [13]. In 

addition, viral infection has also been investigated as an environmental risk factor. More 

recently, a number of cases of HIV infected patients have developed ALS-like syndromes [14]. 

Other viruses such as poliovirus (which selectively infects motor neurons) along with the 

discovery of both enteroviral and retroviral sequences in ALS patient tissues have contributed to 

the evidence for the possibility of viral involvement in ALS [15]. 

1.2.2 Genetic Mutations and ALS 

Studies of family pedigrees where ALS, and other motor neuron disease phenotypes, have been 

segregating have led to the identification of a number of disease associated genes. 

Approximately 5-10% of all reported ALS cases have a heritable genetic component with an 

autosomal dominant pattern of inheritance. This subsection of cases has thus been called Familial 
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ALS or FALS. By contrast, the majority of all reported cases of ALS have no clear cut heritable 

component and are called Sporadic ALS or SALS. Although genetically distinct, both FALS and 

SALS share common cellular pathological features, which suggest that there is a similar 

underlying disease-causing mechanism.  

To date, a number of different genetic mutations have been identified in ALS including 

deletions, insertions, and polymorphisms. Among these genetic defects the five most prominent 

are mutations in the Cu/Zn superoxide dismutase (SOD1) [16], alsin [17], senataxin [18], 

synaptobrevin/VAMP (vesicle-associated membrane protein)-associated protein B (VAPB) [19], 

dynactin [20], and most recently a newly discovered hexanucleotide repeat expansion in 

chromosome 9 (C9ORF72) which has been linked to ALS-FTD and has been identified in 46% 

of FALS cases and 21.1% of SALS cases reviewed in this study [21]. Alsin (coded by the ALS2 

gene) is comprised of 34 exons which encodes a protein which is 184kDa in size. The protein is 

found universally, and is particularly abundant in neurons where it locates to the cytosolic 

segment of the endosomal membrane [22]. The intracellular mechanisms in which alsin takes 

part, have not been fully uncovered, but it is known that one of its roles is to act as an exchange 

factor during endosomal trafficking [23]. A number of different mutations have been discovered 

in ALS2, the most recent being a homozygous missense mutation [24]. The majority of the 

mutations found within ALS2 have been predicted to produce a truncated form of the protein 

[17]. Protein truncation was found to be indicative of the resultant disease phenotype, with less 

truncated forms being correlative with milder disease presentations [17]. All mutations within 

ALS2 render the protein unstable, which would indicate that this form of ALS is due to a loss of 

native functionality [25]. 
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 Defects in the Senataxin (SETX) gene result in a juvenile form of motor neuron disease which is 

characterized by muscle weakness, and atrophy [26]. Patients struck with this form all display 

missense mutations in SETX, which codes for a 330kDa DNA/RNA helicase. Mutations in 

SETX have implicated changes in DNA/RNA processing as a possible pathogenic mechanism, 

and these have also been associated in two other heritable diseases; namely, spinal muscular 

atrophy and severe infantile distal spinal muscular atrophy with prominent respiratory 

dysfunction (SMARD).  

Mutations in the VAMP-associated protein B gene cause adult onset, autosomal dominant ALS 

and also an atypical ALS variant. The latter is slow to progress and involves tremors, but does 

not involve frontotemporal dementia [27]. VAPB has six exons and codes for a ubiquitously 

expressed 27.2 kDa protein, which is involved in vesicle transport within the cell. Another gene 

which has recently been associated with the atypical form of ALS is Dynactin. Mutations within 

this gene have been found to affect the p150 subunit, an integral component of the dynein 

complex that is responsible for the majority of axonal retrograde transport [20]. 

1.2.2.1 Superoxide dismutase 1 (SOD1) 

Most of the knowledge on ALS pathogenesis has been derived from studies based on animal and 

cellular models centering on mutant SOD1 protein expression. In its native wild type form, 

SOD1 is a ubiquitous cytosolic protein consisting of 153 amino-acids. It functions as a 

homodimer with each subunit binding to a single zinc and copper atom [28]. SOD1 converts the 

superoxide anion, which is a by-product of normal oxidative phosphorylation by the 

mitochondrion, to hydrogen peroxide via cyclical reduction/oxidation mechanism termed 

dismutation. Mutations in SOD1 (located on the long arm of chromosome 21) account for 
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approximately 20-25% of all reported FALS cases [16], with over 150 mutations having been 

identified along the entire length of the gene [29]. These mutations span all 5 coding exons and 

include 114 disease-related mutations, 6 silent mutations and 5 intronic variants.  

Of the reported mutations, the vast majority are classified as missense, but 12 mutations are non-

sense or deletions which produce a truncated form of SOD1. It has been found that most 

mutations do indeed reduce the dismutation action of SOD1. However there does exist a small 

minority of mutations that do not, and in those cases SOD1 retains its full enzymatic capacity 

[30]. There is still debate on whether there is a correlation between enzyme activity, clinical 

progression and disease characteristics [31].  

The most widely accepted view of how mutations in SOD1 cause disease is related to the fact 

that the mutant protein has a predilection for aggregation [32]. Mutations cause conformational 

change in the resultant protein, which increase instability leading to defects in proper folding and 

assembly of abnormal SOD1 dimers [33]. Aggregation of mutant SOD1 within the cytosol, and 

more specifically the endoplasmic reticulum (ER), of neurons represents a toxic gain-of-function 

of the protein. ER bound aggregates of mutant SOD1 have been found to inhibit proteosomal 

degradation [34].  

A consequence of impaired proteosome function is the aberrant association of mutant SOD1 

protein with other binding partners, such as mitochondrial membranes and other essential 

proteins, leading to disruption of normal cellular processing [35]. Although the pathogenic role 

of these mutant protein aggregates still remains to be fully understood, it is generally accepted 

that the beginning stages of oligomerisation constitutes a toxic event, while the aggregates 

themselves may be a latent by-product which are by and large inert [36]. 
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1.2.3 Animal Models of ALS 

1.2.3.1 SOD1 knockout mice 

The discovery of mutations within SOD1, in a subset of reported ALS cases, led to the 

development of various genetically engineered mice models. The initial approach was based on 

two observations: 1) the global distribution of SOD1 protein; and 2) early observations that 

patients heterozygous for SOD1 had erythrocytes with diminished reductase capacity [37]. This 

led researchers to hypothesize that the pathogenesis of ALS was mainly due to a loss-of-function 

of the native wild-type enzyme. Therefore SOD1 knockout mice were created. These knockout 

mice developed normally and did not display any motor abnormalities or disease characteristics 

resembling ALS [38].  Fully developed adult mice did however display a hypersensitivity to 

axotomy [38], ischemia [39, 40], and paraquat-induced toxicity [41].  Characterization of the 

knockout model proved that disruption of SOD1 was in itself insufficient to cause spontaneous 

motor neuron degeneration. However the SOD1 knockout mouse model may be relevant to age-

related peripheral axonopathy, involving denervation of muscle [42], muscle atrophy [43], and 

sarcopenia resulting in major locomotor deficiencies [44]. More recently, research has gone on to 

demonstrate a 50% drop in innervation of hindlimb muscle in 4-month old SOD1 knockout mice, 

which proceeds to complete denervation by 18-months [45]. These age-related 

neurodegenerative defects in the SOD1 knockout model suggest that complete loss of SOD1 

functionality can contribute to the pathogenic development of ALS in mutant mice.  

1.2.3.2 SOD1 Wild-type Transgenic Mice 

Prior to mutation in SOD1 being linked to FALS, the gene was implicated in Down syndrome 

(DS).  This disease is usually linked to the duplication of a number of genes on chromosome 21 

where SOD1 is located. Transgenic mice overexpressing wild-type SOD1 (SOD1
wt

) were first 
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reported in 1987 [46]. Although phenotypically normal initially, later in development they 

exhibited clinical features of DS [47]. Age-related neural degeneration in the spinal cord of 

SOD1
wt

 mice was observed. These aged mice also displayed axonal loss and motor neuron 

degeneration [48], along with a 40% loss in anterior horn cells in heterozygous mice at 600 days 

of age [49] and impairment of nerve regeneration after peripheral injury [50]. No lines of 

SOD1
wt

 mice however have died due to ALS-like symptoms, although animals do appear to 

undergo a sub-clinical loss of motor neurons [51]. Taken together, findings from studies of this 

transgenic model do indicate out that overexpression of SOD1 can cause some motor 

neurodegeneration.  

Studies using the aforementioned knockout technology and SOD1
wt

 models hinted at a biphasic 

model of SOD1 expression in relation to neurodegeneration, whereby SOD1 levels at both low 

and high extremes are potentially pro-oxidative and toxic [52]. Therefore intermediate SOD1 

expression levels are essential for the proper and long-term preservation of motor neurons and 

their functioning.  

1.2.3.3 SOD1 Transgenic Mice 

Once mutation linkage to FALS had been established, a giant leap in ALS research was taken 

with the creation of transgenic mice bearing the various reported human mutations in SOD1. 

These various transgenic mouse lines constitutively express mutant SOD1, typically involving 

12-15kb human genomic fragments encoding SOD1 driven by promoters and other endogenous 

regulatory elements [53]. To date, there are 12 different human SOD1 mutations expressed in 

mice, with 9 missense and 3 C-terminally truncated variants (reviewed in [47]). Although each 

separate transgenic line has its own unique biochemical features, the one common characteristic 
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among them all is fatality due to progressive paralysis, as in human disease. The demonstrated 

disease phenotype of SOD1 mutant transgenic mice points to a dominant gain-of-function 

pathway of pathogenesis for ALS [53].  

The most popular transgenic animal model in use today is the SOD1
G93A

 transgenic mouse line, 

followed by SOD1
G37R

, SOD1
G85R

, and SOD1
G86R

. These four models can be categorized as 

abundant and stable (SOD1
G93A

, SOD1
G37R

), or marginally expressed and unstable with little to 

no activity in case of CNS (SOD1
G85R

). SOD1
G93A

 mice develop hindlimb weakness and tremor 

at approximately 3 months of age which progresses to hyper-reflexia, paralysis and eventual 

death at 4 months of age [53]. Pathological features of the SOD1
G93A

 mouse include: 1) 

degeneration of the neuromuscular junction at 47 days of age; and 2), proximal axonal loss by 80 

days of age, accompanied by motor impairment and a 50% loss in lower motor neurons by 100 

days of age [54]. Based on these features, ALS can be loosely described as a distal axonopathy 

of the lumbar motor neurons [54]. The key pathological features of diseased spinal motor 

neurons include mitochondrial vacuolisation, Golgi apparatus fragmentation, neurofilament-

positve inclusion, and cytoplasmic SOD1 aggregates (reviewed in [47]). In addition, extensive 

microgliosis and astrocytosis is evident at disease onset [55], along with degeneration of cranial 

nerves such as the trigeminal, facial and hypoglossal [56].  

Initially several SOD1
G93A 

mouse lines were created and the first published line was labelled G1 

had 18 predicted transgene copies. This initial line was further divided into 2 subcategories, a 

high-copy variant termed G1H with 25 transgene copies and a low copy variety with only 8 

transgene copies called G1L [57]. The G1H line was imported into the Jackson Laboratory as the 

strain B6SJL-TgN(SOD1-G93A)1Gur [58]; the low copy variant is designated B6SJL-
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TgN(SOD1-G93A)1Gur
dl

.The clinical phenotype and disease progression of G1H and G1L are 

dependent on transgene copy number, with the high-copy variant developing early-onset 

symptoms associated with rapidly progressing disease and the G1L inducing a delayed disease 

onset and longer duration [47].  

Transgenic overexpression of the various human SOD1 mutations in mouse models, at 0.2 to 24 

fold protein and 0 to 14.5-fold enzyme activity levels, induces fatal motor neuron degeneration 

[59]. This indicates that the disease-causing pathway involves a toxic gain-of-function of mutant 

SOD1 protein which may be related to the level of protein over-expression but not to its native 

functioning as an antioxidant.  

1.3 Proposed pathogenic mechanisms in ALS 

1.3.1 Oxidative Stress 

 One of the initial areas of intense research was in the field of oxidative damage to motor 

neurons. Cumulative oxidative stress occurs over the normal life-span progression, and elevated 

oxidative damage in motor neurons of ALS patients is a key feature of the disease. Indeed 

several studies using post-mortem samples from ALS patients [60] have confirmed elevated 

biomarkers of increased oxidative metabolism.  

Mutations in SOD1 may alter the native enzymatic activity through either aberrant copper 

catalysis or improper metal binding. Speculation on defective enzymatic SOD1 functioning have 

been linked to alterations in the configuration of the active pocket that allows atypical substrates 

to interact with copper [61]. These atypical substrates may include peroxynitrite (which is a 

spontaneous product of superoxide and nitric oxide combining), or hydrogen peroxide (which is 

the native product released from the first step of the dismutase reaction catalyzed by SOD1). 
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These substrates may bind to mutant SOD1 and catalyze the nitration of tyrosine residues [62]. 

Alternatively, mutant SOD1 may lead to the improper binding of zinc which allows the rapid 

reduction of bound copper. When SOD1-bound copper is in its reduced state, it catalyzes the 

formation of the superoxide anion. This reaction is called 'backward catalysis' [63]. Reduced 

metal binding ability of mutant SOD1 may result also in an increase in free copper and zinc 

which can lead to neurotoxicity. 

Currently there is still ongoing debate on whether mutant SOD1-induced oxidative stress 

represents a pathogenic mechanism in ALS. The argument for oxidative stress damage is mainly 

derived from studies in the SOD1
G93A

 mouse model and from SALS patient samples [64]. On the 

other hand, studies using the SOD1
G37R

 mouse model yielded contradictory findings, with results 

showing no increase in oxidative biomarkers in spinal cord motor neurons [65].  Additional 

conflicting evidence was provided from a study where SOD1
G85R

 was co-expressed with 

SOD1
wt

. Here, there was no impact on age of onset, rate of progression, or survival [51]. 

Paradoxically, overexpression of SOD1
wt

 in various other transgenic models (i.e., SOD1
G93A

, 

SOD1
L126Z

, and SOD1
A4V

) resulted in accelerated onset of disease, which was attributed to 

increased formation of mitochondrial aggregates consisting of both mutant and wild type SOD1 

[66]. Collectively, these findings would not strongly suggest a role for increased oxygen-

mediated toxicity in the pathogenesis of motor neuron disease [67]. 

1.3.2 Aberrant Protein Aggregation 

Mutation in SOD1 produces conformational instability in the protein that results in the formation 

of intracellular aggregates. These aggregates have been found in the various transgenic ALS 

mouse models, as well as in a small number of human cases. These protein aggregates have been 



PhD Thesis  Randy Peterson  

13 

 

found to be ubiquitinated and immunoreactive to SOD1; they have been located in the neuropil 

of motor neurons and also in astrocytes [36]. Aggregates become evident by time of disease 

onset, and increase with its progression [35, 36]. 

Unlike wild-type SOD1, which forms a stable dimeric complex, mutant SOD1 oligomerizes 

forming a small cytosolic pore-like structure very much akin to some forms of β-amyloid 

proteins [68].  The key question with respect to protein aggregation is whether these complexes 

are indeed toxic or pathogenic. Preliminary studies in the transgenic rodent model revealed that 

there was indeed a link between the clinical phenotype of the disease and protein aggregation, 

which was proportional to the severity of the mutation [69].  

The underlying mechanism of toxic protein aggregation has been highly speculative. Many 

hypotheses have been put forth, including mediation of oxyradical formation, dysfunctioning of 

the proteosome, and protein sequestration [28].  Mutant SOD1 has been found to directly bind 

the chaperone family of heat-shock proteins (HSPs), specifically to HSP70, HSP40, HSP27 and 

αβ-crystallin [70]. This interaction may result in impaired chaperone activity, thereby 

exacerbating dysfunctional protein folding. Overexpression of HSP70 in several mutant SOD1 

models failed to affect either disease onset or survival. Surprisingly different HSP70 & HSP90 

expression was observed between the SOD1
G85R

 and SOD1
G93A

 models [71], suggesting that 

chaperone function was mutation dependent. Studies addressing protein aggregation and proper 

functioning of the proteosome revealed that modulation of ubiquitination was largely ineffective 

in the SOD1
G93A

 model [72]. To date, these and other studies have failed to make a causal link 

between aberrant mutant SOD1 protein aggregation and motor neuron degeneration in vivo. 
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More recently, transactivation response DNA-binding protein with a molecular weight of 43kDa 

(TDP-43) was identified as a major component of intraneuronal inclusions in SALS, mutant 

SOD1 FALS and in frontotemporal lobar degeneration (FTLD) [73]. TDP-43 is a 424 amino-

acid protein encoded by the TARDBP gene located on chromosome 1 [74]. TDP-43 possesses 2 

RNA-binding domains, and a glycine-rich region located at the C-terminal end which binds to a 

host of heterogeneous nucleoproteins (hnRNPs); it is more abundantly found in the nucleus than 

in the cytoplasm. The exact molecular function of TDP-43 is incompletely understood, but it is 

implicated in RNA processing, stabilization and transport [75]. There have been over 25 

mutations found in TARDBP, which are principally missense mutations primarily located in the 

C-terminal portion of the protein [76]. TARDBP mutations in ALS are rare and only account for 

5% of all FALS cases and only 1% of all ALS [77].  

In the past three years, major interest in TDP-43 has been related to the fact that the wild-type 

TDP-43 protein has been found within inclusions in the majority of SALS patients [73]. Mutant 

TDP-43 (TDP-43
mutant

) are mislocated, ubiquitinated, abnormally processed, or 

hyperphosphorylated [75]. In contrast to wild-type TDP-43, mutant varieties of TDP-43 are 

mainly localized to the cytoplasm, and also appear to be depleted within the nucleus [78]. These 

observations suggest that nuclear depletion results in failure of normal RNA metabolism possibly 

resulting in abnormal RNA splicing. One study did find that wild-type TDP-43 does interact with 

neurofilament-light (NF-L) mRNA, which has been implicated in the pathogenicity of ALS [79]. 

Abnormal processing of TDP-43 has been found in a study of FTLD/ALS [80] and results in the 

accumulation of the small molecular weight species of 25kDa consisting of the C-terminal 

fragment of the protein. Expression of the C-terminal fragment in vitro leads to aggregate 

formation, but the exact mechanism and its implication for pathogenicity are yet to be 
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determined [81]. Overexpression of TDP-43
mutant

 in mice resulted in degeneration of both spinal 

and cortical (layer V) neurons, which contained the aforementioned ubiquitinated inclusions and 

leads to a loss of upper and lower motor neurons [78]. 

While research into TDP-43, its mutant forms and their role in ALS and FTLD is still in its 

infancy, it marks a significant gain in our understanding of the disease. Their discovery has 

introduced impaired RNA processing as a possible pathogenic cause of these diseases; it also 

represents a key finding in SALS pathology. Interestingly TDP-43 was not found in the vast 

majority of mutant SOD1 FALS cases [82]. Finally it appears that TDP-43 may play a similar 

role as α-synuclein in Parkinson's disease and amyloid precursor protein in Alzheimer's disease. 

Mutations in these diseases are also rare, and mutant protein inclusions are evident in each. More 

recently still, mutations in another protein, fused in sarcoma/translated in liposarcoma 

(FUS/TLS) with TDP-43 like DNA/RNA binding functions has been linked to FALS [83]. 

1.3.3 Excitotoxicity 

Glutamate, which is released from the presynaptic neuron, is the main excitatory 

neurotransmitter in the CNS. Glutamate binds to receptors on the post synaptic neuron which, in 

turn, causes the influx of sodium and calcium. Under usual conditions the influx of these ions is 

very tightly regulated; in a diseased state however, an increase in synaptic glutamate levels or 

elevated sensitivity of the postsynaptic neuron to glutmatergic stimulation can lead to neuronal 

death. This process is called excitotoxicity. The key receptors involved in this pathological 

pathway are the N-methyl-D-aspartic (NMDA) and the α-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid (AMPA) types [84]. 
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The excessive glutamate induced stimulation of post-synaptic NMDA and AMPA glutamate 

receptors results in the massive influx of calcium into motor neurons [84]. Motor neurons are 

especially sensitive to excitotoxicity for two main reasons: 1) the abundance of calcium-

permeable AMPA receptors; 2) the relatively low quantity of calcium buffering proteins such as 

parvalbumin and calbindin [85]. This diminished capacity to buffer calcium can trigger calcium-

activated processes and downstream release of effector molecules such as proteases, nuclease 

and lipases [86].  

AMPA receptors have been crystallized and are composed of a tetrameric complex of 4 subunits 

(GluR1-4), with calcium permeability being dictated by the GluR2 subunit. The presence of the 

GluR2 subunit renders the AMPA channel impermeable to calcium. Motor neurons express the 

GluR2 subunit at a relatively low level, which functionally translates to higher calcium 

permeability and increased sensitivity to excitotoxicity [87]. The GluR2 subunit mRNA is 

heavily edited, and there is some suggestion that normal mRNA processing is altered in ALS. 

The importance of the GluR2 subunit was demonstrated in SALS patients, for whom the GluR2 

mRNA was aberrantly spliced [88]. This resulted in increased calcium permeability of the 

AMPA receptor, and ultimately increased susceptibility to excitotoxic cell death.  Indeed, further 

studies into GluR2 subunit modulation revealed that deletion of the GluR2 encoding gene in 

mutant SOD1 mice accelerated motor neuron degeneration resulting from increased calcium 

influx [89], while its overexpression provided protection for motor neurons which translated to 

increased life span [90].  

Increased calcium buffering, via overexpression of calcium binding proteins such as parvalbumin 

and calbindin, leads to higher resistance of cultured motor neurons to excitotoxicity [91, 92]. 
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Spinal motor neurons express these proteins in low amounts and are particularly vulnerable to 

excitotoxicity, while motor neurons which are spared during ALS progression have been found 

to express both [85]. The functional outcome for calcium-binding protein-deficient motor 

neurons is increased stress on the mitochondria. This leads to depolarization and the increased 

production of reactive oxygen species [93].  

In mutant SOD1 animal models, as well as in patient samples, elevated levels of extracellular 

glutamate have been detected [94, 95]. The main receptor responsible for clearance of the 

synaptic cleft from excess glutamate is the EAAT2 glial transporter (also called GLT-1). In both 

patients and rodent models of ALS, levels of this glutamate transporter have been reported to be 

diminished [96, 97]. Interestingly, mutant SOD1 was found to damage the C-terminal portion of 

EAAT2 indirectly by triggering its cleavage by caspase-3 [98]. Axonal-loss, a hallmark of ALS, 

also resulted in decreases in EAAT2 expression in astroglia [99]. Pharmacological upregulation 

of the EAAT2 transporter, via the β-lactam antibiotic ceftriaxone, resulted in an increased life 

span of mutant SOD1 mice. This indicated that increased clearance of the synaptic cleft has a 

beneficial effect and can protect motor neurons during disease progression in the mouse model 

[100]. Thus in addition to GluR2, dysfunctional EAAT2 activity can contribute to the pathogenic 

mechanism of excitotoxicity.  

1.3.4 Mitochondrial Dysfunction and Apoptosis in ALS 

Evidence for the role of mitochondria in ALS pathogenesis was reported from a subset of SALS 

patients who had abnormal mitochondrial morphology in both skeletal muscles, and in 

intramuscular nerves [101, 102]. In these cases, further biochemical characterizations revealed 

defects in the respiratory chain complexes I & IV in muscle [103]. Increased intra-mitochondrial 
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calcium in both the muscle and spinal cord also occurred and aberrant mitochondrial morphology 

was evident in the various mutant SOD1 mouse models. These mitochondria were vacuolated, 

which was a consequence of a detachment between the inner and outer mitochondrial membrane 

[104]. Misshapen mitochondria were found to increase in number and the severity of 

vacuolization also worsened with disease progression [105].  

Support linking mitochondrial dysfunction and mutant SOD1 has come from in vitro cell culture 

of neuronal cell-lines and primary motor neurons, where there is mitochondrial depolarization, 

impaired calcium homeostasis, and impaired ATP production (reviewed in [106]). There is still 

much debate about the exact role mutant SOD1 plays in mitochondrial dysfunction. Certain 

reports suggest that mutant SOD1 can block mitochondrial protein import channels [107], and 

that overexpression of stable mutant SOD1 (SOD1
D90A

, SOD1
G93A

) disrupts normal intracellular 

radical chemistry that leads to aberrant mitochondrial uptake of mutant SOD1 [108]. 

Interestingly, unstable mutant variants (SOD1
G85R

 and SOD1
G127X

) were not taken up by the 

mitochondria in this study.  

One key pathological pathway which is triggered by mitochondrial stress is apoptosis. In both 

human and SOD1 mutant mice, biomarkers of apoptosis are discovered during the late stages of 

the disease (reviewed in [109]). Mutations in SOD1 were thought to convert it from an anti- to a 

pro-apoptotic protein. Indeed cultured neurons which ectopically expressed mutant SOD1 

succumbed to apoptotic death [110, 111].  Mutant SOD1 association with mitochondrial 

membranes that leads to pore formation may also potentiate the release of cytochrome C, which 

in turn triggers the intrinsic apoptotic cascade [112]. Mutant SOD1 appears to sequentially 

trigger activation of apoptotic effector caspases (CASP). In the SOD1
G85R

 mouse, there is early 
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activation of CASP1, which appears months prior to both CASP3 activation and clinical disease 

onset [113]. CASP3 is naturally found in motor neurons and in astrocytes, where it directs 

cleavage of astroglial EAAT2 [114]. Mutant SOD1 interaction in this pathway provides evidence 

for a link between two pathological pathways in ALS, namely excitotoxicity and apoptosis.  

SOD1
G93A

 mice exhibit activation of CASP7, which has also been found to coincide with onset 

of disease [115]. Indeed, there seems to exist a hierarchical cascade of caspase activation in this 

mouse model beginning with cytochrome C translocation into the cytosol. The latter triggers 

CASP9, followed by CASP1; they precede triggering of CASP3 and CASP7 [115]. Further 

studies seeking to achieve total caspase inactivation revealed that its inhibition via ectopic p35 

expression had little effect on survival [116]. 

In addition to indirect triggering of apoptosis via activation of caspases, mutant SOD1 was found 

to bind and sequester the anti-apoptotic protein BCL-2 [117]. Binding of BCL-2 by mutant 

SOD1 results in a detergent insoluble inclusion which renders BCL-2 non-functional. These 

BCL-2/mutant SOD1 complexes are toxic to the cell and can trigger apoptosis. In contrast, 

neuronal overexpression of BCL-2 in SOD1
G93A

 extended lifespan, and also resulted in partial 

motor neuron rescue [118]. Further, genetic deletion of pro-apoptotic proteins Bax/Bim resulted 

in increased survival in mutant mice; it did not rescue lost muscle innervation, suggesting that 

distal synaptic dysfunction is sufficient for lethal mortality in mice [119].  

1.3.5 Neuroinflammation 

Once the apoptotic cascade has been initiated, secondary cellular events in the spinal cord come 

into play which serves to intensify disease progression. These include activation of the resident 

immune cells such as microglia and T cells, which produce pro-inflammatory factors and 
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cytokines such as interleukin 1β, cyclooxygenase 2 (COX2) and tumour necrosis factor-α 

(TNFα). These discoveries have revealed that motor-neuron death is not cell autonomous, with 

other cells contributing to disease progression. The first evidence of non-neuronal involvement 

came from mice studies in which mutant SOD1 expression was limited to motor neurons. These 

animals failed to develop disease-like symptoms or mortality [120]. Subsequently, other studies 

seeking to selectively express mutant SOD1 in a cell-restricted manner resulted in similar 

findings (i.e., no classical ALS phenotype being exhibited) [121, 122]. Taken together, these 

investigations clearly indicate that the effect of mutant SOD1 expression is not limited to motor 

neurons and that motor neuron degeneration involves multiple other cell types.  

Mutant SOD1 expressing motor neurons surrounded by wild-type non-diseased cells had 

increased survival in chimeric mice [123]. Similarly, decreasing the expression of mutant protein 

in selective cell types slowed disease progression (reviewed in [124]). Although these findings 

demonstrated that restricting mutant SOD1 expression to just one cell type was favourable, they 

were not capable of delineating the role each cell type had in disease progression.  

Astrocytes are the main macroglial cell-type within the CNS. Their main function deals with 

uptake of glutamate from the synaptic cleft, and also as the major cytotrophic provider to motor 

neurons [125]. Astrocyte participation in ALS was first shown in both patients and animal 

models which involved a decreased expression of EAAT2 [126]. Primary culture experiments 

showed that mutant SOD1 expressing astrocytes were neurotoxic to motor neurons [127]. 

Grafting wild-type lineage-restricted astrocyte precursors into the cervical spinal cord of 

SOD1
G93A

 rats prolonged survival [128]. Along these lines, an astrocyte-centric therapeutic 

strategy focusing on boosting antioxidant defences was implemented and it showed that 
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overexpression of the transcription factor Nrf2 was able to extend survival in the SOD1
G93A

 

mouse model.  

Microglial cells are the resident CNS immune cells. Under normal physiological conditions, they 

actively survey the environment for foreign antigens. Once these cells have been activated, their 

response depends on the nature and length of the stimulus. Microglial activation results in either 

cellular proliferation or phagocytosis, along with the release of such factors as neurotransmitters, 

pro-inflammatory cytokines, reactive oxygen species, anti-inflammatory cytokines, and 

neurotrophic factors [129].  Microglial activation and proliferation is a hallmark of post-mortem 

ALS tissues, and coincides with increased expression of cell surface markers such as major 

histocompatibility complex (MHC) antigens I & II, integrins and reactivity to immunoglobulins 

[130]. These findings represented end-stage microglial involvement of pathology and did not 

elucidate the role of microglia in the progression of the disease. Evidence for a role of these cells 

in disease progression was subsequently explored in various studies in mutant animal models 

(reviewed in [124]). Others used radiolabelled ligands and PET imaging to demonstrate that 

activated microglia are widespread in both the motor (cortex, and pons) and the extra-motor 

(dorsolateral prefrontal cortex and thalamus) regions of live ALS patients [131]. 

Activated microglia and astrocytes produce reactive oxygen species (ROS), which have been 

shown to upregulate the expression of inducible nitric oxide synthase (iNOS). This occurs early 

in the pre-symptomatic stage of ALS [132] and constitutes a marker of increased oxidative 

stress. Primary culture studies revealed that mutant microglia produce more nitric oxide (NO) 

than wild-type microglia, and are also more toxic to motor neurons. This toxicity was abrogated 

with the addition of an iNOS inhibitor [121, 133]. Microglial cells also produce superoxide ions 
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via the NADPH oxidase enzyme [134]. During disease progression, this enzyme is upregulated 

in the spinal cord resulting in increased ROS production. The latter contributes to the pathology 

of neurodegeneration through oxidative damage of proteins [135]. Deletion of NADPH oxidase 

activity in a SOD1
G93A

 model resulted in significantly increased survival [135]. Apocynin, a 

NADPH oxidase blocker, was also shown to prolong survival by 100 days when given in the 

drinking water of low-copy number SOD1
G93A

 mice [136]. These results proved exciting, but 

further investigation revealed that when apocynin was administered after disease onset the 

outcome was not as striking.  

As mentioned previously, pro-inflammatory factor production is coupled to microglial activation. 

One such signal is TNFα, which is a potent cytokine with direct toxic effects on motor neurons, 

astrocytes, and microglia. Levels of TNFα were shown to be elevated in both the blood and 

plasma of ALS patients [137, 138]. Elevated TNFα mRNA along with protein levels were found 

in pre-symptomatic SOD1
G93A

 mice, which correlated directly with disease progression [139]. 

Primary microglial cultures isolated from SOD1
G93A

 mice showed increased TNFα production 

when activated by lipopolysaccharide (LPS) [140]. A closer inspection of the role TNFα has in 

ALS was undertaken by researchers who crossed mutant SOD1 models and TNFα-deleted mice 

[141]. The results of this particular study showed that neither axonal degeneration nor activation 

of astrocyte and microglial cells were attenuated due to the lack of TNFα. This suggested that 

TNFα is not a key factor in motor neuron degeneration caused by FALS, but perhaps more of a 

modulator of disease. In accordance with these results clinical trials of the TNFα inhibitor drug 

thalidomide were conducted, but they failed to improve symptoms or mortality of ALS patients 

[142]. 
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In addition to the pro-inflammatory response exhibited by diseased microglia, there is a 

concurrent decrease in the expression of anti-inflammatory and trophic factors. One of these key 

trophic factors is insulin-like growth factor 1 (IGF-1). SOD1
G93A

 primary microglia in culture 

have been shown to produce less of this factor when compared to wild-type microglia even after 

activation via LPS [133]. It was also shown that IGF-1 has anti-inflammatory properties by 

inhibiting the release of TNFα and nitrous oxide (NO), along with neuroprotective action on 

motor neurons and astrocytes which express mutant SOD1 [143]. 

Cellular communication between motor neurons and microglia is vital in the normally 

functioning CNS. Therefore, diseased motor neurons can trigger activation of microglia, 

initiating the inflammatory cascade. Damaged neurons release ATP which activate microglia via 

binding to the P2 purinergic receptor, which in turn activates the inflammatory response [144]. 

Activation of these inflammatory receptors translates into increased production of TNFα and 

COX-2 by mutant SOD1-expressing microglia [145]. These receptors were also found in great 

abundance on the surface of microglia and macrophages in spinal cords from ALS patients [146]. 

Mutant SOD1 itself activates microglia once it has been secreted from diseased motor neurons. 

This egress from motor neurons is facilitated by its interaction with the chaperone-like factor 

chromogranin A (CgA) [147]. Both CgA and CgB were found to co-localize with mutant SOD1 

within motor neurons, but not wild-type SOD1 in ALS mice. Secreted mutant SOD1 activates 

microglial cells by binding to the CD14 receptor [148].  
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1.3.6 Impaired Axonal Transport and ALS 

Reduced axonal transport is yet another pathological feature of ALS. First demonstrated in 

patients with the disease [149], and it was subsequently observed in the various transgenic rodent 

models [150]. Axonal transport is vital to the normal functioning of neurons and is responsible 

for the movement of molecules and organelles within the axon. Many axonal proteins are 

synthesized within the cell body (or soma), and then transported in an anterograde manner along 

the axons towards the synapse. On the other hand, peripheral trophic factors and 

neurotransmitters must be transported in a retrograde manner from the synapse to the soma. The 

protein complexes responsible for the movement of cargo within the axons are kinesin and the 

dynein-dynactin complexes.  

Prior to disease onset in the SOD1
G93A

 model anterograde transport was found to be slowed, and 

this amplified disease progression. These defects were not only restricted to anterograde 

transport as retrograde movement was also disrupted [151, 152]. The molecular basis for this 

impairment is not yet fully understood, but researchers have suggested that aggregations of 

neurofilaments (spheroids) might hinder the normal transport [149]. Diminished retrograde 

transport in ALS has also been linked to the disruption of dynein function [153]. Anecdotal 

evidence from other motor neuronal disorders in which perturbations in the structure and 

function of the proteins responsible for transport are causative suggest that this may also be the 

case in ALS. Induced mutations within the dynein gene in the SOD1
G93A

 model paradoxically 

improved symptoms; they also relieved the slowing of axonal transport [154, 155]. This 

surprising finding led researchers to suggest that some cytotoxic feature of mutant SOD1 

requires dynein-based transport along the axon.  
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Although evidence for impaired axonal transport as a key pathological pathway is somewhat 

contradictory, support from other neurodegenerative diseases (e.g., Huntington's disease) 

indicate that impaired trafficking along the axon can lead to motor- neuron degeneration. Cell-

culture studies of the effects of the Huntington's relevant proteins huntingtin and presenilin 1 

showed that mutations in each resulted in impaired axonal transport [156, 157]. Additional 

evidence for the importance of proper axonal transport came from the wobbler mouse model. 

Mutations in a vesicular sorting protein leads to nerve degeneration [158], a finding also 

implicated in a human pedigree study of frontotemporal dementia [27]. 

1.4 Emerging Therapeutic Treatment in ALS  

Over the course of the 150 years since ALS was first described, there have been many 

pathological pathways implicated or suggested as causing disease. The diversity of these 

etiologies suggests that, as with FALS, ALS might best be considered a syndrome rather than a 

unique disease. The one common feature is the overall disease phenotype (with exceptions in 

disease progression and prominence of affected motor neurons). Over 150 different compounds 

and diverse therapeutic strategies have been tested in the various mouse models of ALS. These 

include: 108 pharmacotherapies, 14 gene therapies, 9 cell transplantations, 3 immunisations and 

7 dietary regimens [47]. Unfortunately however, treatments which had shown promise in 

prolonging the lifespan in animal models failed to recapitulate the same effect in humans [159].  

The reasons for this apparent failure are multiple, but may in part be due to critical differences 

between the mouse models and human disease. For example, SOD1 overexpression resulting 

from multi-transgene copies does not closely resemble the genetic state in humans. The obvious 

differences in neuroanatomy, pharmacokinetics, and pharmacodynamics also need to be 

considered [160].  
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In addition to these intrinsic differences, problems with how drug trials have been designed and 

structured also contributed to the failure in finding a cure. Meta-analysis of a number of ALS 

drug trials in mice revealed that most were underpowered (small sample size) and confined to the 

presymptomatic stage of the disease for treatment administration which is the least relevant to 

the real-life clinical setting [160]. Future animal trials of promising therapeutics will need to take 

into considerations such factors as gender, genetic background, transgene copy number, disease 

onset and endpoint, and litter matched wild-type controls [161]. The following section 

summarizes some of the advances made in therapeutic development, and is organized by the 

primary action of the drugs.  

1.4.1 Anti-oxidants 

Generally speaking, the administration of various anti-oxidants (such as catalase, putrescine-

modified catalase, ginseng, and vitamin E) in mice all delayed onset of ALS signs, but failed to 

have a significant effect on survival [162-164]. Other compounds such as NOS inhibitors (e.g., 

creatine, red wine, and SOD1/catalase mimetics) were able to extend survival but not age of 

onset. A number of other anti-oxidants (celastrol, green tea, and Neu2000) were able to both 

delay age of onset and extend survival. One very promising compound is Mn-porphyrin. When 

given at symptomatic onset of disease this agent was able to very significantly increase survival 

[165]. This class of compounds have underlined the hypothesis that oxidative stress may be an 

important initiating factor in ALS and that they demonstrate some utility as a treatment in the 

SOD1 animal models. By and large, when studied this group of drugs has failed to exhibit 

significant efficacy in human trials.  
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1.4.2 Anti-glutamatergics 

This class of compounds focuses mainly on reducing the toxic effect of increased glutamate in 

the synaptic cleft, and has consistently resulted in extension of survival in animal models without 

a concurrent increase in age of onset. To date, the only US FDA approved drug for treatment of 

ALS is the anti-glutamatergic, riluzole. The effects of riluzole are moderate, increasing survival 

of patients in a phase 3 trial by only 2-3 months [166]. However, other compounds similar in 

action to riluzole (such as talampanel, memantine, topiramate, lamotrigine, gabapentin, and 

ONO-2506) all have resulted in no beneficial effects in human trials (reviewed in [167]). 

Increased expression of the glutamate transporter EAAT2 by the β-lactam antibiotic Ceftriaxone 

was associated with increased survival and elevated EAAT2 mRNA levels [100].  This 

compound is in clinical trials in the USA and Canada [168]. 

1.4.3 Anti-aggregates 

Strategies which target the toxic gain-of-function of mutant SOD1 aggregates or other putative 

aggregates focus on upregulating the intrinsic molecular chaperone family of proteins, and in 

particular the heat shock proteins. Arimoclomol is a compound which has proved to be able to 

increase the expression of both HSP70 and HSP90 proteins. This upregulation resulted in a 

cytoprotective effect which could prevent motor neuron degeneration [169].  In animal studies, 

arimoclomol delayed disease progression and was also able to extend survival by 22% [170]. 

Initial phase-I human trials proved the drug was safe, and that it crossed the blood-brain barrier 

readily [171]; and further trials are underway [172].  
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1.4.4 Anti-apoptotics 

Therapies designed to interfere with the intrinsic apoptotic cascade have shown their primary 

efficacy on disease endpoint, with little effect on onset or progression. Several animal model 

studies demonstrated that anti-apoptotic compounds were able to decrease mortality and in 

certain cases, were also neuroprotective. On the other hand, some compounds (valproate) have 

shown no beneficial effect on neuropathology (reviewed in [47]). Taken together, the overall 

consensus on the utility of anti-apoptotics for the treatment of ALS is that they would not 

provide a major therapeutic benefit.  

1.4.5 Mitochondrial enhancers 

Compounds such as creatine and minocycline, which have been reported to improve 

mitochondrial functioning in the SOD1 model, have been disappointing in human trials [173]. 

This reported failure may have been attributable to poor bioavailability and improper dosing. A 

second trial of creatine utilizing several doses discovered that administration of 30 mg daily 

resulted in increased brain creatine concentrations, and lower glutamate concentrations [174]. A 

phase-II clinical trial of creatine at this dose is planned for 2011. A mitochondrial pore 

modulator named olesoxime, which was initially discovered in a large screen of 40,000 

compounds, also showed efficacy in animal models [175].  It is currently being tested in a phase-

II/III study in Europe [176]. The oxidative stress reducer dexapramipexole is a dopamine 

agonist, which has been used for the treatment of Parkinson's disease. This drug was also shown 

to extend survival of SOD1 transgenic mice [177]. Results of a phase-II study showed that 

dexapramipexole was well tolerated, safe, and those higher doses were able to slow motor 

decline [178]. 
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1.4.6 Neurotrophic factors 

One of the most surprising and disappointing developments in ALS therapeutics has been the 

failure of neurotrophic factors to provide benefit in humans. Several different growth factors, 

which initially showed promise in animals failed to show the same results when tested in clinical 

trials (reviewed in [47]).  Researchers have postulated that the failure of these factors may be 

based on a number of physiological properties (such as bioactivity, bioavailability, therapeutic 

dose, and immunodynamics). Administered systemically these factors become foreign antigens 

and elicit neutralising-antibody production, which in turn limits their functionality.  

1.4.7 Gene therapies 

These DNA approaches for the development of treatments for ALS are described below based on 

their method of delivery, and encompass 4 non-viral and 11 viral mediated platforms.  

1.4.7.1 Non-viral mediated delivery 

A number of studies have been conducted in which DNA plasmids, small interfering RNA 

(RNAi), or short peptide chains were delivered locally via electroporation or systemically by 

injection into transgenic SOD1 mice (reviewed in [47]). None were able to rescue animals from 

disease [179]. These non-viral approaches also have to deal with the same immunoreactive 

processes that systemically administered neurotrophins elicited and are generally viewed as 

being less efficacious than viral strategies.   

1.4.7.2 Viral mediated delivery 

The recent use of viral platforms has utilized retrograde delivery of viral vectors to deliver their 

therapeutic factors directly to their target tissues from peripheral sites of injection. These viruses 

have been genetically engineered to evade the immune response, and specifically transduce 
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target cells in the CNS with great efficiency. A number of different neurotrophic factors, along 

with various gene-silencing motifs, have been delivered by viruses and these studies have 

produced some exciting results. Intramuscular injection of viral-encoded neurotrophic factors 

such as cardiotrophin-1, GDNF, IGF-1, and VEGF all had significant beneficial effects on 

survival and onset of disease (reviewed in [47]). These studies demonstrated that sustained and 

prolonged delivery of these factors locally to the disease affected area significantly rescued ALS 

neurodegeneration. Lentiviral-mediated delivery of RNAi targeting mutant SOD1 dramatically 

slowed disease symptoms [180, 181].  

These initial studies have highlighted the utility of viral-mediated delivery in therapeutics and 

offer great promise for future clinical trials. However, there are still many technical issues 

concerning safety and site of administration which have to be addressed. Also, many of these 

approaches targeting genetic defects only deal with SOD1-FALS, and may not necessarily be 

applicable to the majority of ALS cases.  

1.4.8 Stem-cell therapy 

Stem-cell-based approaches focus on the replacement of dying cells with stem-cell progenitors. 

In theory these cells then repopulate the target tissue and recapitulate the action of the diseased 

cell(s), or protect surviving ones. Recently, with production of pluripotent stem cells from skin 

fibroblasts, the troubling ethical issues related to the use of embryonic stem cells has been 

resolved. This new field of therapeutics has offered new hope to many patients afflicted with 

various degenerative diseases; indeed stem-cell therapy has been heralded publicly as a cure-all 

approach to sickness.  Although many studies have demonstrated that pluripotent stem cells from 



PhD Thesis  Randy Peterson  

31 

 

various sources can differentiate into motor neurons, their ability to replace dead motor neurons 

and reinnervate their target muscle is yet to be determined [182]. 

One study demonstrated that after direct spinal cord injection of stem-cell derived motor neurons 

the introduced cells were able to extend axons towards target muscle tissues. This resulted in 

improved limb function [183]. This preliminary study highlighted the efficacy of this strategy, 

but the functional relevance to patients with ALS is questionable given the rate of progression of 

the disease. Further, the length of the motor axon in the human would complicate reinnervation 

in humans compared to rodents. Other studies have gone on to inject stem-cells via different 

routes (intrathecal, intravenous, intrathoracic, intracervical, and cortical) directly into ALS 

patients, with some positive therapeutic effects (reviewed in [167]).  

These initial pilot studies involved a relatively small number of subjects, who displayed 

heterogeneity of disease severity; they also lacked proper control groups. Assessment of post-

mortem tissue from these patients would also have indicated how successful cell-implantation 

and engraftment were. Therefore the results of these investigations must be viewed with caution.  

While promising, several issues still need to be addressed in terms of the application of stem-cell 

therapy in ALS treatment. Clarification of parameters such as optimum cell type and number, 

dosing frequency, and location of administration still need to be rigorously tested before stem-

cell therapy can be considered a viable treatment option.   

1.4.9 Immunomodulatory therapies 

Pharmacological approaches which focus on attenuation of the neuroimmune response in ALS 

have been partially successful to date; they increase survival, and delay onset in rodents. A 

number of different pharmacological compounds (COX2 inhibitors, cyclosporin, lenalidomide, 
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thalidomide, sulindac) which suppress neuroinflammation were able to prolong life (reviewed in 

[47]). In addition, other compounds such as GSK3 and MMP9 inhibitors were shown to be 

beneficial to mice when administered prior to symptom onset [184, 185]. These various studies 

have been the basis of the consensus that the immune system participates in motor-neuron 

degeneration in ALS. As with other agents why these anti-inflammatory drugs fail in human 

clinical trials is still not well understood (reviewed in [124]).  

1.4.10 Future clinical trials 

ALS presents certain inherent problems for the development of future clinical trials involving 

promising drugs and therapies. Complications include, but are not limited to: the rarity of the 

disease in the general population; the relatively unknown but possibly lengthy period between 

disease onset and symptom onset, and delays in diagnosis; the demonstrated heterogeneity of the 

disease; and the inherent high dropout rate in clinical trials [167].  

The most valuable tool which will aid ALS researchers in the future is the identification of a 

reliable biomarker(s) of ALS. A well-characterized biomarker would allow for comparison 

between the animal and human models of a specific treatment, and facilitate more detailed 

pharmacokinetic studies. This would permit closer scrutiny of drug trials, and also would aid in 

trial design and implementation. A biomarker would also aid in the discovery of homogenous 

cohorts of patient cohorts, along with classification of the earliest phases of the disease when 

therapeutic intervention may be the most beneficial.  

Phase III clinical trials often rely upon survival as the primary outcome when testing novel 

treatments for ALS. This paradigm is expensive and requires large numbers of patients being 

monitored over a long duration.  These trials may experience low enrolment due to the 
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possibility that patients might receive the placebo and not the active compound. There has been 

some interest in the use of historical controls for comparison purposes. Increasingly, the primary 

outcome would be to use the revised ALS functional rating scale (ALSFRS-R) [186]. This 

clinical tool is easily administered, clinically relevant, and is a reliable indicator of progression 

and survival [187]. In fact this scale has already been used in a study of lithium and riluzole by 

the Northeast and Canadian ALS Research consortia [188]. 

2) Role of Sonic Hedgehog (Shh) during neural development 

2.1 Introduction 

Hedgehog (Hh) was first discovered in mutant Drosophila melanogaster (the common fruit fly) 

and was so named due to the appearance of spiky hairs on the cuticle of the larvae. The gene 

responsible for this phenotype coded for a protein which was implicated in segment polarity 

[189]. Subsequently, mammalian homologs were discovered, and were named Sonic hedgehog 

(Shh), Desert hedgehog (Dhh), and Indian hedgehog (Ihh). Although they bear highly similar 

sequences and can be substituted for one another, their potencies differ and can be ranked by 

Shh˃Ihh˃Dhh [190].  

Shh has been found to be expressed in many tissues throughout the body including the peripheral 

and central nervous systems, skeleton, skin, somites, and limbs. Shh has been found to play 

important roles in segmentation and cell proliferation, but most importantly in cell fate 

determination. Shh expression is very tightly regulated both spatially and developmentally and 

exerts its action in a paracrine and autocrine fashion. The numerous demonstrated responses to 

Shh have been found to be due to tight control of the production, concentration and modification 

of the Shh signal itself [191]. 
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The Hedgehog family of signalling proteins are synthesized as 45kDa pre-proteins which 

undergo autocleavage to yield two fragments. The N-terminal, or 'Hedge domain' portion, 

contains the signal sequence, and is highly conserved. The C-terminal end is also highly 

conserved and is covalently coupled to cholesterol during cleavage; it contains the 'Hog' domain 

which promotes the autocleavage reaction [192]. In addition to the C-terminal cholesterol 

modification, the N-terminal portion of the protein also undergoes palmitoylation. The observed 

lipid-modification of both segments of the mature Shh protein enhances its membrane binding 

properties along with increasing its secretion and scope of action [191].  

Intense study into the role of Shh during embryonic development has revealed that aberrant Shh 

signalling has been linked to birth defects such as cyclopia (development of only one eye at the 

midline), or holoprosencephaly (failure of the brain to develop into two hemispheres) [193]. 

More recently, deregulation of the Shh signalling cascade has been intensely scrutinized as a key 

contributor governing certain forms of neurological cancers such as medulloblastoma and 

gliomas [194].  

Given the demonstrated role of Shh signalling in both development and certain forms of cancer, 

it was hypothesized that it may also play a role in disease repair and recovery. Shh may trigger 

repair and/or replacement of diseased or dying cells from a resident pool of in situ stem cells. 

This regenerative potential makes Shh especially attractive as a possible treatment for 

neurological disorders.  

Although the field of Shh therapy for the treatment of neurological disease is still in its infancy, 

the available research shows that modulation of Shh and its signalling cascade have proven to be 

beneficial, and supports further studies [195].        
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2.2 Shh and neural fate determination 

During vertebrate development, the central nervous system arises from a number of coordinated 

growth steps that culminate with the formation of distinctive structures and tissue types; it also 

specifies cellular fates [196]. One such structure is the notochord. It is located at the ventral 

midline under the floor plate, and is a major source of diffusible factors which are responsible for 

ventral neural patterning [197]. One of these factors is Shh [198], which is first expressed in the 

developing mouse embryo at embryonic day (E) 7.5 in the ventral node. By E9.5, Shh is 

expressed by cells in the ventral forebrain, notochord, floor plate of the neural tube, and limb 

buds [198].  

 Notochord-derived Shh is responsible for the establishment of molecular markers of six ventral 

neural progenitor niches (floor plate (FP), p3, pMN, p2, p1, and p0) [199]). Once these 

progenitors have been induced, the major source of Shh becomes the cells of the floor plate and 

not the notochord [200].  The mechanism by which Shh dictates neuronal fate is by activation of 

characteristic transcription factors (TFs) within each progenitor population. The ordered 

appearance of these TFs is dependent upon their requirement for increasing concentrations 

and/or duration of Shh exposure [201].  This graded response to Shh results in the establishment 

of the dorsal ventral (DV) axis such that cells which are exposed to lower concentrations, or 

shorter durations, develop into cell types observed more distally to the notochord. Cells which 

undergo a longer exposure, or are exposed to higher concentrations of Shh (such as motor 

neurons), develop into cells with a more ventral phenotype.  

The molecular characteristics of Shh are consistent with those used to describe a morphogen in 

the classical sense. Hallmarks of the morphogenic action of Shh include: the ability to affect 
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cellular fate distal from the point of origin; the differential phenotypic response of cells based 

upon length of exposure and concentration; and the ability to modulate cellular proliferation. It is 

worth noting that motor neurons are not the only neuronal-cell type which responds to Shh 

signalling. Other more ventral neuronal types--nigral dopaminergic neurons, striatal projection 

neurons, basal forebrain cholinergic neurons, and oligodendrocyte progenitor cells--are also 

induced by Shh [202].   

Shh distribution throughout the neural tube is highly regulated by a host of proteins which act to 

alter Shh secretion, diffusion, retention, and degradation. As stated previously, the lipid 

modification of Shh (palmitoylation at the N-terminus, and cholesterol modification at the C-

terminus) prior to secretion into the extracellular matrix (ECM) affects the diffusivity of Shh. 

Expression of transmembrane receptors on target cells and extracellular proteins that bind Shh 

directly can also alter Shh molecular dynamics [203].  

Deficiencies in Shh signalling have been linked to developmental defects both in humans and 

other animals most notably in the late 1960's, when the first appearance of cyclopia occurred in 

offspring of goats which had ingested the Lily plant Veratrum californicum [204]. The causal 

agent was a steroidal alkaloid called cyclopamine. In animal models of development, 

cyclopamine treatment resulted in cranio-facial abnormalities which were similar to those seen in 

Shh knockout mice, and to holoprosencephaly (HPE) in humans [205]. The antagonistic action 

of cyclopamine on Shh signalling occurred irrespective of Shh biogenesis, or of Shh binding to 

its cognate transmembrane receptor [206]. Cyclopamine exerts its action via direct binding to 

and inhibiting the action of the Shh downstream effector smoothened (SMO) [207]. The 

attenuating action of cyclopamine and other synthetic small-molecule Shh antagonists, have led 
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to preliminary clinical trials to test their efficacy as anti-cancer therapeutic agents.  In cancer 

models where tumourigenic growth is associated with upregulation of the Shh signalling 

pathway, such as basal-cell carcinoma and medulloblastoma, Shh pathway inhibitors have been 

able to reduce tumour size and slow cancer progression [208].  

In addition Shh pathway small-molecule agonists have also been discovered utilizing a high-

throughput cell-based screen. These novel compounds trigger Shh signalling activation 

downstream of Shh binding at the level of SMO [209]. This new class of synthetic compounds 

has the potential to become therapeutic agents for the treatment of traumatic or chronic 

degenerative diseases.  

2.3 The Shh signalling cascade 

The Shh signal is initiated when Shh binds to its receptor Patched1 (Ptch1) [210]. Ptch1 is a 12-

pass transmembrane receptor-like protein which in the absence of Shh ligand binding inhibits the 

heptahelical transmembrane protein SMO. SMO is a member of the G-protein coupled receptor 

(GPCR) superfamily and is mainly intracellular, unlike Ptch1 which is found at the membrane 

surface. Upon Shh binding to Ptch1, the receptor is internalized and degraded relieving the 

inhibition of SMO [211]. SMO translocates to the membrane surface after being phosphorylated 

by an as yet poorly understood mechanism. It goes on to switch the Glioma-associated (GLI) 

proteins from a repressed form to active forms. The GLI family of zinc-finger proteins is 

comprised of three members (namely Gli1, Gli2, and Gli3) and constitute vertebrate homologs to 

Drosophila Cubitus interruptus or CI. 

 In the absence of Shh signal and thus SMO, GLI is cleaved and this cleavage is directed by 

motifs contained within the C-terminal end of the protein. These sites are phosphorylated, first 
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by protein kinase A (PKA), which is then followed by further phosphorylation by other 

serine/threonine kinases, glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1) [191]. 

Once the concurrent phosphorylation steps have taken place, secondary processing of the 

phosphorylated C-terminal GLI by other proteins results in ubiquitylation and targeting of GLI 

for degradation by the proteosome. This yields a truncated N-terminal form, which acts as a 

repressor of transcriptional activation.  

It is believed that SMO inhibits proteolytic degradation of GLI by an as yet undefined 

mechanism, and causes accumulation of the full length, (or active form) of the protein. This then 

goes on to direct transcriptional activation by binding to GLI-responsive elements upstream of 

target genes.   

The importance of GLI-mediated transcriptional activation during neural development has been 

demonstrated, and a mechanism by which differentiation of the various neuronal populations is 

beginning to come into focus. [212]. The interplay between the various GLI protein family 

members is complex and not yet fully understood [213]. Recent genetic studies have revealed 

that neuronal identity along the dorsal-ventral axis is dependent upon action of the various GLI 

proteins.  

In the absence of Shh, ventral interneurons V0, V1, V2 and MN are specified if GLI in its 

repressive form is removed; whereas FP and V3 neurons (which reside in the most ventral 

neuronal niches) not only require Shh, but also GLI to be in its activator form [213]. Studies 

indicate that Gli1 functions mainly as a transcriptional activator, whereas Gli2 mediates the 

immediate-early response to Shh activation. A general model of how Shh would affect GLI 
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functionality is to establish a gradient of GLI activity along the DV axis with neuronal fate being 

dictated by either the repression or activation of transcription by Gli2 & Gli3.  

Both Gli2 and Gli3 contain N-terminal repressor and C-terminal activator regions. Gli2 appears 

to direct the development of the more ventral regions of the neural tube, such as the floor plate 

and adjacent V3 neurons along with MN. Studies into the action of Gli3 during development 

have indicated that, in the absence of Shh, it functions primarily as an inhibitor of transcription. 

However, Gli3 can act as a transcriptional activator in the context of Shh stimulation and directs 

the development of more dorsal cellular phenotypes such as the FP and MN [214].   

It is also noteworthy that the action of the individual GLI proteins can sometimes be substituted 

for one another within the same species, indicating a substantial amount of functional 

equivalency. 

2.4 Shh signalling and the Primary Cilium 

2.4.1 Cilial structure and functioning 

All cells possess a cadre of receptors which transmit signals from the extracellular environment. 

These include a wide variety of receptors, ion channels, kinases, phosphatases and a host of 

secondary signalling molecules which are located at or near the cell's plasma membrane.  On the 

cell surface of most types of eukaryotic cells there is an organelle which is uniquely suited to the 

task of signal transduction, namely the non-motile primary cilium.  

Although cilia were discovered over 100 years ago [215], recent evidence indicates that these 

small organelles are critical cellular signalling hubs. A review of the scientific literature from the 

past few years reveals various metaphors used to describe cilia as: "cellular antennae", "global 

positioning systems", or "watchtowers" [216]. Cilia can be described as long and thin 
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microtubule (MT) structures which protrude from the cell surface; they continuously sample the 

external environment for signalling cues. These organelles are classified according to their MT 

makeup as 9+2 (motile), or 9+0 (primary) cilia [217]. This arrangement of the 9 doublet MT 

functions as the internal scaffolding this core structure is known as the axoneme. Along with the 

9 doublet MT, motile cilia also possess an additional 2 MT doublet in the center (i.e., 9+2), while 

primary cilia do not (i.e., 9+0). Motile cilia are long and thin protrusions from the cell surface 

extending up to 20µM and tend to be concentrated on the apical surface of epithelial tissues such 

as the lining of the respiratory pathway, the intestinal tract; they can also be found in the 

fallopian tubes and in the ventricles of the brain. The rhythmic beating of the motile cilia found 

in these compartments, create waves to clear mucus, drive sperm, and move cerebrospinal fluid. 

Primary cilia however, once thought of as a vestigial organelle, are increasingly becoming 

recognized as signalling nexuses for cellular sampling of the extracellular environment.   

All cilia are generated during interphase of mitosis and originate from a structure known as the 

basal body, which includes the centriole. At the interface of the axoneme and basal body are the 

terminal plate and transition fibres. Their main function is to regulate the trafficking of proteins 

into and out of the cilia [218]. The cilia are not static during the life cycle of the cell. On the 

contrary, given that the centriole is part of the basal body, the axoneme is resorbed during cell 

cycle progression. Thus cilia are hallmarks of fully differentiated or quiescent cells.  

Since no actual protein synthesis occurs at the cilia during ciliogenesis, a transport system 

termed intraflagellar transport (IFT) is responsible for delivery of the various axonemal 

precursors. Construction of the axoneme proceeds from the base to the tip using IFT as a 

highway [219]. The IFT system consists of two types of MT motors, along with 17 different IFT 
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proteins. These elements combine together to form large 'IFT particles' which are actually visible 

under light microscopy [220]. Movement from ciliary base to tip (also called anterograde) 

requires type 2 kinesins IFT motors; for tip to base transport (retrograde), the IFT motor 

responsible is dynein or cytoplasmic dynein 1b/2 [220].   Given the highly specialized nature of 

the cilium, there must be a barrier at or near its entrance. Electron microscopic investigations 

revealed that at the site of the transitional fibres there exists a region known as the 'ciliary 

necklace'. It has been found to be a universal feature of both motile and primary cilia [221]. The 

function of the ciliary necklace is to ensure that only cilia-targeted proteins pass from the 

cytoplasm into the axoneme.  

IFT may play a role in regulation, function and turnover of cilia-specific proteins. The 

mechanism of protein targeting to the cilium is not yet fully known, but drawing on studies in 

other animal models suggest that a number of post-translational protein modifications can 

determine ciliary specificity. Key among those appears to be myristylation. This modification of 

proteins at the amino terminus may enhance protein- lipid association [222]. Phosphorylation 

may also specify ciliary targeting. Recently, the protein nephrocystin (NPHP1) was shown to be 

specific for the base of the cilia of epithelial cells after phosphorylation by casein kinase 2 [223]. 

In addition to phosphorylation and myristylation, targeting may also involve specific peptide 

sequences. In mammals the receptor SMO contains the cilia-specific sequence motif consisting 

of a hydrophobic and basic amino acid residue immediately next to the carboxyl terminal of the 

seventh transmembrane segment [224].  
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2.4.2 Primary Cilia in the CNS 

Within the CNS, the flow of cerebrospinal fluid (CSF) is coordinated by motile cilia on the 

surface of radial glia and choroid plexus epithelial (CPe) cells in conjunction with ependymal 

cells lining the brain ventricles [225]. CSF originates from the CPe cells which can regulate both 

the volume and contents of the CSF; they also possess both motile and non-motile cilia [226]. 

The primary cilia of the CPe cells regulate the transcytosis of CSF into the ventricles and have 

most recently been shown to be able to sense the presence of certain neuropeptides [226]. 

Irregular CPe ciliary structure or functioning can result in increased CSF volume and 

hydrocephalus during brain development [227], which disrupts CSF flow.  The role of the CSF 

in normal CNS homeostasis is becoming increasingly important as a source of signalling factors 

that exert their action on both the developing and adult brain [228]. The directional movement of 

the CSF, which is synchronized by the ependymal cilia, establishes a gradient of these signalling 

factors. They can exert their action distally from the point of origin in a paracrine fashion, or 

locally on the surface of the cells which produce them in an autocrine manner. 

2.4.3 Primary Cilia and disease 

Diseases which affect primary cilial structure or functioning are collectively termed 'ciliopathies'. 

Although relatively rare, this group comprises afflictions which are associated with a wide range 

of multi-organ, multisystem pathologies. Ultimately they result in early death and decrease 

overall life quality. Ciliopathies can be categorized into two groups: motile and nonmotile. 

Although both involve the same cellular organelle and share many signalling processes, their 

distinction lies in differing clinical involvements. However, both types of cilia are involved in 

cystic kidney and liver disease [229]. Accompanying these diseases are increased prevalence of 
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situs inversus (lateral organ reversal), polydactyly, abnormalities in the corpus callosum, and 

mental retardation.  

The list of ciliopathies seems to grow each year and at present includes: Bardet-Biedl syndrome 

(BBS), nephronophthisis (NPHP), Senior-Löken syndrome (SNLS), Alström syndrome (ALMS), 

Meckel syndrome (MKS), Joubert syndrome (JBTS), oral-facial-digital Type I (OFD 1), Jeune 

asphyxiating thoracic dystropy (JATD), Ellis van Creveld (EVC) syndrome, and Leber 

congenital amaurosis (LCA). In addition both forms of polycystic kidney disease (PKD) 

dominant and recessive, are regarded as ciliopathies [229]. Ciliopathies can be further sub-

categorized into groups based upon their skeletal involvement. JATD, OFD1 and EVC have a 

significant skeletal contribution, while BBS, NPHP, MKS, JBTS, ALMS and LCA do not. 

The prime example of a non-skeletal ciliopathy is Bardet-Biedl syndrome (BBS). BBS is the 

most widely studied ciliopathy because its primary aetiology involves defects in the primary cilia 

[230]. Patients afflicted with BBS present with all the common characteristics of ciliopathic 

disease namely: polydactyly, cystic kidneys, retinitis pigmentosa (RP), situs inversus, and nearly 

all are obese. BBS-affected individuals are born with postaxial polydactyly, and are night blind 

by the age of 8 that precedes total blindness by the age of 15. Patients commonly succumb to 

end-stage renal failure (ESRF) involving kidney cyst formation, subsequent to having undergone 

dialysis or transplantation. Fully 30% of BBS patients develop chronic kidney disease [231]. 

Other ciliopathies are less severe than BBS. NPHP primarily involves the kidneys and constitutes 

a causal agent in kidney failure in children [232]. NPHP is considered to be phenotypically 

milder than BBS or MKS and when presented with retinal degeneration is called SNLS. Two of 

the most severe ciliopathies are MKS and JBTS--both are perinatally lethal. MKS is associated 
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with neural tube defects (NTD) and is characterized by encephalocoele, polydactyly, and renal 

cystic disease. Similar to MKS, JBTS presents with ataxia and cerebellar vermis hypoaplasia 

[229]. Skeletal associated ciliopathies such as OFD1 and JATD present with shortened long 

bones and ribs, among other defects.  

The genetic lesions which are associated with the mentioned ciliopathies all seem to involve 

either ciliary function or ciliogenesis. The first gene associated with ciliopathy was MKKS (or 

BBS6) and was identified in 2000 [233]. Since its discovery, over 30 other genes have been 

linked to various ciliopathic diseases. The majority of ciliopathies have an autosomal recessive 

mode of inheritance with the exception of OFD1; it is X-linked dominant. However the 

inheritance and penetrance of ciliopathic mutations can be highly complex and may involve 

more than one locus as suggested for BBS [234]. Furthermore, other studies have gone on to 

provide evidence suggesting that the phenotypic outcome and severity of any specific ciliopathy 

are due to the type, number, and position of the underlying genetic mutation. 

In addition to developmental ciliopathies, certain types of cancers have been shown to be 

regulated by the various signalling pathways centering on the primary cilium. The pathogenic 

involvement of primary cilia in tumorigenesis is predicated on deregulation of the Shh pathway. 

Medulloblastoma is the most common form of brain cancer in children, and has been found to be 

caused by aberrant Shh signalling [235]. Medulloblastomas caused by constitutively active SMO 

rely on the primary cilium for tumour formation and progression. In contrast the primary cilium 

can also serve an inhibitory role in tumorigenesis, or cancers which need constitutively active 

Gli2 (GLI2CA) [236]. The duality of primary cilia in medulloblastoma biology is not surprising 

given the fact that SMO acts at the ciliary membrane.  
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2.4.4 Primary Cilia and Shh signalling 

Although research into Shh and its signalling cascade has been well established and ongoing for 

the past 20 years, it was a surprising revelation that most if not all Shh signalling occurs at the 

site of the primary cilium. Initially, evidence linking Shh signalling to primary cilia emerged 

from classical forward genetic screens in mice involving surveys of neural tube defects and 

dorsoventral pattering abnormalities. These studies produced surprising evidence that linked the 

resultant mutant phenotypes to genes encoding IFT proteins and other ciliary machinery, and not 

the Shh signalling cascade [237]. Subsequently, researchers succeeded in localizing the key 

upstream signalling factors of the Shh pathway to the surface of the cilial membrane [238].  

The functional outcome of Shh signalling is the regulation of the Gli transcriptional activators 

and repressors to control tissue patterning and development. Furthermore, this control is 

dependent upon the ability of Shh signalling components to associate with and travel within the 

primary cilium. Indeed, studies have shown that both Gli activator and repressor functions 

depend on primary cilia [239]. The central question concerning Gli processing from its full-

length (FL) form into either repressor (R) or activator (A) versions is the exact cellular location 

where this occurs. Currently two models have been put forth. The first deals with the conversion 

of Gli3-FL to GliR in the absence of Shh. In this case, a complex including Kif7 [(suppressor of 

fused (Sufu)] protein, and protein kinases forms at the base of the primary cilium, while Ptch1 

near the cilial base prevents entry and accumulation of Smo in the cilium [240]. At the ciliary 

base, protein kinases direct the conversion of Gli-FL into GliR.  Upon Shh binding to Ptch1 and 

thus Smo activation, the Kif7/Sufu/Gli complex travels to the tip (anterograde) of the cilium 

(thus Gli-FL is transported distally from the protein kinases). This promotes the conversion of 



PhD Thesis  Randy Peterson  

46 

 

Gli-FL to GliA within the ciliary tip [241]. In the second model proposed, Gli-FL transformation 

into GliA is presumed to occur within the nucleus [242]. 

3. Shh and Neurodegenerative Disease 

3.1 Introduction 

The role of Shh and its associated signalling partners and organelles have been intensely studied 

over the past 30 years for their role during development. Recent evidence has indicated that they 

continue to exert their action in fully developed quiescent adult tissues (both normal and 

diseased) by regulating the production of key growth and angiogenic factors, along with 

controlling cellular proliferation. The distribution of Shh ligand and its receptors has been found 

to be present throughout the adult rodent nervous system, but the degree of Shh signalling has 

been found to be somewhat attenuated and more restricted spatially [243]. 

In 2003, viral delivery of Shh was shown to be efficacious in stimulating the proliferation of 

neural stem cells in the hippocampus [244]. It had also been demonstrated that Shh was 

upregulated as part of the tissue repair mechanism [245]. These initial studies sparked interest 

into the exploration of the therapeutic potential of Shh and its signalling cascade for the use in 

neurodegenerative disease studies. A brief survey of the available research yields convincing 

evidence that Shh has neuroprotective and neuroregenerative capabilities in neural disorders, 

varying from Parkinson's disease (PD) to ischemic stroke and other peripheral neuropathies.   

3.2 Shh and Parkinson's disease 

PD is characterized by a progressive loss of dopaminergic neurons in the substantia nigra. 

During normal brain development Shh is known to direct growth and differentiation of this very 

class of neurons [246]. Shh has also been shown to have a neuroprotective effect on 
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differentiated fetal dopaminergic neurons when they are challenged with N-methyl-4-

phenylpyridinium in vitro [247]. Neural progenitor cells isolated from the subventricular zone 

(SVZ) of fetal mice have also been proven to secrete Shh ligand that promotes neuroprotection 

of dopaminergic neurons during development [248]. Injection of 6-hydroxydopamine (6-OHDA) 

unilaterally into the striatum causes a decrease in dopaminergic innervation of the striatum, as 

well as a loss of dopaminergic neurons in the substantia nigra [195]. 6-OHDA injection into rat 

brains serves as a model of PD. When Shh protein was injected directly into the striatum of these 

animals a significant improvement was shown in this model [249]. In a separate study in which 

researchers transplanted neural progenitor cells from the SVZ into the striatum of PD rats, motor 

function was improved [248]. In these preliminary studies, Shh demonstrated its utility as a 

neuroprotective agent in the context of PD.  

3.3 Shh and peripheral neuropathy 

In addition to CNS diseases, hedgehog proteins have shown to be protective in rodent models of 

PNS injury. Shh mRNA was shown to be significantly upregulated in a mouse model of nerve-

crush injury. Shh was also prognostic of recovery time after insult, as administration of anti-

hedgehog antibody resulted in prolonged recovery time and dosing with recombinant Hh protein 

accelerated the recovery period [250].   

Diabetes mellitus is often accompanied by peripheral neuropathy (manifested as pain and loss of 

sensation in the extremities) and the degeneration of nerve fibres. In the streptozotocin-induced 

diabetes rodent model the beta cells of the pancreas are killed, resulting in hyperglycemia [251]. 

Exogenous administration of Hh proteins 5 weeks after onset of diabetes in the rodent model, 

and continued for an additional 5 weeks, resulted in a complete restoration of nerve fibre 



PhD Thesis  Randy Peterson  

48 

 

conductivity. It also relieved the diabetes-induced decrease in production of nerve growth factor 

[251]. Evidence from the nerve-crush model and the diabetes studies amply demonstrated the 

beneficial effect Shh can have on nerve recovery from both injury and disease, and that this 

effect is based at least in part on the ability of Hh to stimulate production of neurotrophic and 

angiogenic factors.  

3.4 Shh agonist and treatment of CNS diseases 

Given the therapeutic effect of recombinant Shh protein, it was a natural extension to study the 

efficacy of available small molecule agonists of the Shh signalling cascade. These agonists are 

active at low nanomolar concentrations, have good bioavailability, and cross the blood brain 

barrier easily following systematic administration [252]. Acute agonistic treatment of the 6-

OHDA PD mouse model with the Shh agonist purmorphamine resulted in beneficial effects 

which lasted up to 6 weeks post lesion induction [253]. In an excitotoxic model of Huntington's 

disease (HD) using a malonate challenge, exogenous treatment with recombinant Hh protein was 

effective in limiting neuronal death [254]. Shh agonists were also tested in rodent models of 

peripheral neuropathy and were found to be advantageous in attenuating the effects of the 

applied insult to the nervous system [195]. 

Currently, the mechanism by which either Shh or its agonists induce neuroprotection remains 

unclear. Proposed hypotheses include Hh directly activating neuronal survival pathways, or 

directly regulating synaptic activity. However, there is some evidence indicating that Hh/agonist 

mediate neuroprotection by exerting their control over gene expression in Hh reactive cell 

lineages such as the astrocytes. The latter are known to respond to injury by secreting various 

neurotrophic factors. Interestingly, evidence for this theory comes from in vitro studies of 
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cultured fibroblasts that showed that Shh can induce production of brain-derived neurotrophic 

factor (BDNF) and insulin-like growth factor 1 (IGF-1) [255].  Shh was also shown to regulate 

cytokines involved in angiogenesis, such as vascular endothelial growth factor (VEGF) and other 

angiopoietins from mesenchymal cells [245]. In the case of diabetes, rats showed an increase in 

nerve growth factor (NGF) mRNA levels in the sciatic nerves after recombinant Shh protein 

treatment [251]. All of these studies indicate that Hh/agonist can affect neuronal resistance to 

injury, by upregulating key cellular survival factors.  
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------CHAPTER 2------ 

 

 

Published in the journal of Molecular Neuroscience, Oct 7, 2011.  Reprinted with Permission 

(see Appendix I for reprint permission). See Preface for authorship details.  

 

This manuscript investigated the possible role of Shh in cellular resistance against an oxidative 

challenge in a defined cell-line model. Utilizing the immortalized hippocampal cell-line HT-22 

functional studies were conducted to elucidate the effects of an applied exogenous treatment of 

Shh pathway modulators would have on the ability of the cells to withstand an oxidative stress in 

the form of  a hydrogen peroxide challenge. From this initial proof-of-concept study we deduced 

that Shh pathway attenuation resulted in a sensitization of cells to oxidative stress, and 

conversely that Shh pathway activation in SOD1
G93A

 expressing cells conferred a greater ability 

to resist oxidative stress.  Also transient expression of SOD1
G93A

 resulted in a decrease in key Gli 

factors resulting in a down regulation of Gli mediated transcriptional activation of a Luciferase 

reporter.  
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------CHAPTER 3------ 

 

Published in the journal BMC Neuroscience May 2011; 12:71. 

Copyright © Ma et al. 2011  See Preface for authorship details. 

 

 

This manuscript represented the first study to survey for the appearance of the primary cilia in 

the spinal cord of SOD1
G93A

 mice. Specifically we identified the presence of Adenylyl Cyclase 3 

(ACIII) positive cilia on spinal cord motor neurons, both in primary culture and in situ from 

histological sections of the lumber spine. Our findings indicate that there is a decrease in the 

relative proportion of ciliated motor neurons between wild-type and SOD1
G93A

 mice and that this 

decline in ciliated motor neurons increases with disease progression.  
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------CHAPTER 4------ 

Sonic hedgehog reduces excitotoxicity in cultured mouse motor neurons and improves survival 

in the G93A SOD1 mouse model of ALS. 

Jiang F
1
, Peterson R

1
, Turnbull J

1
. 

McMaster University, Faculty of Health Sciences, Department of Medicine 

Hamilton, Ontario, Canada L8N 3Z5 

 

 

This manuscript has been prepared for submission to Plos Neuroscience.  Submission is planned 

for January 2012. See Preface for authorship details. 

 

 

This manuscript represents the culmination of our initial efforts to assess the neuroprotective 

ability of Shh and its agonist. Utilizing the same primary culture system as in the previous 

chapter, and mimicking the same experimental paradigm presented in chapter 1 we exposed cells 

to an excitotoxic challenge and assessed the ability of treated cells to withstand stress. Also, we 

conducted an in vivo trial to ascertain if chronic administration of Shh directly into the central 

canal of the spinal cord, via intrathecal injection, over a period of 30 days would beneficially 

extend the life-span of SOD1
G93A

 mice. Our findings concluded that Shh and its agonists 

purmorphamine and SAG-1 were able to confer resistance to excitotoxic challenge in vitro and 

that intrathecal injection of Shh resulted in a significant increase in life-span in treated mice.  
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Abstract 

Developmental morphogens may retain physiological activity and relevance to mature neurons. 

We show here that the developmental morphogen Sonic hedgehog (Shh) is cytoprotective against 

excitotoxic challenge to cultured wildtype and G93A SOD1 spinal motor neurons (an ALS 

disease model). The Shh agonists purmorphamine and SAG are likewise cytoprotective. 

Intrathecal Shh infused by osmotic minipump prolongs survival of G93A SOD1 mice, and a 

polymorphism in the Shh receptor Patched (PTCH1) modulates survival in these animals 

independent of the treatment effect. Developmental morphogens, and in particular, Shh and Shh 

agonists, warrant further scrutiny in ALS. 

Background 

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disorder characterized chiefly by 

progressive and ultimately fatal weakness of voluntary muscle, and is presently defined on 

clinical grounds. Most cases are without known cause. Some ALS is familial and most causative 

mutations have now been identified [Rosen 1993, Yang 2001, Munch 2004, Nishimura 2004, 

Greenway 2006, Neumann 2006, Arai 2006, Vance 2009, Kwiatkowski 2009, Deng 2011, 

DeJesus-Hernandez 2011, Renton 2011]. However, in no case do we fully understand how any 

known mutation leads to ALS, and it is also unclear how multiple known and unknown triggers 

can lead to a similar disease phenotype. Several pathological mechanisms may be in common, 

including errors in RNA processing, oxidative stress, excitotoxicity, mitochondrial dysfunction, 

impaired axonal transport and reduced trophic support, inflammation, and terminally, apoptosis 

[eg Rothstein 2009].  
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It has been suggested that developmental morphogens with activity in embryogenesis might 

continue to play a trophic role to mature neurons in adult life, and that underactivity or 

dysfunction in these pathways might contribute to neurodegeneration in later life [eg Tsuboi 

2002, Calcultt 2003, Dass 2005, Dellovade 2006, Farzan 2008, Stenkemp 2008, Dai 2011]. We 

have considered this possibility in ALS, and we have shown that cultured HT22 cells transfected 

with a plasmid overexpressing a human mutant SOD1 express reduced levels of mRNA for the 

Sonic Hedgehog (Shh) associated DNA-binding gli proteins (that transduce most Shh action), 

and these cells show reduced output from a gli reporter [Peterson 2011]. Shh added to the growth 

medium protects these HT22 cells against oxidative challenge [Peterson 2011]. Much if not all 

Shh signalling occurs in the primary cilium, and we have also shown that primary cilia are 

reduced in motor neurons cultured from embryonic G93A SOD1 mice, and in motor neurons in 

situ of the lumbar spinal cord of G93A SOD1 mice as they age [Ma 2011].  

We show here that Shh, and the Shh agonists purmorphamine and SAG, protect motor neurons 

cultured from embryonic wildtype and G93A SOD1 mouse spinal cord against excitotoxic 

challenge, and that subarachnoid infusion of Shh prolongs survival in G93A SOD1 mice. We 

also show that survival in this model is modified by a polymorphism in the gene for the Shh 

receptor Patched (PTCH1). 

Material and Methods 

In Vitro experiments 

Primary motor neuron cultures were derived from embryonic fetal mice at 14 days gestation as 

previously described [12]. Briefly, spinal cords were dissected from E14 embryos and were 

processed individually, with a segment of the body kept for genotyping. Each spinal cord was 
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minced into small pieces and dissociated in 1% trypsin (Sigma) for 15 min. After trypsinization, 

an equal volume of trypsin inhibitor (Sigma) was added and the mixture was lightly triturated 

until a single cell suspension was achieved. Cell suspensions were then transferred to Neurobasal 

media containing 1% Glutamax (Invitrogen) and centrifuged at 400g for 5 minutes without 

brake. Supernatants were then decanted and cell pellets were resuspended in complete 

Neurobasal media containing 1% Glutamax, 3% Horse Serum, 1X B-27 supplement (all from 

Invitrogen), 5ng/ml CNTF and 5ng/ml BDNF (Leinco). 5x10
4
 cells were plated on poly-D-

Lysine (Sigma) coated 96 well plates (BD Bioscience) and grown in a 37
o
C incubator in 5% CO2 

environment. Half of the culture volume was replaced with fresh media every third day. On the 

6
th

 day in vitro (DIV) cultures were treated with a 1/400 dilution (v/v) of 1-β-D-

Arabinofuranosylcytosine (EMD Biosciences) to halt glial growth, after which the media was 

changed back to complete media. 

SOD1 genotyping was undertaken using DNA isolated from embryos using the Qiagen blood 

and tissue DNA isolation kit (Qiagen). 250ng of total DNA was used in a PCR reaction using 

primers and conditions as outlined on the JAX website.  

Recombinant Shh protein encompassed amino acids Cys24-Gly197 of the N-terminal portion 

with Ile-Ile substituted for Cys24 (Leinco), and was resuspended in pure ddH2O without any 

carrier protein. Stock solutions of purmorphamine (Stemgent) and SAG-1 (EMD biosciences) 

were diluted in dimethyl sulfoxide (DMSO). DIV10 cultured cells were treated with Shh at 4 

concentrations (0, 250, 500, 1000 nM), purmorphamine at 4 concentrations (0, 1, 5, 10 μM), or 

SAG-1 at 3 concentrations (0, 5, 25 nM). 24 hours post treatment, cultures were treated with 

2µM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, Sigma) to block AMPA/Kainate receptors 
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and then exposed to a titre range of NMDA concentrations (0, 10, 20, 25, 30, 50, 75, 100 μM) in 

complete media; each concentration was tested in triplicate. These NMDA concentrations 

bracketed the survival range of motor neurons from no effect on survival to complete lethality.  

After 24 hours, motor neuron death as a proportion of total cell population was measured using a 

dead cell protease assay in the culture media as outlined by the manufacturer (Cytotox-Glo, 

Promega). Briefly, after 24 hour exposure to NMDA challenge, 50ul (half) of the culture media 

was removed from each well and placed in the corresponding well of a 96-well white opaque 

micro assay plate (Greiner Bio-One), and 50µl of Cytotox-Glo reagent was added. The dead-cell 

protease activity was then quantified via luminescence as per manufacturer’s instructions. The 

cells not killed by the NMDA challenge (i.e. surviving motor neurons and glia) were quantified 

by adding 5µl of 10% Triton X to the remaining culture media in each well of the original plate, 

and the dead-cell protease assay was repeated as above. Motor neuron death, as a percentage of 

the total cellular population, was calculated as: 

 200A / (A+B),  

where A= Luminescence signal after NMDA (motor neuron death) 

           B= Luminescence signal after Triton X (remaining cell death) 

 

For each pharmacological treatment, we exposed cells to a range of increasing concentrations of 

NMDA, with each concentration tested in triplicate, and obtained a sigmodial dose response 

curve. Each curve was then fitted to a sigmodial dose-response curve with variable slope, using 

the curve fitting algorithms of PRISM (version 4, GraphPad software Inc, San Diego, CA), 
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(equivalent to a 4 parameter logistic equation), which returned the LC50 and the standard 

deviation of the LC50.  Each experiment was repeated a minimum of 3 times.  

The different doses of Shh, and Shh agonists, were compared to control using ANOVA with 

Dunnett's post hoc test for multiple comparisions (Graph Pad, San Diego).  

In vivo experiments 

All animal experiments and procedures were carried out with the approval of McMaster 

University’s Animal Research Ethics Board (animal utilization protocol # 091143). High-copy 

G93A SOD1 breeding pairs were obtained from the Jackson Laboratory (B6SJL-

Tg(SOD1*G93A)1 Gur/J) and the colony was maintained by crossing hemizygous male carriers 

with inbred wild-type C57BL/6 dams or later, transgene-negative offspring. Mice were 

individually housed in the McMaster University Central Animal Facility in a 12-h light/dark 

cycle. Food and water were provided ad libitum, and provided at the cage floor when needed 

(because of hindlimb weakness).  

Mice were genotyped for the G93A SOD1 transgene using tail snip and primers described on the 

JAX website as above. At 60 days of age, 35 mice carrying the G93A SOD1 transgene were 

implanted with an Alzet (Cupertino, CA) osmotic minipump (Alzet #1004, 100ul reservoir; 11 

ul/hr flowrate, 28 day infusion) mounted subcutaneously in the dorsal midline. The pump was 

connected to an intrathecal catheter modified from 0.025 inch o.d. polyethylene tubing 

(#BB31695-PE/1, Scientific Commodities, Lake Havesu City,  Arizona), using a protocol 

modified from Ohta [13].  

Briefly, the tubing was placed on a 0.01" introducer wire (nickel/chromium/steel 0.01, 

Smallparts, www.Smallparts.com) and then stretched to the size of the introducer over an open 
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flame. More proximally, 2 small bumps were made close together in the softened tubing to 

permit measurement and subsequent fixation in place with a stitch. The wire and catheter were 

then soaked in ethanol to sterilize and the ethanol was allowed to evaporate. Under general 

anesthesia with isoflurane, the mice were positioned, skin over the back shaved and prepped, and 

the skin incised along the midline. With practice, the small introducer wire with the tubing could 

then be angled blindly into the subarachnoid space at the lumbar level and the introducer 

withdrawn. The proximal catheter was then folded up in the incision to the dorsal upper thoracic 

region. The osmotic pump, already loaded with either Shh or control CSF, was attached to the 

catheter and placed in the dorsal midline in a subcutaneous tissue pocket at the level of the 

forelegs, and then held in place with a stitch. The overlying skin was closed with sutures and 

staples. Ketoprofen was infused around the surgical site post-operatively for analgesia. A single 

dose of 0.01 mg ampicillin was given, and if skin infections developed later they were treated 

with Fucidin at the recommendation of the University Veterinarian. 

Even with practice, there is a substantial surgical mortality to this procedure, but if the mice 

survived for a week or more, there was no additional mortality from that point on. In some cases, 

there was some trauma to the nerve roots causing a degree of weakness in one or other hindleg, 

but this was stable and improved with time. As discussed later, most but not all catheters were 

found to be properly positioned in the subarachnoid space at post-mortem. 

The Alzet mini-pumps were loaded with 0, 1.6, 4.7, or 14ug of Shh in 100 ul artificial CSF. 

Based on a CSF flow rate of 18ul/h in the mouse (Alzet website) and a pump infusion rate of 11 

ul/hr, this should give CSF concentrations of Shh of about 0 (control), 0.1, 0.33, and 1ug/ul, for 

the 28 days the pump is active. We implanted 35 mice, 18 Shh and 17 controls. Unfortunately, 6 
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Shh and 9 control animals became moribund and had to be euthanized shortly after surgery, 

which left insufficient Shh animals to consider the three Shh groups separately, and we analysed 

all Shh-treated animals as a group. We also included a group of 7 un-operated animals to serve as 

an additional control. 

The presence of a PTCH polymorphism at position 1267 was determined by PCR with 

subsequent sequencing. Briefly, PCR reactions were performed with 250ng genomic DNA 

samples from tail snipes, 0.2 mM dNTPs, 1 µM of each primer, and 2.5 µl of the 10X PCR 

Buffer (Life technologies, Burlington Canada). Reaction mixtures were heated at 94°C for 5 min 

followed by 35 cycles of denaturation (94°C, 30 s), annealing (55°C, 30 s) and polymerization 

(72°C, 1 min) and by a final polymerization at 72°C for 5 min in a thermocycler (Life 

technologies/ Applied Biosystems). Amplified DNA fragments were purified from agarose gels 

with the Qiagen MinElute Gel Extraction Kit (Qiagen, Toronto, Canada). We used primers 

ATCCGGACTCCAGACATCAG (left) and TATTGCTAGGGCCAGAATGC (right), to 

identify an ACC (T) or AAC (N) polymorphism. Sequencing was done in the McMaster Institute 

for Molecular Biology and Biotechnology (MOBIX). Sequence electropherograms were 

displayed and analysed using FinchTV (Geospiza). Only one animal had a 1267 N/N genotype 

and this animal was analysed along with the 1267 T/N animals. 

All mice were examined daily from 45 days of age to endpoint, and after surgery animals were 

monitored twice daily. Body weight measurements were monitored. A commonly-used surrogate 

endpoint for death was employed (failure to right within 30 seconds after being placed on the 

side). The animals were euthanized at that point. At post-mortem, the catheter position was 

determined. In most animals, the catheter was found appropriately positioned in the subarachnoid 
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space; in a few animals the catheter was outside the spinal canal. We thus analysed the animals 

both as intention-to-treat (based on the initial treatment allocation) and on a per-protocol basis 

(based on whether they actually received any intrathecal treatment).  

Kaplan-Meier analysis with log-rank statistics was used to analyze the time-to-event measures 

(survival) for both the intention-to-treat and per-protocol groups, alone and with gene 

polymorphism status stratified as a covariate (SPSS 19, IBM). Survival in days is presented as 

mean ± s.e.m. Cox regression was used to model and graph the effect of gene polymorphism on 

survival, entering treatment group, gene status, and an interaction term as variables, and plotting 

gene status at the mean of the covariates (SPSS 19, IBM). Two-tailed p values less than 0.05 

were considered to be statistically significant. For graphical presentation, Kaplan Meier plots 

were displayed with GraphPad Prism 4.0 (GraphPad Software, Inc., San Diego, CA, USA).  

Results 

In Vitro  

There is a protective effect of Shh on embryonic motor neurons in culture to NMDA excitotoxic 

challenge, as shown in figures 1a (wildtype) and 1b (G93A SOD1). There is a clear dose-

response effect, with larger doses of Shh conferring greater benefit. The beneficial effect is seen 

in both wildtype and G93A SOD1 motor neurons, about equally. Similarly, the Shh agonist 

purmorphamine causes a dose-related increase in resistance to excitotoxic challenge, in both 

wildtype (figure 1c, left) and G93A SOD1 (figure 1d, right) mice. A second agonist, SAG1, also 

produces an almost identical picture (figure 1e and 1f).  
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In Vivo 

 We restricted our analysis to animals that survived more than 1 week post surgery, as from this 

point there was no additional unexpected death until the expected death from ALS. We included 

2 groups of animals as controls for the in vivo study. Somewhat surprisingly, the un-operated 

controls fared worse (mean survival 125.0 ± 1.77 days) than the operated controls (mean survival 

131.4 ± 2.0 days). The difference reached significance (Kaplan Meier log-rank  p=0.03), and as a 

result we used the operated controls only to compare the effect of Shh and Shh agonists on 

survival. 

 At post-mortem, the catheter was seen to be in position in 8 of 12 treated animals and in 8 of 8 

control animals. We analysed the survival results both on an intention-to-treat analysis and a per-

protocol analysis (catheter in place intrathecally). Without controlling for the PTCH gene 

polymorphism (that is, using the usual way of considering these data), controls survived 131.4 ± 

2.0 days, and Shh treated animals survived 140.8 ± 3.3 days in the intention to treat analysis 

(p=0.02) (fig 2a) and 147.6 ± 2.3 days (p<0.001) (fig 2b) in the per-protocol analysis. Thus, the 

results were significant in both cases but particularly so in the per-protocol analysis. 

We found a single nucleotide polymorphism in the PTCH1 gene, resulting in either 1267T 

(ACC) or 1267N (AAC). We have sequencing information on 31 animals G93A SOD1 animals, 

and of these 1 (3.2%) was AAC/AAC (N/N), 7 (22.5%) were ACC/AAC (T/N), and 23 (74.2%) 

were ACC/ACC (T/T). Representative sequence electropherograms are shown in figure 3. Since 

this polymorphism confers sensitivity to K5Hras-induced squamous cell skin cancers in FVB/N 

mice [14], we reasoned that it might also influence survival of our animals to excitotoxic 

challenge. This proved to be the case. 
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In the intention-to-treat group, a Cox logistic regression analysis showed both treatment group 

and gene status were significant variables (p=0.01 for both). The Cox plot for the effect of gene 

status on survival is shown in figure 4. When the gene status was entered as a stratified variable 

in the Kaplan Meier analysis, in those animals with 1267 T/T genotype, Shh treatment resulted in 

a mean survival of 143.8 ± 3.5 days compared with control survival of 134 ± 2.9 days, while in 

those animals with 1267 T/N genotype, Shh treatment resulted in a survival of 131.7 ± 6.2 days 

compared with 124.5 ± 1.5 days. The overall comparison adjusted for gene status was positive 

and retained about the same significance (p=0.02), suggesting the groups were balanced.  

When the gene status group was controlled for in the per-protocol group, in those animals with 

1267 T/T genotype Shh treatment resulted in a survival of 148.1 ± 2.6 days compared with 

control survival of 134 ± 2.9 days, and in those animals with 1267 T/N genotype Shh treatment 

resulted in a survival of 144 days (1 animal) compared with 124.5 ± 1.5 days for controls. The 

overall comparison, adjusted for gene status, remained highly significant (p=0.004). A Cox 

logistic regression analysis showed both treatment group and gene status were significant 

variables (p=0.003 for both).  

Discussion 

In the cell culture experiments, some technical factors bear discussion. We have assumed that 

cell death caused by NMDA (in the presence of CNQX) reflects excitotoxic motor neuron death. 

This is commonly assumed [15], but it is possible that there is some death of non-neuronal cells 

at higher NMDA concentrations. Also, we measured cell death using a dead cell protease assay, 

and in mixed primary culture, death of larger cells (such as motor neurons) might contribute 

more to the assay than smaller cells (such as glia). As such, the normalization procedure might 
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be better viewed as normalization of motor neuron death to initial cellular mass rather than to 

initial cell numbers. Neither of these considerations should introduce systemic bias. 

The cell culture experiments were completed before we discovered the PTCH1 polymorphism, 

and we do not have PTCH1 genotyping on the in vitro experiments. In principle, since each 

culture was derived from a single embryo, genetic polymorphism in PTCH1 could be controlled 

for in future experiments.  

Shh, purmorphamine, and SAG1 all promote motor neuron survival against an excitotoxic 

challenge in a dose-responsive fashion. Shh binds to the Patched receptor and thereby releases 

Smoothened (Smo) to act downstream. Purmorphamine and SAG1 directly activate Smo. There 

are effects of Shh not mediated by the canonical pathway that do not involve Smo (eg Barnes 

[16]). Since all three agents seem to produce the same degree of benefit in our assay, this 

suggests that the benefit of Shh results from activation of the canonical Shh pathway, and 

eventual activation of the downstream gli transcription factors. In our previous studies, we felt 

that these agents preferentially benefited G93A SOD1-transfected HT22 cells exposed to 

oxidative stress, but in the present study using an excitotoxic challenge, wildtype and transgenic 

cells benefited equally.  

There are many reasons why Shh might provide a survival advantage to motor neurons, as the 

downstream gli transcription factors influence transcription of many factors [17], several of 

which have been implicated in neurodegenerative disease including CyclinD1 [18], IGF2 [19], 

Bcl2 [20], TIMP3 [21], Bmi1 [22], FGF10 [23], VEGF [24], Plakoglobin [25], and TSC22 [26].  

The in vivo study was technically demanding, and in spite of practice before undertaking these 

experiments, a significant number of animals still had to be euthanized shortly after surgery. We 
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implanted 35 mice, 18 Shh and 17 control. Six of the Shh animals died within a few days of 

surgery as did 9 of the control animals. The blind introduction of the wire introducer must in 

some cases cause sufficient trauma to spinal cord, peripheral roots, or the thecal sac to 

compromise survival, though the exact cause of the morbidity is unknown. 

We used 2 control groups: animals implanted with a pump infusing only artificial CSF, and an 

un-operated control group. We had expected that the 2 control groups would be identical, but 

somewhat surprisingly the operated controls survived marginally but significantly longer than 

the un-operated controls. The reasons for this are unclear. It might be that the presence of an 

intrathecal catheter caused a small CSF leak and greater flow-through of CSF, perhaps important 

if the CSF contains substances harmful to motor neurons (eg inflammatory signals, etc). Equally, 

it is possible that some of the difference is artifactual. Since we analysed only those animals that 

survived surgery, perhaps the more seriously afflicted animals- those otherwise destined to die at 

an earlier age- were preferentially culled. (The animals showed no signs of impairment at the age 

of surgery, as signs of impairment in this model generally onset about 40 days later). In any 

event, we used only the operated controls in the analysis of our experiment, as this is both 

appropriate (to control for any survival bias as above) and conservative (since any differences 

attributed to Shh treatment would have been accentuated had we included the un-operated 

controls.) 

At post-mortem, the catheter was seen to be in position in 8 of 12 treated animals and in 8 of 8 

control animals. We analysed the survival results both on an intention-to-treat analysis and a 

'per-protocol' analysis (catheter intrathecal). The results were significant in both cases, but the 

results were quite striking in the per-protocol analysis. In this group, animals lived 18 days 



PhD Thesis  Randy Peterson  

110 

 

longer for a 28 day infusion which ended some 40-50 days prior. (Indeed, the results may be 

even more significant, since we do not know if the bioactivity of the Shh was fully maintained 

while in the pump). We have not been able to change the pump without disrupting the intrathecal 

catheter, to assess the effects of longer treatment periods. 

For our experiments, we obtained high-copy SOD1
G93A

 breeding pairs (B6SJL-

Tg(SOD1*G93A)1 Gur/J) from the Jackson Laboratory. We maintained the colony by crossing 

transgene-positive males with transgene-negative dams. There is a reported polymorphism at 

position 1267 in the Patched gene (PTCH1) of FVB/N mice (1267N), compared to C57BL/6 

mice (1267T), that renders FVB/N mice susceptible to the precocious development of K5Hras-

induced cutaneous squamous cell carcinomas [14]. On speculation, we sequenced the PTCH1 

gene at this locus in our transgenic G93A SOD1 mice, and somewhat surprisingly, found the 

same 1267N/T polymorphism with significant frequency (about 25%). We reasoned that this 

polymorphism, presumably arising from the SJL background, could alter the basal activity of the 

Shh pathway, or alter the response to Shh or Shh agonists, and we included the polymorphism 

status of the animals in our analysis.  

There are three points to be made here. First, controlling for the polymorphism status in the 

statistical analysis did not alter the main conclusion that Shh is neuroprotective in this model, in 

either the intention-to-treat or the per protocol analysis. Second, we found that the PTCH1 

polymorphism is an independent predictor of survival in our animals. Third, including an 

interaction term in the Cox analysis conferred no additional improvement to the model (p=0.66) 

and we conclude that the effects of Shh were not preferentially seen in one or other of the 
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polymorphism groups. (However, our numbers are small and a minor interaction remains 

possible.) 

 Wakabayashi et al [14] conclude that the PTCH1 1267 N/N genotype confers resistance to 

apoptotic challenge, that might thereby predispose to the precocious squamous cell tumour 

formation they observed. One might therefore assume that this genotype would prolong survival 

in a neurodegenerative disease model, yet we found that these animals performed less well, and 

explanations for this effect will have to be more complicated that a simple down-regulation in 

hedgehog signalling that we had initially envisaged. (Wayabayashi et al note that the system is 

complex even for cancer, and that the 1267 T/T genotype might lead to a relative reduction in 

squamous cell skin cancers but an increase in basal cell skin cancers.) 

Variability in the G93A SOD1 model has plagued ALS research, and Heiman-Patterson et al 

[27] showed that strain differences (between B6 and SJL backgrounds) significantly alter the 

progression of disease. Animals expressing G93A SOD1 on a B6 background live much longer 

than those with a SJL background. It is possible that the polymorphism we have identified 

accounts for some of this difference. It is also highly probable that the polymorphism frequencies 

would change as a colony is maintained, and with time one might expect selection pressures to 

result in a greater allelic percentage of PTCH1 1267T (more like B6) and less PTCH1 1267N 

(like SJL). 

Purmorphamine and SAG1 are oral agents, and might have greater attraction as therapeutics than 

an agent such as Shh that requires intrathecal administration. However, there is a theoretical risk 

of carcinogenesis that would be mitigated by lower dose of intrathecal administration. We are 

presently testing these oral agents in the G93A SOD1 model of ALS. As a final conclusion, we 
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believe that developmental morphogens, including but not limited to Shh, warrant further 

scrutiny in ALS and other neurodegenerative disease models. 
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Figure 1a. Sonic Hedgehog in WT motor neurons
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Figure 1b. Sonic Hedgehog in SOD1G93A Motor Neurons
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Figure 1c. Purmorphamine in WT Motor Neurons
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Figure 1d. Purmorphamine in SOD1 G93A Motor Neurons
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Figure 1e. SAG-1 in WT Motor Neurons
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Figure 1f. SAG-1 in SOD1 G93A Motor Neurons
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Figure 1a-f. Administration of rhShh or Shh Agonists increases resistance to excitotoxic 

challenge. Wild-type (1a,c,e) and SOD1
G93A

 (1b,d,f) primary mixed spinal cord cultures were 

treated for 24hrs with 3 doses of either recombinant hShh protein (1a,b), Shh agonist 

purmorphamine (1c,d), or SAG-1 (1e,f)  followed by a 24hr NMDA challenge at a dose range of 

8 NMDA concentrations. Values represent the calculated LC50 of NMDA (mean ± SEM) for 

each condition and control. Significance was determined by a one-way ANOVA with a 

Dunnett’s multiple comparison post-hoc test (*p<0.05, **p<0.001). 
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Figure 2 a,b. Kaplan Meier plots of survival of Shh treated and control mice. The upper 

graph shows survival in the intention to treat analysis, and the lower graph the per protocol 

analysis. The black bar represents the time Shh or medium was infused via the osmotic 

minipump. Both curves are significant when analysed alone, and when the PTCH1 1267 

polymorphism was entered as a covariate.  
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Figure 3. Sequencing electropherograms showing the T/N polymorphism at 1267 in the 

PTCH1 gene. Most mice (74%) were ACC/ACC (T/T) (left); some (24%) were ACC/AAC 

(middle), while a single mouse was AAC/AAC (N/N). 
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Figure 4. Survival at mean of covariates (ie Shh/Control) plotted for Patched 

polymorphism. Animals with PTCH 1267 T/N did less well than animals with PTCH 1267 T/T. 
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5.0 Discussion 

5.1 Context 

The investigations presented in this dissertation are the first of their kind in the field of ALS 

research and represent our efforts to demonstrate the utility of Shh and its agonists for the 

treatment of motor neuron disease. This includes preliminary proof-of-concept studies in a 

defined cell-culture system, which were followed by investigations in a primary cell-culture 

model of ALS and culminated in an animal study focusing on survival. To avoid repeating 

material presented in the introduction and in the discussion sections of Chapter 2-4, the 

following text emphasizes the integration of the findings into a broader context. A discussion of 

outstanding issues is also provided, along with suggestions for future experiments for elucidating 

the role of Shh as a therapeutic agent.  

5.2 Shh increases resistance to oxidative stress 

Historically the importance of Shh during neurodevelopment is relatively well defined. A recent 

study, that demonstrated the activation of the Shh pathway in primary rodent cortical neurons 

under oxidative stress [1], led us to hypothesize that the Shh signalling cascade may be an 

important modulator of free radical damage in the context of transient expression of mutant 

SOD1. The results of our first study are presented in Chapter 2. They illustrate that treating 

transiently transfected cells with either recombinant human Shh protein, or the Shh agonist 

purmorphamine, conferred some protection against a subsequent oxidative challenge. 

Downregulation of the Shh signalling cascade by pharmacological means (cyclopamine), or 

genetic manipulation (miRNA 324-5p), had the opposite effect of sensitizing these cells to 

oxidative challenge. A closer inspection of the individual members of the Shh pathway, at the 

level of relative mRNA expression, revealed that mutant SOD1 expression had a negative impact 
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on the transcript levels of crucial effectors of Shh signalling. This involved Gli2 and Gli3, and 

resulted in a decrease in output from a Gli mediated transcriptional reporter.  

These results constitute the first of their kind examining how mutant SOD1 could impact the Shh 

pathway. We built on published reports which indicated that Shh mediated neuroprotection by 

regulating key intracellular stress factors, and also a consideration of the synergistic cooperation 

between Shh and BDNF [1-4]. Specifically, Schwann cells demonstrated increased expression of 

Shh directly adjacent to the crush site in a rodent nerve-crush model, and this elevated expression 

was directly correlated with an increase in BDNF expression [4]. A second study using a primary 

rat cortical neuron culture model went on to demonstrate that the elevated expression of Shh was 

induced by BDNF, and that Shh pre-conditioning resulted in neuroprotection against 3-

nitropropinonic acid toxicity in a model of Huntington’s disease [2].  

A different group verified the importance of Shh as a neuroprotective agent utilizing the same 

experimental system, but focused mainly on oxidative stress via exposure to hydrogen peroxide 

as the challenge medium [1]. This study also showed that exogenous administration of Shh 

increased both the activity and transcript levels of SOD1 and glutathione peroxidase (GSH-PX), 

implying a direct relationship between Shh and SOD1 functioning.  Shh also promoted 

expression of the anti-apoptotic Bcl-2 protein, with a concurrent inhibition of the pro-apoptotic 

protein Bax--both of which have been shown to be deregulated in ALS-affected tissues [5]. This 

study also confirmed the upregulation of BDNF and vascular endothelial growth factor (VEGF).  

Neurotrophic factors have been known to modulate expression from Gli responsive promoters. 

Endothelial Growth Factor (EGF) was shown to act synergistically with Gli proteins, leading to 

transcription of growth regulating factors such as CyclinD1, S100A7, S1009a, and also the 
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cytokine interleukin (IL) antagonist IL1R2 [6]. Conversely, Fibroblast Growth Factor (FGF) 

blocks the proliferative response elicited by Shh/Gli induction upstream of Gli activation. This 

anti-proliferative action of FGF was dependent upon FGF receptor engagement along with the 

concurrent action of both ERK and JNK kinases [7].  

The Shh/Gli axis has also been shown to upregulate a cadre of different mitogenic factors (such 

as IGF2, N-Myc, TIMP3, Bim1, Snail, FOXF1, FOXM1, FOXE1, NR2F2, FGF10, and PKCε), 

which are responsible for regulating cell growth and homeostasis [8]. Interestingly, the 

inflammatory cytokine Interferon Gamma (IFNγ) was shown to block Gli expression in the 

presence of abundant Shh in a rodent model of multiple sclerosis [9], thereby demonstrating a 

link between neuroinflammation and attenuation of the Shh pathway.  

Taken together, the cumulative results of the investigations reviewed frame the underlying 

biochemical mechanism of Shh mediated neuroprotection. A general model can thus be put forth 

whereby, upon sensing of stress, Shh expression is upregulated. This in turn triggers Gli 

mediated transcription via the canonical pathway resulting in increased activity of SOD1 and 

GSH-PX, a concurrent upregulation of the anti-apoptotic protein Bcl-2, downregulation of the 

pro-apoptotic Bax, and increased expression of a number of neurotrophic and mitogenic factors. 

The effectiveness of these responses may be reduced in SOD1
G93A

 models, and by extension, 

may be reduced in other ALS and neurodegenerative disease models. As such, our findings 

suggest that exogenous Shh treatment might be a viable therapeutic option to increase cellular 

resistance to oxidative stress.  

Although these initial findings were novel and represented the establishment of the potential role 

of Shh in neuroprotection, they nevertheless focused on cortical neuronal cell-lines which do not 



PhD Thesis  Randy Peterson  

126 

 

accurately portray the cellular or physiological environment of the spinal cord. A more 

applicable experimental model was needed to further extend these investigations and make them 

more pertinent to ALS. The observations presented in Chapters 3 and 4 are based upon findings 

from studies involving the use of the SOD1
G93A

 mouse model.  

5.3 Cilial profile in the SOD1
G93A

 mouse model of ALS 

Shh is a secreted extracellular signalling morphogen which binds its cognate receptor Patched 

located on the surface of target cells. Although research into Shh signalling has advanced in the 

past 30 years the preponderance of Shh signal transduction was discovered only recently to be 

restricted to one particular organelle; specifically, the primary cilium (reviewed in detail in 

Chapter 1). The latter has been hypothesized to exist on the vast majority of cell types, but has 

only been demonstrated to exist on certain cell lineages [10]. In Chapter 3, we present the first 

qualitative phenotypic assessment of primary cilia in the spinal cord. Overall, it revealed a 

differential cilial profile between wild type (WT) and SOD1
G93A

 mice. The decrease in the 

proportion of ciliated motor neurons in culture and in the ventral horn of SOD1
G93A

 mice might 

indicate that a deficiency in Shh signalling exists in these cells. This could also indicate aberrant 

Shh signalling in ALS in general. Although a conclusion on whether or not ALS can now be 

classified as a ciliopathy cannot be made at this point, it is nonetheless a noteworthy observation 

which begs further study. 

The term ‘ciliopathy’ describes a category of ailments which until a few years ago, were thought 

to constitute syndromes that were rare and isolated. Currently, this new classification of diseases 

encompasses a number of different illnesses with new discoveries being added to the list 

frequently. Our research suggests that ciliopathies might include neurodegenerative diseases.  
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Indeed in a very recent discovery in the field of Huntington's disease research has implicated 

abnormal ciliogenesis and morphology as key pathological features of the disease [11]. This 

study demonstrated that the Huntington’s gene (Htt) and its protein product were involved in the 

normal assembly of the cilia, and that deletion or mutation of the gene led to either complete 

cilial ablation or abnormal cilial morphology. The functional outcome of Htt mutation was 

aberrant cilial orientation in cerebral ventricles of Htt transgenic mice, which resulted in 

abnormal flow of cerebral spinal fluid (CSF). The abnormal flow of CSF maybe especially 

deleterious because it results in the impairment of neuronal migration to the olfactory bulb [12], 

and may also alter homeostatic control of brain functioning and result in  to a build-up of toxic 

metabolic-waste products. Aberrant CSF movement may also interfere with the normal Shh 

delivery to more distal targets. Within the brain, Shh production is restricted to cells in the 

subventricular zone (SVZ) of the lateral ventricles (LV) and the subgranular zone of the dentate 

gyrus [13, 14]. Disruption of typical CSF flow would presumably attenuate paracrine induction 

of distal cellular targets.  

These investigations mark the starting point for the delineation of the role of cilia in 

neurodegeneration and provides the ground work for further research into cilial involvement in 

other neurological diseases such as Parkinson’s and Alzheimer’s.  

 

 

 

 

 

 



PhD Thesis  Randy Peterson  

128 

 

5.4 Effect of Shh on primary mixed spinal cord cultures and the SOD1
G93A

 mouse model. 

The research summarized in Chapter 4 showed that administration of recombinant human Shh 

(or its agonist) elicited neuroprotection in a primary cell culture model of ALS, and that chronic 

Shh administration prolonged survival of SOD1
G93A

 mice. Shh, purmorphamine, and SAG-1 all 

had neuroprotective effects on mixed spinal cord cultures of both WT and SOD1
G93A

 cultures. 

These observations complimented our initial findings in HT22 cells (Chapter 2). Pre-treatment of 

these cultures with these compounds resulted in an increase in the relative lethal concentration 

(LC50) of NMDA necessary to kill 50% of the motor neurons (i.e., increased resistance to 

excitotoxic damage).  

The most significant increase in resistance occurred when cultures were treated with the Shh 

agonist purmorphamine, which exerts its action downstream of Patched receptor binding by Shh 

at the level of Smoothened activation (reviewed in Chapter 1). Purmorphamine pre-treatment 

seemed to have the greatest effect on neuronal survival in the mutant mice, with even the lowest 

concentration conferring protective effects. Similar results were produced with SAG-1 which is 

another Shh agonist that directly binds to and activates Smoothened. Given the demonstrated 

beneficial agonism of Smoothened it can be concluded that the beneficial effect of activation of 

the Shh pathway occurs via the traditional canonical pathway.  

 While this work does not explore the underlying biochemical mechanism by which Shh and its 

agonist elicits neuroprotection, it would not be far-fetched to surmise similar molecular interplay 

between BDNF, SOD1, GSH and other members (discussed above). Such activity might not be 

limited to motor neurons but also occur in other glial lineage cells of the embryonic spinal cord. 

In addition, one cannot discount the possible effect of Shh treatment on the endogenous action of 
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the primary cilia. Our primary culture model allowed for closer approximation of the cellular 

niche in which the treatment might be administered in humans.  

In the second part of this investigation, chronic intrathecal delivery of the recombinant human 

Shh protein to SOD1
G93A

 mice over a period of one month resulted in extension of survival of 

SOD1
G93A

 mice. Analysis of survival was based upon both intention-to-treat (ITT) and per-

protocol (PP) analysis. Although, the results were significant in both cases, the PP results were 

more striking. Shh treatment of SOD1
G93A

 mice in the ITT group resulted in a life-extension of 

11 days over the control group (Control=131.5 days, SOD1
G93A

=142.5 days). By contrast, the 

increase in life-span was 17.5 days in the PP group (Control=131.5 days, SOD1
G93A

 =149.0 

days).  

It is noteworthy to mention that the recombinant human Shh which has been used throughout 

these investigations did not possess the post-translational modifications inherent to in vivo 

produced Shh protein. The C-termini of Shh is coupled to cholesterol, while the N terminal 

portion is palmitoylated, and these lipid modifications enhance the ability of Shh to interact with 

membrane surfaces, and also potentiate its secretion. Likewise, these modifications can direct the 

dynamic action of Shh to be more locally active or to be transported to more distal regions [15]. 

As described in the materials and methods sections of Chapters 2-4, the recombinant Shh protein 

used was the N-terminal portion which did not possess lipid modification. The lack of these 

alterations may have aided the diffusability of the protein within the spinal cord of treated 

animals by allowing the protein to move freely within the CSF, instead of being locally 

sequestered by binding to available cellular membranes.  
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The observations presented in Chapter 4 demonstrated that Shh agonism does indeed confer 

neuroprotection in a primary culture model of ALS. More importantly, Shh therapy can extend 

survival in the animal model. Having been proven effective, speaking generally the Shh 

signalling pathway and more specifically the compounds tested have the potential of becoming 

candidates in human therapeutic development trials. 

5.5 Effect of Ptch1 polymorphism on primary culture results and survival of SOD1
G93A

 mouse 

model 

The SOD1
G93A

 mouse model is maintained on a mixed B6SJL genetic background. Along with 

mice used in the survival study, primary mixed spinal-cord cultures were obtained from 

transgenic embryos from the successful crossing of wild-type dams with transgenic SOD1
G93A

 

males. Recently a report has indicated that a unique polymorphism within the Ptch1 gene, at 

position 1267, rendered FVB/N mice more susceptible to K5Hras-induced cutaneous squamous 

cell carcinomas [16]. To elucidate whether our mouse model possessed this same polymorphism, 

we sequenced the Ptch1 gene of animals within the survival study. Approximately 25% of the 

transgenic animals were positive for the 1267N/T polymorphism. The effect of this 

polymorphism with respect to the applied Shh treatment in vitro could have resulted in altered 

basal activity of the Shh signalling cascade thereby leading to attenuation of the true magnitude 

of Shh mediated resistance to excitotoxicity.  

Survival of SOD1
G93A

 transgenic animals has been reported to be affected by the genetic 

background onto which the transgene is being expressed [17]. Animals which expressed the 

transgene on a pure B6 background had a more significant extension of survival than those who 

were bred on a pure SJL background. A possible contributing factor to this apparent differential 

survival could be due to the polymorphism in Ptch1. Although this observation cannot account 
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for the entire variance in survival between different strains of mice, it does however remain a 

very significant finding. For the first time, polymorphism in Ptch1 is suggested to be associated 

with altered survival in a neurodegenerative disease model.  

5.6 Future studies 

Several questions remain unanswered which need to be addressed in relation to Shh-mediated 

neuroprotection before the potential of this approach can be fully realized. An evaluation of the 

contribution of other cell-types (i.e., astrocytes, glia, etc.) to the survival of motor neurons when 

Shh/agonist is administered needs further investigation. In addition, the mechanisms of Shh 

neuroprotection outlined earlier in the papers and discussion need further clarification. Also a 

more detailed examination of the effects of both chronic and acute Shh/agonist treatment on the 

cilial profile of motor neurons would be beneficial, along with a more detailed understanding of 

whether the cilial profile is a good indicator of neuronal survival when Shh is administered. In 

addition, a more detailed survey is warranted of the cilial profile of the cerebrum of SOD1
G93A

 

mice, paying particular attention to the ventricles. Such investigation would explore whether 

aberrant cilial morphology or orientation is apparent as observed in Huntington’s disease.  

As previously mentioned, the downstream effectors of Shh signalling are the GLI family of 

transcriptional activators. It would be interesting to examine the expression profile of gene(s) 

activated by these factors in motor neurons, and whether inactivation (if any) of these targets 

occurs in the disease state. Given the success of the in vivo Shh treatment, further investigations 

testing the efficacy of purmorphamine and SAG-1 would be the logical next step in animal 

studies. They are chemically more stable, readily pass the blood-brain barrier, have very good 

bioavailability, and also possess much lower effective doses than the recombinant Shh protein 
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(reviewed in Chapter 1). They can also be injected intraperitoneally (IP) or intramuscularly (IM), 

avoiding the invasiveness of intrathecal pumps.   

The effectiveness of Shh in embryogenesis has previously been proven to be augmented when 

combined with retinoic acid [18]. Retinoic acid (RA) is a derivative of vitamin A, and has been 

demonstrated to possess a variety of metabolic functions as an anti-oxidant, and also as a cellular 

differentiation factor [19]. Similar to Shh, RA has also been shown to possess neuroprotective 

capabilities against oxidative stress damage [20, 21]. Thus far, the focus of the investigations 

into the synergistic capabilities of Shh and RA have only been directed to their role in 

developmental differentiation of neural stem cells [22-25]. Our findings would suggest that 

inclusion of RA into future experimental studies might aid in Shh-directed neuroprotection.  

Indeed, the idea of combination therapies for the treatment of ALS in not a new one (reviewed in 

Chapter 1). In terms of our new research perspective, the potential for novel permutations of 

synthetic molecules (such as purmorphamine, and SAG-1) with the recombinant Shh protein 

and/or RA represents a new frontier in ALS therapeutics. In addition, these therapies can be used 

in conjunction with other trialled drugs to determine if they alter their already reported efficacy 

on disease. The potential for new treatments using Shh/agonist, along with RA represents a new 

and exciting avenue of research which holds great promise; not only in the field of ALS, but also 

for the understanding and treatment of other neurodegenerative diseases.  

A further extension of this work would include detailed surveys of the cilial profile in spinal 

cords and brains of ALS patients who have succumbed to the disease. Analysis of the CSF for 

both bioactivity and endogenous levels of Shh would aid in the understanding of the role this 

morphogen plays during disease progression. This would also indicate if there was any loss of 
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activity of Shh attributable to the disease. Determination of the pre-existing levels of Shh in the 

CSF of ALS patients would help elucidate whether the mode of action of Shh was either 

pharmacological or physiological. An a priori low level of Shh in the CSF might indicate that 

any beneficial effect of Shh treatment is due to physiologic replacement/augmentation back to 

basal levels. By contrast, normal levels of Shh would indicate that the positive effect of Shh was 

associated with a pharmacological mode of action.  

Genetic screening of blood or tissue samples from ALS patients for polymorphisms in genes 

within the Shh signalling cascade seems warranted. The identification of genes associated with 

decreased or uncharacteristic activity would help elucidate the efficacy of any applied Shh based 

treatment and would also assist in tailoring better therapeutic strategies. It seems not 

unreasonable to suggest that in the foreseeable future Shh levels or activity in the CSF, along 

with the detection of polymorphisms may become reliable tools for the prognostication of ALS 

and aid in its diagnosis.  

Even though he importance of the Shh signalling pathway is no doubt a key player in the health 

and maintenance of spinal cord motor neurons, by extension of the advancements reported here 

might have applicability to research of other neurodegenerative diseases, including Alzheimer’s, 

Parkinson’s, and Huntington’s diseases. Shh therapeutics may also have potential in the 

treatment of spinal cord injuries and diabetic neuropathies.  
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6.0 Concluding Remarks 

Taken together the work presented in this thesis constitutes the first investigation into the utility 

of Shh and its agonists as possible therapeutic agents for the treatment of ALS. As well, there 

may be implications for other neurodegenerative conditions. One of the key findings of this work 

was the extension of survival of treated transgenic mice. However, our enthusiasm may need to 

be tempered since there is a long list of compounds and therapies which were successful in 

prolonging the lifespan of transgenic mice, which subsequently failed to demonstrate efficacy in 

human patients. Furthermore, even if beneficial, consideration must also be given to the possible 

carcinogenic side effects which may be associated with increasing Shh signalling. Nonetheless, 

given the fatal outcome of ALS and the paucity of available effective treatments, the inherent 

chance of inducing cancer in patients may be acceptable depending on the magnitude of such 

risk.   

We hope that our work will introduce a new research pathway in the field of neurodegeneration, 

and that investigators will broaden their scope to include the study of this and other morphogens 

in the pathogenesis of not only ALS but other neurodegenerative diseases.  
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to any other person without Springer Science + Business Media's written permission. 

No Amendment Except in Writing 

This license may not be amended except in a writing signed by both parties (or, in the case 

of Springer Science + Business Media, by CCC on Springer Science + Business Media's 

behalf). 

Objection to Contrary Terms 

Springer Science + Business Media hereby objects to any terms contained in any purchase 

order, acknowledgment, check endorsement or other writing prepared by you, which terms 

are inconsistent with these terms and conditions or CCC's Billing and Payment terms and 

conditions. These terms and conditions, together with CCC's Billing and Payment terms and 

conditions (which are incorporated herein), comprise the entire agreement between you and 

Springer Science + Business Media (and CCC) concerning this licensing transaction. In the 

event of any conflict between your obligations established by these terms and conditions 

and those established by CCC's Billing and Payment terms and conditions, these terms and 

conditions shall control. 

Jurisdiction 

All disputes that may arise in connection with this present License, or the breach thereof, 

shall be settled exclusively by the country's law in which the work was originally published. 

Other terms and conditions: 

v1.2 

If you would like to pay for this license now, please remit this license along with your 
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be 

invoiced within 48 hours of the license date. Payment should be in the form of a check 

or money order referencing your account number and this invoice number 
RLNK500698977. 
Once you receive your invoice for this order, you may pay your invoice by credit card. 
Please follow instructions provided at that time. 
 
Make Payment To: 
Copyright Clearance Center 

Dept 001 
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P.O. Box 843006 

Boston, MA 02284-3006 
 
For suggestions or comments regarding this order, contact RightsLink Customer 
Support:customercare@copyright.com or +1-877-622-5543 (toll free in the US) or +1-
978-646-2777. 

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable 
license for your reference. No payment is required.  
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