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Abstract 
 
 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease 

characterised by progressive loss of upper and lower motor neurons, which 

ultimately leads to death within 2-3 years of diagnosis. While multiple mechanisms 

have been proposed to cause motor neuron death, altered signalling of the pro-

survival phosphatydyl-inositol-3-kinase (PI3K/Akt) signalling pathway has been 

shown in spinal cords of human cases and rodent models of ALS. The depletion of 

the phosphatase and tensin homologue (PTEN), an essential negative regulator of 

PI3K, promotes neuronal survival and axonal regeneration. The main aim of this 

study was to investigate the effect of PTEN silencing using viral vectors, on motor 

neuron survival and neuromuscular degeneration (NMJ) in experimental models of 

ALS. Lentiviral vectors expressing small interfering RNA (siRNA) against mouse 

PTEN achieved approximately 60% PTEN knockdown in purified motor neurons 

from transgenic SOD1G93A embryos and their non-transgenic littermates. PTEN 

silencing was associated with increased expression of phosphorylated Akt, and 

enhanced motor neuron survival. To validate the potential neuroprotective effect of 

PTEN silencing in vivo, wild-type (WT) mice were used to determine the efficiency 

of adeno-associated virus serotypes 6 (AAV6) and 9 (AAV9), to deliver PTEN 

siRNA to spinal cord motor neurons after intramuscular (i.m) administration. 

Despite effective transduction and PTEN knockdown in the injected muscles, low 

levels of spinal cord motor neuron transduction were observed for both vectors 

suggesting poor retrograde transport efficiency. Similar findings were seen in 

transgenic SOD1G93A mice treated with AAV9 vectors expressing PTEN siRNA, 

which may explain the lack of significant effect seen on spinal cord motor neuron 

survival. In addition, no significant effect was seen on neuromuscular junction 

degeneration in the muscles of the injected hind limbs.  
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In conclusion, these results suggest that viral-mediated PTEN silencing may 

enhance the survival of transgenic SOD1G93A motor neurons by activating the 

PI3K/Akt pathway. However, the i.m route for AAV-mediated siRNA delivery to 

the spinal cord is insufficient for effective PTEN silencing. Alternative CNS 

delivery routes are needed for proof-of principle studies to determine the therapeutic 

efficacy of PTEN silencing ALS.  
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1. INTRODUCTION 
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1.1 Amyotrophic Lateral Sclerosis  

 Amyotrophic Lateral Sclerosis (ALS), referred to as motor neuron disease 

(MND) or Lou Gehrig’s disease, is a fatal adult-onset disease, characterised 

by progressive loss of upper motor neurons located in the motor cortex and 

lower motor neurons in the brainstem and ventral horn of the spinal cord. 

ALS occurs with an incidence of approximately 1-2/100,000 per year and 

has a prevalence of 4-6/100,000 individuals (Pasinelli and Brown, 2006). 

The vast majority of cases (~90%) do not have a family history and are 

classified as sporadic ALS (SALS), whereas some (~10%) have a clear 

family history where either a first or second-degree relative is affected by 

the disease and these patients are classified as familial ALS (FALS) (Turner 

et al., 2013, Chen et al., 2013, Byrne et al., 2011).   

 

Affected patients typically present with progressive weakness, wasting, 

fasciculation and hyperreflexia. Initially, the disease starts focally and 

subsequently it spreads to contiguous body regions (Ravits and La Spada, 

2009). Although motor neuron degeneration is the predominant feature of the 

disease, non-motor symptoms and signs such as sensory loss (Kawata et al., 

1997) and extrapyramidal signs (Pradat et al., 2009) are found in a subset of 

patients indicating that ALS is a multisystem disorder. Indeed, cognitive 

impairment is seen in up to 50% of patients (Lomen-Hoerth et al., 2003) 

(Gordon et al., 2011) and approximately 15% of cases show signs of overt 

fronto-temporal dementia (FTD) (Ringholz et al., 2005). Hence, ALS and 

FTD are considered to be a spectrum of two overlapping diseases, referred to 
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as ALS/FTD (Lattante et al., 2015). Of interest, some motor neurons were 

found to be resistant to ALS degeneration such as those controlling eye 

movements and those originating from Onuf’s nucleus in the sacral spinal 

cord (controlling the pelvic muscles) (Mannen et al., 1977). Large variations 

are seen in the age and site of symptom onset as well as in the rate of disease 

progression; nonetheless, in most cases survival ranges from 3-5 years after 

diagnosis where patients ultimately die of respiratory failure due to 

denervation of the diaphragm and respiratory muscles (Cudkowicz et al., 

1997). However, survival of more than 10 years is observed in approximately 

10% of patients, where the disease runs a slowly progressive course (Turner 

et al., 2003). The heterogeneity seen in the disease presentation strongly 

suggests that environmental and genetic factors influence the clinical 

phenotype.  

 

The diagnosis of ALS remains clinical, based on the history and clinical 

examination showing progressive dysfunction of the upper and lower motor 

neurons (Gordon, 2013). Neuroimaging and electrophysiological studies 

support the diagnosis and help to exclude other neurological conditions that 

mimic the disease. The El Escorial Criteria  (EEC) was established to 

standardize the diagnosis for clinical studies (Brooks et al., 2000).   

 

To date, the exact underlying cause of ALS is unknown. Indeed, it is 

considered that a complex interplay between several pathogenic 

mechanisms lead to motor neuron degeneration (Figure 1.1). The spread of 

the disease from one anatomical site to another has led to two theories that 
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explain the progressive nature of ALS. The ‘dying forward’ theory stems 

from early studies that showed hyperexcitabilty of the motor cortex occurs 

at the early stages of the disease prior to the onset of symptoms. Thus, it 

was hypothesised that cortical abnormalities could lead to anterograde 

degeneration of the anterior horn cells (Eisen and Weber, 2001, Vucic et 

al., 2008, Kiernan et al., 2011). In support of this theory is the sparing of 

the extraocular muscles and Onuf’s nucleus, which are not directly 

connected to the motor cortex neurons. On the other hand, evidence of 

denervated neuromuscular junctions prior to motor neuron death led to the 

‘dying-back’ theory, which suggests that retrograde degeneration of lower 

motor neurons affects the motor neuron cell bodies, which leads to 

degeneration of corticospinal tracts and upper motor neurons of the motor 

cortex (Dadon-Nachum et al., 2011, Kiernan et al., 2011).   
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Figure 1.1. Molecular pathogenic mechanisms in ALS. ALS is a complex 
interplay between multiple pathogenic mechanisms, which ultimately lead to motor 
neuron loss. ALS, Amyotrophic Lateral Sclerosis, ER, endoplasmic reticulum, 
ROS, reactive oxidative Species. (Recreated from (Ferraiuolo et al., 2011e)). 
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 1.2 Molecular mechanisms of motor neuron degeneration in Amyotrophic 

Lateral Sclerosis 

 

1.2.1 Genetics 

The identification of genes associated with FALS provided important insights into 

the molecular pathways involved with the pathogenesis of the disease, which are 

also applicable to SALS. FALS is usually inherited in an autosomal dominant (AD) 

manner, although some autosomal recessive (AR) and X-linked cases were also 

identified (Table 1). The major disease causing genes underlying ALS encode for 

the proteins Cu/Zn superoxide dismutase 1 (SOD1) (Rosen et al., 1993), TAR DNA-

binding protein (TARDBP) (Sreedharan et al., 2008), Fused in sarcoma (FUS) 

(Kwiatkowski et al., 2009) (Vance et al., 2009) and Chromosome 9 open reading 

frame 72 (C9ORF72) (Renton et al., 2011).  
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   Table 1.1 Genes associated with Familial ALS 

 
 
 

Subtype/ 
Chromosome 
location 

Gene Protein Function Mode of 
Inheritance 

References 

ALS 1 (21q22.1) 
 
 

Superoxide dismutase 1(SOD1) 
 

Oxidative stress 
 

AD, AR, de 
novo 
mutation 

(Rosen et al., 1993) 

ALS 2 (2q33) Alsin (ALS2) 
 

Endosomal 
trafficking, cell 
signaling 

AR 

 

(Yang et al., 2001) 

ALS 3  (18q21) 
 

Unknown Unknown AD (Hand et al., 2002) 

ALS 4 (9q34) 
 

Senataxin (SETX) 
 

RNA processing 
 

AD (Chen et al., 2004) 

ALS 5 (15q21.1) Spatacsin (SPG11) Repair of 
damaged DNA 

AR (Orlacchio et al., 2010) 

ALS 6 (16p11.2) 
 

Fused in sarcoma (FUS) 
 

RNA processing 
 

AD and AR (Kwiatkowski et al., 
2009, Vance et al., 2009) 

ALS 7 (20ptel–p13) Unknown Unknown AD (Sapp et al., 2003) 
ALS 8 (20q13.3) 

 

Vesicle-associated membrane protein-
associated protein (VAPB) 

Endosomal 
trafficking and 
cell signaling 
 

AD (Nishimura et al., 2004) 

ALS 9 (14q11.2) 
 

Angiogenin (ANG) 
 

RNA processing 
 

AD (Greenway et al., 2006) 

ALS 10 (1p36.2) TAR DNA-binding protein (TARDBP) RNA processing 
 

AD (Sreedharan et al., 2008) 

ALS 11 (6q21) 
 

Polyphosphoinositide phosphatase 
(FIG4) 
 

Endosomal 
trafficking, cell 
signaling 
 

AD (Chow et al., 2009) 

ALS 12 (10p13) 
 

Optineurin (OPTN) 

 

Endosomal 
trafficking and 
cell signaling 
 

AD, AR (Maruyama et al., 2010) 

ALS 13 (12q24) 
 

Ataxin-2 (ATXN2) RNA processing Undefined (Elden et al., 2010) 

ALS 14 (9p13) Valsin-containing protein (VCP) Ubiquitin/protei
n degradation 

AD (Johnson et al., 2010) 

ALS 15 (Xp11) 
 
 

Ubiquilin 2 (UBQLN2) 
 

Ubiquitin/protei
n degradation 
 

X-linked (Deng et al., 2011c) 

ALS 16, ALS-FTD 
(9p13.3) 
 

σ Non-opioid receptor 1 (SIGMAR1) 
 

Unknown AD, AR (Luty et al., 2010, Al-
Saif et al., 2011) 

ALS 18 (17p 13.3) Profilin 1(PFN1) Cytoskeleton AD  
ALS 19 (2q33.3-
q34) 

v-erb-b2 avian erythroblastic leukemia  
viral oncogene homolog 4 (ERBB4) 

Cell signaling AD (Takahashi et al., 2013) 

ALS 21 (5q31.2) Matrin 3 RNA processing AD (Johnson et al., 2014) 
Other genes 
 

    

ALS-FTD1 
(9p21.2) 

Chromosome 9 open reading frame 72 
(C9ORF72) 
 

DENN protein 
 

AD (Hosler et al., 2000, 
Renton et al., 2011, 
DeJesus-Hernandez et 
al., 2011) 

ALS-FTD2 
(22q11.23) 

Coiled-coil-helix-coiled-coil-helix 
domain containing 10 (CHCHD 10) 

Unknown  (Bannwarth et al., 2014) 

ALS-dementia-PD 
(17q21) 

Microtubule-associated protein tau 
(MAPT) 
 

Cytoskeleton 
 

AD (Hutton et al., 1998) 

ALS (5q35) Sequestosome 1 (SQSTM1) Protein 
aggregation, 
autophagy 

AD (Teyssou et al., 2013) 
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Here, the different genetic factors involved in ALS are explored, along with their 

potential mechanism/s of action. 

 
 

1.2.1.1 SOD1 

SOD1 is a ubiquitously expressed protein that is predominantly found in the 

cytoplasm, and is abundant in neuronal and glia cells. It consists of 153 amino acids 

and its main function is to catalyse the dismutation of intracellular superoxide free 

radicals to hydrogen peroxide. In 1993, linkage analysis led to a breakthrough 

discovery of mutations in the SOD1 gene, which were associated with FALS (Rosen 

et al., 1993). This has led to the generation of transgenic murine models that have 

allowed a better understanding of the cellular mechanisms associated with motor 

neuron injury in ALS (Gurney et al., 1994). To date, more than 160 SOD1 mutations 

have been identified, the majority of which are inherited in an AD manner 

(Andersen et al., 2003, Zinman et al., 2009), nonetheless the most reliable evidence 

suggest that only a portion of these mutations are pathogenic (Andersen, 2006). 

Epidemiological studies showed that SOD1 mutations account for ˜12% of inherited 

and ˜1% of sporadic cases (Chio et al., 2008) (Andersen, 2006). Although most 

mutations are missense that produces a misfolded protein with a reduced dismutase 

activity, some mutations result in normal or only slight reduction in dismutase 

activity (Ratovitski et al., 1999). There is no correlation between the biochemical 

and physical properties of the mutant protein and disease duration, and the fact that 

SOD1 knockout mice do not develop motor neuron degeneration, suggests that 

mutant SOD1 acts through a novel toxic gain of function (Ratovitski et al., 1999, 

Reaume et al., 1996) (Andersen et al., 1997).  
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1.2.1.2 TARDBP and FUS  

Mutations in two other genes, TARDBP and FUS that encode for RNA/DNA 

binding proteins were detected in a subset of ALS patients. In 2006, TDP-43 (TAR 

DNA binding protein 43 kDa) was found to be a major component of ubiquitinated 

cytoplasmic inclusions in ALS and FTD (Arai et al., 2006, Neumann et al., 2006). 

This was soon followed by the discovery of mutations in the TARDBP gene that 

account for ~ 3-5% of FALS and <1% of SALS, (Sreedharan et al., 2008) (Gitcho et 

al., 2008) (Kabashi et al., 2008) (Yokoseki et al., 2008) and mutations in the FUS 

gene causing ~5% of FALS (Kwiatkowski et al., 2009) (Vance et al., 2009) (Van 

Langenhove et al., 2010). Most of the pathogenic mutations in both genes affect the 

C-terminal domain of the protein that results in translocation of the nuclear protein 

to the cytoplasm where they form aggregates in affected motor neurons and glia 

cells (Neumann et al., 2006, DeJesus-Hernandez et al., 2011, Arai et al., 2006, 

Kwiatkowski et al., 2009, Vance et al., 2009). Both TDP-43 and FUS play an 

essential role in RNA metabolism (Ayala et al., 2006) (Ayala et al., 2005) (Ling et 

al., 2010); however, whether their nuclear depletion or a toxic gain of function of the 

cytoplasmic aggregates is the cause of neurodegeneration remains unknown. 

Patients with TARDBP mutations usually present with upper limb onset have an 

earlier age of onset and longer disease duration compared to patients with SALS 

(Corcia et al., 2012). Similarly, patients carrying FUS mutations have an earlier 

disease onset but have a shorter survival than in SALS patients (Millecamps et al., 

2010). 

 

 

 

 



                                                      10 

 

1.2.1.3 C9ORF72 

In 2011, two groups reported the revolutionary discovery of a new gene associated 

with ALS (Renton et al., 2011) (DeJesus-Hernandez et al., 2011). A huge 

hexanucleotide repeat expansion in the first intron (non-coding region) of the 

C9ORF gene, located on chromosome 9, was found to be the most frequent cause of 

FALS, SALS and frontotemporal dementia (FTD) as well as in families inheriting 

both diseases (ALS-FTD). These findings provide strong evidence that FTD and 

ALS are a spectrum of disease rather than distinct diseases. The abnormal 

expansions were also found in patients with other ALS-causing gene mutations such 

as TARDBP, FUS and SOD1 (van Blitterswijk et al., 2012) as well as in other 

neurodegenerative diseases such as Parkinson’s disease (PD) (Lesage et al., 2013), 

Alzheimer’s disease (ALZ) (Majounie et al., 2012), Huntington disease (HD) 

phenocopies (suspected cases of HD that have negative genetic tests) (Hensman 

Moss et al., 2014) and prion diseases (Beck et al., 2013). In healthy subjects, the 

normal repeat region contains up to 30 repeats, however pathogenic repeats may 

range from 400 up to several thousands (Renton et al., 2011, DeJesus-Hernandez et 

al., 2011). Patients with abnormal gene expansions exhibit specific pathological 

features characterised by TDP-43 inclusions in the motor cortex and spinal cord but 

also ubiquitin- and p62-positive neuronal inclusions (which are TDP-43 negative) 

that are abundantly detected in the cerebellum and hippocampus (Al-Sarraj et al., 

2011, Brettschneider et al., 2012), as well as widespread RNA foci (DeJesus-

Hernandez et al., 2011). The function of the C9ORF72 protein remains unclear; 

however, recent studies suggest it may be related to the differentially expressed in 

normal and neoplastic (DENN)-like proteins, which are guanosine diphosphate 

(GDP)/ guanosine triphosphate (GTP) exchange factors that activate Rab-GTPases 

and regulate membrane trafficking (Levine et al., 2013). So far, studies have shown  
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no strong correlation between the size of expansion repeats and phenotype or disease 

severity (Cooper-Knock et al., 2014a). The exact mechanism by which C9ORF72 

expansion causes ALS is currently a matter of intense research. Potential pathogenic 

mechanisms that have been proposed suggest that epigenetic changes in the 

C9ORF72 DNA leads to reduced mRNA and protein expression and results in a 

loss-of-function mechanism (Gendron et al., 2014). Other authors suggested that 

mutant C9ORF72 transcripts form RNA foci that sequester several RNA-binding 

proteins, which prevents these proteins from carrying out their normal function 

(DeJesus-Hernandez et al., 2011) and other studies showed that these RNA foci are 

toxic to neurons (Lee et al., 2013). Finally, some studies revealed that aberrant 

translation of the repeat transcripts in the cytosol might form toxic insoluble 

dipeptide repeat aggregates causing a toxic gain of function that may contribute to 

neurodegeneration (Cooper-Knock et al., 2014b). Hence, targeted antisense therapy 

in patients harbouring the expansion repeats may prove to be a novel therapeutic 

option (Riboldi et al., 2014) (Sareen et al., 2013) (Donnelly et al., 2013). Moreover, 

identification of pathogenic repeats in the C9ORF72 gene has highlighted the 

importance of RNA processing in neurodegenerative disease and has become an 

exciting area for research to identify novel biomarkers and therapeutic strategies for 

treating ALS.  

 

1.2.1.4 Other genes 

On the other hand, loss of function of certain genes regulating endosomal trafficking 

and cell signalling have been linked to FALS and SALS as well as other 

neurodegenerative diseases. For example, mutations in FIG4 are known to cause 

autosomal recessive Charcot-Marie-Tooth neuropathy type 4J (CMT4J) (Chow et 

al., 2007) and have been identified in some families of FALS and sporadic ALS 
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(Chow et al., 2009). The FIG4 gene encodes for a phosphoinositide 5-phosphatase 

(a lipid phosphatase) also known as SAC3. It regulates the production of 

phosphatidylinositol 4, 5-biphosphate (PIP2), which plays an essential role in 

autophagy and retrograde endosomal trafficking to the Golgi network (Duex et al., 

2006). It has been proposed that in ALS, a loss of function of FIG4 causing 

defective autophagy with accumulation of cytoplasmic inclusions leads to motor 

neuron degeneration (Chow et al., 2009, Ferguson et al., 2009). Loss of function of 

the ALS2 gene has also been linked to a slowly progressive, AR juvenile-onset ALS 

(Yamanaka et al., 2003) found in families in North Africa and in the Middle East 

(Hadano et al., 2001).  

 

Alsin, the product protein of ALS2, is an 180kDa protein, which contains three small 

guanine nucleotide exchange factor (GEF) homologous domains that regulate 

GTPases. It is widely expressed in the brain and spinal cord, and regulates multiple 

cellular functions including endosomal trafficking, and promotes motor neuron 

survival and axonal growth (Kunita et al., 2004, Topp et al., 2004). Mice that are 

deficient in Alsin develop a slowly progressive neurological disorder (Hadano et al., 

2006) and Alsin deficiency exacerbates motor dysfunction in SOD1 mouse models 

(Hadano et al., 2010). The neuroprotective effects of Alsin are mediated via 

activation of Phosphoinositide 3-kinase (PI3K) and Akt3 survival pathways and 

studies have shown that it protects against SOD1 toxicity (Kanekura et al., 2004) 

(Kanekura et al., 2004) (Tudor et al., 2005).  

 

In addition, rare mutations in the OPTN gene were found in some patients with 

FALS and SALS (Maruyama et al., 2010) as well as in other diseases such as open 

angle glaucoma (Rezaie et al., 2002) and Paget’s disease of the bone (Albagha et al., 
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2010). The gene encodes for optineurin, a ubiquitous cytoplasmic protein that is 

highly expressed in the CNS and skeletal muscle (Rezaie and Sarfarazi, 2005). The 

protein has multiple intracellular functions including autophagy, vesicle trafficking 

(Sahlender et al., 2005) and inhibits the Nuclear factor kappaB (NF-κB) pathway 

(Zhu et al., 2007a). It remains unclear how mutant optineurin causes ALS; however, 

it was found to co-localise with skein-like inclusions in human cases and in other 

neurodegenerative diseases such as ALZ and HD (Deng et al., 2011a). The 

unopposed activity of NF-κB found in ALS caused by mutations in OPTN is 

believed to be a possible pathogenic mechanism for motor neuron degeneration 

(Maruyama et al., 2010) suggesting that therapeutic strategies aimed to inhibit NF-

κB could be novel treatments for ALS.  

 

Vesicle-associated membrane protein-associated protein B (VAPB) encodes for a 

type II transmembrane protein localised in the endoplasmic reticulum (ER). It plays 

a role in vesicle trafficking and regulates transport of lipids from the ER to other 

intracellular organelles (Soussan et al., 1999, Amarilio et al., 2005, Lev et al., 2008). 

VAPB mutations have been associated with ALS, of which two of them, P56S and 

T46I point mutations, result in insoluble cytoplasmic aggregation of the mutant 

protein leading to inhibition of the unfolded protein response (process by which the 

ER inhibits the accumulation of misfolded proteins) which ultimately causes 

neuronal death (Nishimura et al., 2004, Kanekura et al., 2006, Chen et al., 2010b). A 

loss-of-function of VAPB and prolonged ER stress response has been suggested to 

cause ALS associated with these mutations. Recent reports showed that a novel 

mutation in VAPB, V234I, produced a mutant protein that did not form aggregates 

but induced the accumulation of ubiquitin inclusions (Chattopadhyay and Sengupta, 

2014). 
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Several candidate genes that regulate RNA processing have been implicated in 

causing ALS. For example, rare missense mutations in the senataxin (SETX) gene 

were identified in AD FALS and in some families with SALS (Chance et al., 1998, 

Chen et al., 2004) where affected patients develop a slowly progressive young-onset 

disease. Senataxin is a DNA/RNA helicase protein that is highly expressed in 

neurons and is known to play a role in DNA repair and RNA processing (Suraweera 

et al., 2007) (Suraweera et al., 2009). In addition to ALS, SETX mutations were also 

found in some forms of cerebellar ataxia such as oculomotor apraxia type 2 (Moreira 

et al., 2004).  

 

Loss-of-function of human angiogenin due to mutations in the angiogenin gene 

(ANG) has been identified in rare cases of ALS and PD (Greenway et al., 2004, 

Greenway et al., 2006, van Es et al., 2011). Angiogenin is a ribonuclease, which is 

strongly expressed in developing and adult neurons of the brain and spinal cord. It 

induces angiogenesis, and plays an essential role in cell stress response where it 

mediates stress-induced cleavage of transfer RNA (tRNA), inhibiting protein 

synthesis and activating cell survival pathways (Fu et al., 2009, Yamasaki et al., 

2009, Emara et al., 2010, Ivanov et al., 2011). In vitro work has demonstrated that 

angiogenin promotes neurite growth and protects motor neurons in culture subjected 

to various stresses such as excitotoxicity, ER stress and hypoxia (Kieran et al., 2008, 

Thiyagarajan et al., 2012). In addition, it has been shown to enhance motor neuron 

survival in transgenic SOD1 mice and mediates its neuroprotective effects by 

activation of the Akt and extracellular-signal-regulated kinase (ERK) survival 

pathways (Kieran et al., 2008).  

 

 



                                                      15 

1.2.2 Protein aggregation 

The accumulation of insoluble protein aggregates is a pathological hallmark of ALS 

and is also observed in various neurodegenerative diseases such as ALZ, HD and PD 

(Carra et al., 2012). The presence of ubiquitinated protein inclusions is a 

characteristic finding in FALS and SALS. Three types of ubiquitin-positive 

inclusions exist in ALS: skein-like inclusions, which are specific to ALS and their 

abundance correlates with the severity of neuronal damage; dense bodies and Lewy 

body-like inclusions, which can be seen in other neurodegenerative diseases (Leigh 

et al., 1991). Bunina bodies are small cytoplasmic eosinophilic inclusions also 

specific to ALS, that do not contain ubiquitin and their load does not correlate with 

neuronal damage (Bendotti et al., 2012). In addition, hyaline conglomerate 

inclusions are considered to be specific to SOD1 FALS (Liu et al., 2009) (Ince et al., 

2011). 

 

Mutant SOD1 protein is found in inclusion bodies in affected motor neurons and 

neighbouring astrocytes in ALS patients, transgenic rodent models and primary 

motor neuron cultures expressing mutant SOD1 (Shibata et al., 1994). In transgenic 

mice, mutant SOD1 aggregates are detected prior to the onset of symptoms and their 

load correlate with disease progression and severity (Bruijn et al., 1998, Johnston et 

al., 2000, Wang et al., 2002). Of interest, inclusions containing misfolded wild type 

SOD1 were detected in motor neurons of some sporadic ALS patients suggesting 

that SOD1 may play a role in the pathogenesis of non-mutant SOD1 ALS (Bosco et 

al., 2010). In addition, TDP-43 was found to be the most predominant protein in 

cytoplasmic inclusions in ALS and FTD (Arai et al., 2006) (Neumann et al., 2006) 

(Mackenzie et al., 2007) (Sumi et al., 2009) and is an early feature of the disease 

(Giordana et al., 2010). The identification of disease causing mutations in TARDBP, 

the gene encoding TDP-43, provided evidence of a link between TDP-43 



                                                      16 

proteinopathy and neurodegeneration. The exact mechanism by which TDP-43 

contributes to neuronal toxicity remains elusive; however, it has been proposed that 

the cytoplasmic localisation of TDP-43 may have a pathogenic role. Of interest, 

TDP-43 inclusions were not found in patients with SOD1 mutations, implicating that 

motor neuron injury in these cases may result from a different pathogenic 

mechanism (Mackenzie et al., 2007). Other mutant proteins linked with FALS have 

also been detected in ubiquitinated inclusions, such as optineurin (Maruyama et al., 

2010), FUS (Mackenzie et al., 2010) and ubiquilin 2 (Deng et al., 2011a). 

 

Several hypotheses have been proposed to explain the mechanisms by which protein 

aggregation causes neurotoxicity. One hypothesis suggests that protein aggregates 

sequester essential cellular proteins, which decreases their intracellular 

bioavailability and prevents them performing their physiological functions. 

Examples of proteins detected in cytoplasmic inclusions in ALS include 

neurofilaments, ubiquitin, copper chaperone for SOD1 (CCS), B-cell lymphoma 2 

(BCL-2), glutamate transporters, glial fibrillary acidic protein and proteins involved 

in proteasome and chaperone function (Xu et al., 1993, Tu et al., 1996, Zhang et al., 

1997, Beaulieu et al., 1999, Watanabe et al., 2001, Lariviere et al., 2003). 

Upregulation of the small heat shock proteins (sHSP), alphaB-crystallin/HSPB5 and 

HSP27, molecular chaperones that mediate the clearance of misfolded proteins and 

prevent their intracellular aggregation, was found in the spinal cord of transgenic 

SOD1 mice (Vleminckx et al., 2002). Shinder and colleagues demonstrated the 

interaction of mutant SOD1 with some of the HSPs such as HSP40, HSP70, HSP27 

and alphaB-crystallin (Shinder et al., 2001). In addition, HSPB8 was found to be 

upregulated selectively in motor neurons expressing mutant SOD1, suggesting that 

increased expression of HSP in motor neurons is most likely a protective mechanism 

to prevent accumulation of protein aggregates (Crippa et al., 2010). Furthermore, 
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several studies in cellular and animal models of ALS have shown that 

overexpression of HSPs protects against SOD1 toxicity, induces autophagy and 

promotes clearance of misfolded proteins (Carra et al., 2012). Of interest, 

Arimoclomol, a derivative of hydroxylamine, enhances the expression of HSPs and 

was found to be neuroprotective in SOD1 mice (Kieran et al., 2004) (Kalmar et al., 

2008). The potential neuroprotective effect of Arimoclomol is currently being 

investigated in a clinical Phase II trial for ALS patients with SOD1 mutations 

(Kalmar et al., 2014). 

 

The accumulation of intracellular protein aggregates suggests dysfunction of the 

proteolytic pathway. In healthy eukaryotes, proteolysis is a tightly regulated and 

complex mechanism where the ubiquitin-proteasome system (UPS), autophagy and 

chaperones constitute its essential components (Kabashi and Durham, 2006). The 

UPS plays an essential role in the regulation of protein turnover and the clearance of 

misfolded proteins. It selectively targets short-lived proteins, which are tagged by 

ubiquitin and then rapidly degraded by the proteasomes to prevent intracellular 

accumulation and cell toxicity (Ciechanover and Schwartz, 1994, Ciechanover and 

Brundin, 2003). On the other hand, autophagy removes long-lived cytoplasmic 

proteins and organelles by their sequestration into autophagosomes that fuse with 

lysosomes for the degradation of the aberrant proteins (Bendotti et al., 2012). The 

presence of ubiquitinated protein inclusions in motor neurons in ALS indicates 

dysfunction of the UPS. Alterations in proteasome subunits have been found in 

cellular (Urushitani et al., 2002) (Hyun et al., 2002) and animal models of SOD1 

FALS. In addition, impairment of the UPS was demonstrated in spinal cords of 

transgenic SOD1G93A mice (Kabashi et al., 2004) (Cheroni et al., 2005) as well as in 

neuroblastoma-spinal cord hybrid cells (NSC34) expressing mutant SOD1G93A 

(Allen et al., 2003). Impairment of the proteolytic pathway has also been implicated 
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as a possible cause for the accumulation of ubiquitinated TDP-43 inclusions and 

neurotoxicity in ALS. Studies have demonstrated that pharmacological inhibition of 

UPS or the proteasome in cellular models of ALS results in the accumulation of 

TDP-43 aggregates (van Eersel et al., 2011). Further evidence for the role of 

proteolysis in ALS comes from the identification of mutations in genes encoding for 

VCP, UBQLN2 and SQSTM1 (Johnson et al., 2010) (Deng et al., 2011c) (Fecto et 

al., 2011). Valosin-containing protein (VCP) belongs to the AAA+ (ATPases  

 

Associated with diverse cellular Activities) superfamily of adenosine triphosphatase 

(ATPase) which has multiple essential roles including autophagy and protein 

homeostasis were it identifies misfolded proteins and transfers them to the 

proteasome for unfolding and degradation (Halawani and Latterich, 2006, Ju et al., 

2009). Mutations in the VCP gene are associated with accumulation of TDP-43 and 

ubiquitin positive inclusions and reduced clearance of mutant SOD1 in transgenic 

mice and cellular models (Ritson et al., 2010, Bendotti et al., 2012). Hence, in ALS, 

expression of mutant VCP may result in accumulation of ubiquitinated inclusions 

that may ultimately lead to neurodegeneration. The UBQLN2 gene encodes ubiquilin 

2, an ubiquitin-like protein that regulates the degradation of ubiquitinated proteins. 

The expression of mutant ubiquilin 2 is associated with dysfunction in the UPS and 

was found to co-localise with TDP-43, FUS, ubiquitin and p62 (Deng et al., 2011c). 

The p62 protein is an adaptor protein encoded by the SQSTM1 gene, which has 

multiple essential roles including cellular signalling and autophagy. It was identified 

in TDP-43-negative, ubiquitin-positive inclusions in ALS patients with C9ORF72 

repeats (Al-Sarraj et al., 2011) (King et al., 2011) (Troakes et al., 2012). Under 

physiological conditions, p62 binds to TDP-43; however, in FTD-TDP-43 patients, 

this direct interaction is disrupted and may be involved with the pathogenesis of 

TDP-43 proteinopathy (Tanji et al., 2012). The exact mechanism by which mutant 
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SQSTM1 leads to neurodegeneration is unclear; however, studies have shown that 

increased expression of p62 reduces TDP-43 aggregation by autophagy and 

proteasome activation (Brady et al., 2011). In addition it can identify mutant SOD1 

in an ubiquitin-independent manner and targets it for autophagy (Gal et al., 2009). 

 

The accumulation of protein aggregates in cellular organelles could impair their 

function, which in turn may lead to motor neuron injury. For example, mutant SOD1 

accumulates in the inner, outer and intermembrane space of the mitochondria, which 

is associated with mitochondrial dysfunction in the brain and spinal cord (Higgins et 

al., 2002, Liu et al., 2004, Pasinelli et al., 2004). Dysfunction of cellular organelles 

in ALS will be discussed below. 

 

1.2.3 Endoplasmic reticulum stress 

The presence of intracellular aggregates containing misfolded proteins is a 

characteristic feature of neurodegenerative diseases including ALS. Accumulation 

of misfolded or unfolded proteins in the endoplasmic reticulum (ER) causes ER 

stress, which triggers the unfolded protein response (UPR), a self-defense 

mechanism that re-establishes protein homeostasis and reduces the load of protein 

aggregates (Matus et al., 2013). Upon activation of the UPR, ER-resident 

chaperones recognize misfolded proteins and promote their folding (Kaufman, 2002) 

whereas aberrant proteins are translocated to the cytoplasm for degradation (Smith 

et al., 2011). Under physiological conditions, these adaptive mechanisms are 

cytoprotective; however prolonged activation of UPR triggers apoptotic signals and 

ultimately leads to cell death (Hitomi et al., 2004).  
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Several lines of evidence suggest that ER stress contributes to the pathogenesis of 

motor neuron injury in ALS. Morphological changes in the ER were detected in the 

SOD1 transgenic mouse model prior to the onset of symptoms, suggesting that ER 

stress is involved in the early stages of motor neuron degeneration (Lautenschlaeger 

et al., 2012, Dal Canto and Gurney, 1995). Similar findings were observed in 

affected areas in post-mortem tissue of ALS patients (Oyanagi et al., 2008) (Sasaki, 

2010) (Lautenschlaeger et al., 2012). In line with these findings, UPR-induced 

proteins including protein disulphide isomerase (PDI), an ER-resident chaperone, 

are upregulated at the presymptomatic stage in SOD1 mice (Atkin et al., 2008). 

Furthermore, activation of PDI was found in mutant SOD1 mice where it co-

localizes with the mutant SOD1 aggregates (Atkin et al., 2006). Increased 

expression of PDI was also detected in the cerebrospinal fluid (CSF) and motor 

neurons of ALS patients (Atkin et al., 2008). Recent studies have reported that 

genetic polymorphism in the gene encoding for PD1 (P4HB gene) may be associated 

with FALS and SALS (Kwok et al., 2013).  

 

In experimental models of FALS, gene expression profiling showed that vulnerable 

motor neurons are particularly susceptible to ER stress at the early stages of the 

disease, whereas the resistant motor neurons show evidence of ER stress in the later 

stages, suggesting that ER stress may influence the manifestation and progression of 

ALS (Saxena et al., 2009). In addition, motor neurons exposed to CSF from ALS 

patients develop ER fragmentation and increased expression of caspase 12 and ER 

stress markers; however, the neurotoxins responsible for inducing ER stress in the 

CSF have not yet been identified (Vijayalakshmi et al., 2011). More evidence from 

recent studies showed that translation of expanded repeats in C9ORF72 related 

ALS-FTD produce toxic neuronal inclusions that induce ER stress in tissue culture 

models (Zhang et al., 2014). Furthermore, disease-causing mutations in the VAPB 
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gene, which encodes for a type II transmembrane protein that has multiple cellular 

functions including regulation of the UPR, leads to aggregation of mutant VAPB 

and induces ER stress (Lev et al., 2008, Chen et al., 2010b).   

 

Accumulating evidence for the role of ER stress in motor neuron injury makes it an 

attractive therapeutic target. Strategies that involved manipulation of the UPR 

pathway to reduce protein aggregation or inhibit chronic UPR activation were 

investigated in experimental models of ALS. Overexpression of PDI in motor 

neuron cultures reduced ER stress and neuronal death (Atkin et al., 2006, Ilieva et 

al., 2007, Walker et al., 2010, Atkin et al., 2008). Other agents that activate UPR 

such as Salburinal were found to be protective against mutant SOD1 (Saxena et al., 

2009) and mutant TDP-43 toxicity (Vaccaro et al., 2013). Although the UPR is 

considered to be a cytoprotective mechanism, unexpectedly, deletion of X-box-

binding protein 1 (XBP1), an essential transcription factor in the UPR pathway that 

is known to inhibit motor neuron death, enhances autophagy and delays disease 

onset in transgenic SOD1 mice (Matus et al., 2009). Moreover, deletion of the 

apoptosis signal regulating kinase 1 (ASK1) gene, an ER stress-induced apoptotic 

gene, delayed disease progression in SOD1G93A mice (Nishitoh et al., 2008). Finally, 

other studies showed that increased expression of derlin-1, an ER factor, enhanced 

the degradation of mutant SOD1 leading to reduced accumulation of the mutant 

protein and inhibition of the ER stress response (Mori et al., 2011). 

 

1.2.4 Mitochondrial dysfunctio 

Mitochondria are dynamic organelles that have multiple essential roles including 

adenosine triphosphate (ATP) production, calcium homeostasis and regulation of 

apoptosis (Shi et al., 2010). A large body of evidence exists from studies in human 
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tissue and experimental models of ALS implicating mitochondrial dysfunction in the 

pathogenesis of ALS. Abnormal mitochondrial morphology was demonstrated in 

skeletal muscles (Atsumi, 1981) and spinal motor neurons of ALS patients (Sasaki 

and Iwata, 1996) (Sasaki and Iwata, 2007) and was also observed in the 

presymptomatic stage in transgenic SOD1 mice (Gurney et al., 1994) (Higgins et al., 

2002) (Wong et al., 1995) (Kong and Xu, 1998) (Dal Canto and Gurney, 1995) 

suggesting early involvement of mitochondria in the pathogenesis of disease. 

Altered mitochondrial structure was also seen in in NSC34 cells expressing mutant 

SOD1 (Menzies et al., 2002). Indeed, in transgenic mice, altered mitochondrial 

morphology including vacoulation was detected and the number of vacuoles was 

noted to increase with progression of the disease (Higgins et al., 2003).  

 

Abnormalities in mitochondrial structure are associated with impaired function; 

however, the exact mechanism by which mitochondrial dysfunction causes motor 

neuron degeneration is unknown. In spinal cords of human ALS cases (Wiedemann 

et al., 2002) and SOD1 mice (Mattiazzi et al., 2002), impairment of respiratory chain 

function causes oxidative damage to mitochondrial proteins and defects in 

intracellular energy metabolism, which may contribute to motor neuron injury 

(Mattiazzi et al., 2002). Moreover, studies in SOD1 mice showed that impaired 

calcium handling in mitochondria increases the susceptibly of motor neurons to 

glutamate excitotoxicity, a known pathogenic cause of motor neuron dysfunction 

and induces ER stress (Carri et al., 1997, Bernardi, 1999, Bergmann and Keller, 

2004, Damiano et al., 2006, Grosskreutz et al., 2010). Impaired anterograde and 

retrograde transport of mitochondria was observed in SOD1 mice and most likely 

contributes to the accumulation of abnormal mitochondria in addition to causing a 

decrease in normal mitochondria in nerve terminals, which is thought to play a role 

in dying-back neuronal degeneration (De Vos et al., 2007, De Vos et al., 2008).   
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The exact mechanism by which mutant SOD1 causes mitochondrial dysfunction is 

not fully understood. In transgenic mice, mutant SOD1 protein was found to 

aggregate selectively in the outer membrane, intermembrane space and matrix of 

spinal cord mitochondria (Liu et al., 2004, Pasinelli et al., 2004, Vande Velde et al., 

2008). The accumulation of the mutant protein in the mitochondrial membrane 

increases with age and has been speculated to cause severe mitochondrial 

malfunction by interfering with import of essential mitochondrial proteins (Liu et 

al., 2004). While the presence of mitochondrial superoxide dismutase (SOD2) 

mediates the clearance of superoxide generated by the respiratory chain, the 

presence of mutant SOD1 in the mitochondria was found to be associated with a 

reduced membrane potential and mitochondrial DNA damage (Mattiazzi et al., 

2002). 

 

Mitochondrial dysfunction plays a key role in ALS pathogenesis and is a potential 

therapeutic target. Several therapeutic compounds that enhance mitochondrial 

function have been tested and showed neuroprotection in ALS models (Muyderman 

and Chen, 2014). Dexpramixole, a putative mitochondrial modulator, was shown to 

reduce the mortality of ALS patients in phase 2 clinical trials (Cudkowicz et al., 

2011) (Rudnicki et al., 2013), however subsequent phase 3 trials showed no 

significant difference from placebo on disease progression and survival (Cudkowicz 

et al., 2013). 

 

1.2.5 Cytoskeletal elements and axonal transport 

Motor neurons have very long axons, and in order to maintain their survival they 

require active transport of newly synthesised organelles and materials from the cell 
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body to the axons and neuronal processes (anterograde transport), and transport of 

waste material and neurotrophic factors from the axons to the cell body (retrograde 

transport) (Holzbaur, 2004). The machinery for axonal transport is mainly 

comprised of the motor proteins kinesin (anterograde transport) and dynein 

(retrograde transport) as well as the cytoskeletal proteins microtubules, 

neurofilaments (NF) which consist of three components: NF-heavy chain (NF-H), 

NF-medium chain (NF-M), NF-light chain (NF-L), peripherin and α-internexin 

(Julien and Mushynski, 1998). Abnormal accumulation of NF in the proximal axons 

and cell bodies of affected motor neurons is a pathological hallmark of ALS (Hirano 

et al., 1984) suggesting that impaired axonal transport may play a role in ALS 

pathogenesis. Overexpression of NF-H or NF-L subunits, or mutant NF-L, in mice 

leads to the development of neurofilament-positive swellings, axonal degeneration 

and muscle atrophy similar to human ALS pathology (Cote et al., 1993, Lee et al., 

1994, Xu et al., 1993). On the other hand, increased expression of NF-H in 

transgenic SOD1 mice was found to be neuroprotective and prolonged their survival, 

although the mechanism of neuroprotection is unclear (Couillard-Despres et al., 

1998). Studies in primary neurons showed that glutamate-induced excitotoxicity 

causes phosphorylation of neurofilament subunits with concomitant slowing of 

neurofilament transport, linking these two potential pathogenic mechanisms 

(Ackerley et al., 2000). In line with these findings, other studies demonstrated that 

aberrant neurofilament phosphorylation resulting in slowing of anterograde axonal 

transport is mediated by activation of the p38 mitogen-activated protein kinase (p38 

MAPK) and cyclin-dependent kinase 5 (CDK5) pathways, which are both found to 

be activated in SALS and FALS (Guidato et al., 1996) (Brownlees et al., 2000) 

(Ackerley et al., 2003) (Ackerley et al., 2004). Further evidence for the role of 

axonal transport in ALS stems from genetic studies that identified variant alleles in 

genes encoding for NF-H (Al-Chalabi et al., 1999, Daoud et al., 2011) and 

peripherin (Leung et al., 2004, Gros-Louis et al., 2004).   
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In mutant SOD1 mice, impaired axonal transport occurs in the early stages of the 

disease prior to the onset of symptoms, providing more evidence for the role of 

defective axonal transport in ALS pathogenesis (De Vos et al., 2007, Williamson 

and Cleveland, 1999, Bilsland et al., 2010).  Dysfunction of    both anterograde and 

retrograde transport of several cargoes was observed in transgenic SOD1 mice, and 

the defects affect specific cargos, such that anterograde transport defects affect the 

transport of mitochondria  (Williamson and Cleveland, 1999, De Vos et al., 2007, 

Bilsland et al., 2010). 

 

The mechanisms by which mutant SOD1 leads to impaired axonal transport remains 

unclear and is most likely a result of several mechanisms. Mitochondrial dysfunction 

causes impaired mitochondrial transport, which in turn may affect the transport of 

other cargoes due to energy depletion (De Vos et al., 2007). Upregulation of tumour 

necrosis factor α (TNFα) in mutant SOD1 mice (Hensley et al., 2003, Cereda et al., 

2008) was shown to disrupt kinesin function by hyperphosphorylation of kinesin 

light chain (Kiaei et al., 2007) via activation of p38 MAPK signaling pathways, 

which have been shown to be activated in ALS models (Tortarolo et al., 2003, 

Ackerley et al., 2004). Moreover, mutations in genes encoding the cytoskeletal 

motor protein dynactin (DCTN1) were found in ALS patients (Puls et al., 2003) 

(Munch et al., 2004) (Munch et al., 2005) (Liu et al., 2014). Although the underlying 

mechanism is unknown, studies showed that dynein interacts with mutant SOD1 

suggesting altered dynein/dynactin function (Zhang et al., 2007a) (Ligon et al., 

2005).  

 

Impaired axonal transport of essential cargoes to and from the distal axon, in 

combination with defective anterograde transport and mitochondrial dysfunction, 
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most likely plays a critical role in dying back axonopathy (Ferraiuolo et al., 2011e) 

which has been demonstrated in human ALS and disease models (Fischer et al., 

2004, Pun et al., 2006). 

 

1.2.6 Excitotoxicity 

Glutamate is one of the essential excitatory neurotransmitters in the nervous system. 

It is released from the pre-synaptic terminal endings into the synaptic cleft where it 

binds to ionotropic (N-methyl-d-aspartate (NMDA), alpha (α)-amino-3-hydroxy-5-

methyl-4-isoxazolepropionate (AMPA) and Kainate) and metabotropic receptors on 

the post-synaptic membrane, resulting in depolarisation and initiation of an action 

potential. The glutamate signal is terminated by its removal from the synaptic cleft 

by glutamate re-uptake transporter proteins located on the pre-synaptic terminal 

endings and peri-synaptic astrocytes. The excitatory amino acid transporter 2 

(EAAT2; also known as SLC1A2 or GLT1) is one of the most abundant transporter 

proteins in the CNS. Excitotoxicity refers to neuronal damage occurring as result of 

excessive activation of glutamate receptors due to either excessive extracellular 

glutamate levels, sensitivity of glutamate receptors to glutamate due to neuronal 

energy depletion, or abnormal expression of glutamate receptors (Van Damme et al., 

2005).  Depolarization following abnormal activation of glutamate receptors opens 

up ion channels leading to influx of sodium, calcium and water. Increased 

intracellular calcium sets off a cascade of events leading to neuronal injury and 

death (Arundine and Tymianski, 2003). Motor neurons are densely populated with 

glutamate receptors and are particularly susceptible to excitotoxicity due to (1) their 

low expression of GluR2 subunits of AMPA receptors, which increases their 

permeability for calcium (Williams et al., 1997) and (2) the lack of calcium binding 

proteins, which protect neurons from intracellular calcium injury (Ince et al., 1993).  
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Excitotoxicity has been implicated in the pathogenesis of several neurodegenerative 

disorders (Mehta et al., 2013) and a large body of evidence implicates its role in 

ALS pathogenesis. In a subset of ALS patients, elevated levels of glutamate were 

detected in the CSF (Shaw et al., 1995). Other studies showed that CSF from 

affected individuals increases intracellular calcium levels of cultured motor neurons 

and induces neurotoxicity by activation of glutamate receptors (Sen et al., 2005) In 

addition, reduced expression and activity of EAAT2 receptors was observed in 

affected areas of the CNS in ALS cases (Rothstein et al., 1992, Rothstein et al., 

1995, Fray et al., 1998). Further evidence comes from neurophysiological studies 

that demonstrated hyperexcitability of affected motor neurons in human patients at 

the presymptomatic (Vucic et al., 2008) and early stages of the disease (Vucic and 

Kiernan, 2006). Studies in motor neurons from SALS cases demonstrated reduced 

RNA editing of GluR2 mRNA, which is speculated to contribute to the increased 

calcium permeability of AMPA receptors and motor neuron death (Kwak et al., 

2010). Recently, mutations in the D-amino acid oxidase (DAO) gene were identified 

in ALS patients (Mitchell et al., 2010). DAO is an enzyme that regulates the levels 

of D-serine (D-amino acid), a co-agonist and activator of NMDA receptors; hence, 

mutations in DAO may play a role in excitotoxic motor neuron degeneration. 

 

In mutant SOD1 models, several findings support the role of excitotoxicity in the 

pathophysiology of ALS, including the vulnerability of motor neurons to glutamate 

excitotoxicity (Meehan et al., 2010, Roy et al., 1998, Kruman et al., 1999), altered 

AMPA expression (Spalloni et al., 2004), down regulation and reduced activity of 

EAAT2 (Boston-Howes et al., 2006), excessive glutamate efflux from spinal cord 

nerve terminals (Milanese et al., 2011), loss of astrocyte regulation of GluR2 

expression (Van Damme et al., 2007) and reduced inhibitory/excitatory synapse 

ratio in motor neurons (Sunico et al., 2011). 
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Riluzole is currently the only effective and FDA-approved treatment for ALS. It 

antagonizes glutamate excitotoxicity by several mechanisms including inhibition of 

glutamate release and blocking of NMDA receptors (NMDARs) (Doble, 1996) 

(Cheah et al., 2010). However, other anti-glutamate therapeutic agents such as 

lithium, talampanel and gabapentin have been tried in ALS patients with no 

beneficial effect (Siciliano et al., 2010) suggesting that Riluzole may act by 

modulating other mechanisms in addition to inhibiting excitotoxicity (Cheah et al., 

2010).  Currently it remains controversial whether excitotoxicity is a primary or 

secondary event; indeed, Foran and colleugues have shown that it is linked with 

other pathogenic mechanisms such as mitochondrial dysfunction, oxidative stress 

and intracellular calcium homeostasis, which highlights the complexity of the 

pathogenic mechanisms in ALS (Foran and Trotti, 2009).   

 

1.2.7 Dysregulated transcription and RNA processing 

The identification of TDP-43 as a major constituent of ubiquitinated inclusions in 

ALS highlights the importance of altered transcription and RNA processing as a 

potential pathogenic mechanism in the disease. In support of this, mutations in FUS, 

SETX and ANG genes, which regulate transcription and RNA processing, were 

discovered in some ALS patients and have been implicated in disease pathogenesis 

(Chance et al., 1998, Chen et al., 2004, Greenway et al., 2004, Greenway et al., 

2006, Kwiatkowski et al., 2009, Vance et al., 2009). These genes are discussed 

above and the exact mechanism by which these mutations cause the disease is still 

under investigation.   
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Much of our current understanding comes from the recently developed mutant TDP-

43 models. The deletion of TARDBP in mice is embryonically lethal (Chiang et al., 

2010) and postnatal deletion of the gene produces a severe phenotype and rapid 

death (Sephton et al., 2010). In addition, overexpression of wild type TARDBP 

induced neurodegeneration and features resembling ALS associated with early 

lethality (Wils et al., 2010). These observations indicate that TDP-43 is essential for 

normal embryonic development and neuronal survival. To model the abnormal 

localisation of TDP-43 in human ALS, transgenic animals were generated such that 

the protein was specifically expressed in the cytoplasm of the forebrain (Igaz et al., 

2011). The mice developed features of ALS and severe neurodegeneration as well as 

profound changes in neuronal gene expression suggesting that the nuclear 

localisation of TDP-43 is important for its function, and that loss of function leads to 

dysregulation of gene expression. More than 4000 RNA-binding targets were 

identified, which include genes implicated in neurodegeneration (FUS/TLS, SETX, 

ALS2, VCP, VAPB, FIG4) and genes involved with synaptic function, CNS 

development and RNA metabolism (Polymenidou et al., 2011, Sephton et al., 2010).  

 

Studies attempting to identify TDP-43 RNA-binding targets demonstrated changes 

in RNA splicing in CNS tissue of human cases (Tollervey et al., 2011, Xiao et al., 

2011) and mouse models affected by TDP-43 proteinopathy (Polymenidou et al., 

2011). Studies showed dysregulation in alternative mRNA splicing in fibroblast 

cells lines derived from TARDBP-related ALS patients (Highley, 2010). Moreover, 

a recent study by Highley et al. showed aberrant mRNA splicing in lower motor 

neurons from ALS patients; and in support of these findings, similar findings were 

observed when TDP-43 was depleted in a motor neuron-like cell line (Highley et al., 

2014). Further evidence on the role of aberrant RNA processing in ALS comes from 

reports of transcriptional repression observed in motor neurons expressing mutant 
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SOD1 (Kirby et al., 2005, Ferraiuolo et al., 2007) and the detection of indices of 

RNA oxidation in mutant SOD1 mice and ALS patients (Chang et al., 2008). 

 

1.2.8 The role of non-neuronal cells  

Evidence for the role of non-neuronal cells in ALS first came from early studies 

which showed that selective expression of mutant SOD1 in either motor neurons or 

astrocytes did not cause an ALS phenotype (Pramatarova et al., 2001, Lino et al., 

2002). Reports from later studies contradicted these findings, showing that 

restricting expression of mutant SOD1 to motor neurons was associated with a later 

onset and a milder form of the disease (Jaarsma et al., 2008). Here the authors 

explained that in the previous studies the absence of disease was most likely related 

to the low expression of mutant SOD1, emphasizing that sufficient amounts of 

mutant SOD1 are needed to trigger motor neuron degeneration. Although restricted 

expression of mutant SOD1 in astrocytes solely does not cause motor neuron 

degeneration (Gong et al., 2000), selective inhibition of the mutant gene in 

astrocytes delayed disease progression (Yamanaka et al., 2008). Indeed, mutant 

SOD1-expressing astrocytes exert toxic effects when cultured with primary motor 

neurons and embryonic human or mouse stem cell-derived motor neurons (Hensley 

et al., 2006, Nagai et al., 2007), suggesting that motor neuron injury requires the 

contribution of non-neuronal cells. Further evidence for the role of non-neuronal 

cells comes from studies in chimeric mice, where cells express either mutant SOD1 

or wild-type SOD1. Normal motor neurons surrounded by mutant glial cells 

developed pathological features of ALS, whereas SOD1 motor neurons surrounded 

by wild-type non-neuronal cells were less affected (Clement et al., 2003). Moreover, 

targeted deletion of mutant SOD1 in microglia and astrocytes does not alter the 

onset of disease, but significantly delays the progression of disease at the later stages 

(Yamanaka et al., 2008). On the other hand, silencing the mutant allele in microglia 
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in transgenic SOD1G37R mice did not alter the onset of disease but significantly 

slowed down disease progression (Boillee et al., 2006). Thus, the onset and 

progression of disease may represent two distinct phases that could be separate 

targets for therapeutic intervention. These studies also highlight that non-neuronal 

cells could be a novel therapeutic target for delaying the progression of disease in 

ALS. In contrast to microglia and astrocytes, specific expression of mutant SOD1 in 

Schwann cells does not cause motor neuron pathology and increasing the expression 

of mutant SOD1 in Schwann cells does not aggravate the disease progression, 

suggesting that these cells are resistant to accumulation of the mutant SOD1 protein 

(Turner et al., 2010). 

 

The cellular mechanisms by which mutant astrocytes contribute to motor neuron 

injury remains unclear, it is speculated that the release of toxic factors from motor 

neurons may trigger their activation. Altered astrocyte functional properties in the 

presence of mutant SOD1 have been proposed as a mechanism by which they 

mediate their toxic effects (Ferraiuolo et al., 2011a). Haidet-Phillips and colleagues 

showed that astrocytes derived from FALS and SALS were both toxic to motor 

neurons suggesting a shared mechanism resulting in motor neuron degeneration 

through astrocyte-induced toxicity  (Haidet-Phillips et al., 2011).  Metabolic 

dysregulation, including impairment of the astrocyte lactate efflux transporter 

causing low levels of spinal cord lactate, was demonstrated in SOD1G93A mice 

(Ferraiuolo et al., 2011a). Another mechanism by which astrocytes may contribute 

to motor neuron injury is by activation of the pro-nerve growth factor–p75-signaling 

cascade (Ferraiuolo et al., 2011a).   

 

The evidence implicates a non-cell autonomous process involved with motor neuron 

degeneration in ALS. Further studies are needed to elucidate the mechanisms by 

which glial cells exert their toxic effects on motor neurons as this may provide novel 
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therapeutic strategies to prevent disease progression. On the other hand, altered 

expression of TDP-43 by either overexpression of the mutant protein TDP-43A315T or 

knock out of TDP-43 in astrocytes, does not induce motor neuron degeneration in 

wild-type motor neurons (Haidet-Phillips et al., 2013). These findings suggest that 

astrocytes do not play an essential role in the disease mechanism of TDP-43 related 

ALS and highlights the heterogeneity in ALS pathogenic mechanisms. 

 

1.2.9 Neuroinflammation 

Neuroinflammation is a prominent pathological feature common to ALS and other 

neurodegenerative diseases. In ALS, it is characterised by the activation of 

microglia, astrocytes and T-cell infiltration in affected areas in the brain and spinal 

cord (Henkel et al., 2004). Although traditionally inflammatory mechanisms were 

thought to occur as a secondary protective mechanism in response to motor neuronal 

injury, evidence now exists to support that it also contributes to disease progression 

(Papadimitriou et al., 2010). In line with this hypothesis, microglial activation is 

observed in the early stages of the disease prior to onset of symptoms and increases 

with the progression of disease (Alexianu et al., 2001) (Henkel et al., 2004) 

(Garbuzova-Davis et al., 2007). In fact, some studies have shown that in the early 

stages, microglia produce anti-inflammatory factors that promote the repair and 

regeneration of motor neurons. However, with progression of disease when the 

neurotoxic burden increases, microglia switch to produce pro-inflammatory 

cytokines, which contributes to motor neuron degeneration and progression of the 

disease (Appel et al., 2011).  

 

Increased levels of proinflammatory markers including IL-6, IL-8, IL-1ß, 

chemoattractant protein 1, TNF α, prostaglandin E2 and cyclooxygenase 2 were 

found in the CSF of ALS patients (Elliott, 2001, Almer et al., 2002, Hensley et al., 
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2003, Kuhle et al., 2009, Fiala et al., 2010, Henkel et al., 2004). In addition, 

alterations in the levels of biochemical markers of the immune system were detected 

in the blood and CSF of human cases (Mantovani et al., 2009, Tateishi et al., 2010). 

Likewise, upregulation of inflammatory cytokines was observed in the spinal cord of 

transgenic SOD1 mice (Alexianu et al., 2001) (Henkel et al., 2006). Activation of 

the complement system is observed in human ALS and transgenic SOD1 mice and 

may lead to the activation of an adaptive immune response and ultimately 

inflammation (Ferraiuolo et al., 2007, Lobsiger et al., 2007) (Sta et al., 2011). 

Furthermore, a significant reduction in CD4+CD25+ regulatory T (TREG) and 

monocyte (CD14+) cell counts occurs in the early stages of the disease, indicating 

their recruitment to the CNS and early involvement in neurodegeneration (Kipnis et 

al., 2004). TREG cells stimulate microglia to produce anti-inflammatory cytokines to 

inhibit the neuroinflammatory process. In line with this notion, SOD1 mice that 

were bred with mice lacking functional CD4+ T cells developed a rapidly 

progressive ALS phenotype that was reversed with bone marrow transplantation 

(Beers et al., 2008).  

 

Recent studies demonstrated that blocking CD40L, a T cell ligand that triggers an 

`immune response when it binds to CD40 receptors on antigen presenting cells, was 

discovered as a potential therapeutic target for the treatment of ALS. Systemic 

administration of monoclonal antibodies against CD40L (MR1) via intraperitoneal 

injections in SOD1 mice delayed the onset of disease, prolonged survival and 

reduced microglial and astrocyte activation (Lincecum et al., 2010). 

 

1.2.10 Oxidative stress 

Oxidative stress occurs as a result of an imbalance between the generation and 

clearance of reactive oxygen species (ROS), and/or due to impairment of 
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intracellular anti-oxidant mechanisms to prevent damage caused by ROS (Coyle and 

Puttfarcken, 1993, Lenaz, 1998). The mitochondria represent the major site for the 

generation of ROS, which are produced as a by-product of aerobic metabolism due 

to leakage of electrons from the respiratory chain (Milani et al., 2013). The 

accumulation of ROS in post-mitotic neurons during ageing is one of the main 

factors considered to tip the balance such that the cells are unable to cope with toxic 

insults, leading to a vicious cycle of intracellular damage and ultimately neuronal 

death (Ferraiuolo et al., 2011a). The large size and increased metabolic demands of 

motor neurons renders them particularly vulnerable to free radical damage (Barber et 

al., 2006).  

 

The discovery of mutations in the SOD1 gene, which encodes for an essential anti-

oxidant enzyme and accounts for one-fifth of FALS, pointed towards a role of 

oxidative stress in ALS (Rosen et al., 1993). Thereafter, extensive research has 

shown that it plays an essential role in SOD1-FALS pathogenesis. Markers of 

oxidation were found to be elevated in biological samples of ALS patients including 

CSF (Smith et al., 1998), sera (Henkel et al., 2004) and urine (Mitsumoto et al., 

2008). Furthermore, increased levels of oxidative damage to lipids (Shibata et al., 

2001), proteins (Shaw et al., 1995) and DNA (Fitzmaurice et al., 1996) were found 

in post-mortem tissue of FALS and SALS patients. In line with human studies, 

similar findings of oxidative damage were found in transgenic mouse models 

(Barber et al., 2006). Moreover, in mouse models evidence of mRNA oxidation was 

found in motor neurons at the presymptomatic stage (Chang et al., 2008). Studies 

showed that some mRNAs involved in essential metabolic pathways are particularly 

prone to oxidation (Chang et al., 2008). Evidence of oxidative damage is also found 

in cellular models of SOD1-related ALS (Barber et al., 2006). Interestingly, SOD1 

was found to be particularly susceptible to oxidative post-translational modification 

(Andrus et al., 1998). The recently developed cellular model of TDP-43 related ALS 
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indicates that mutant TDP-43 provokes oxidative damage in motor neuron cell lines 

(Duan et al., 2010).  

 

The sources of oxidative stress have been extensively studied in transgenic SOD1 

models. Although aberrant SOD1-mediated chemical reactions have been proposed 

(Barber et al., 2006), enzymatically inactive copper-depleted mutant SOD1 can still 

cause motor neuron injury (Subramaniam et al., 2002). Thus, mutant SOD1 can 

induce oxidative stress by mechanisms other than its catalytic function. In microglia, 

expression of mutant SOD1 results in increased production of free radicals by the 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) enzymes 

(Harraz et al., 2008). Increased expression of NOX2 was found in human ALS tissue 

(Wu et al., 2006a) and transgenic SOD1 mice, and knockout of NOX1 or NOX2 

prolonged the survival of transgenic SOD1G93A (Marden et al., 2007). One of the 

main regulators of the anti-oxidant response is the transcription factor nuclear 

erythroid-2-related factor 2 (Nrf2), which in the presence of oxidative stress, binds 

to and upregulates genes containing an anti-oxidant response element (ARE) in their 

promoter (Sarlette et al., 2008). In addition, dysregulation of Nrf2-ARE signaling 

has been shown in human ALS as well as transgenic SOD1 mice (Kirby et al., 2005, 

Sarlette et al., 2008). Furthermore, free radical damage also plays a role in non-

SOD1 related ALS (Carri et al., 2015) and environmental factors such as metals are 

speculated to induce the production of ROS in ALS (Carri et al., 2003, Lovejoy and 

Guillemin, 2014). 

 

A wealth of evidence shows that oxidative stress interacts with, and possibly 

enhances, other pathogenic mechanisms that contribute to motor neuron 

degeneration such as excitotoxicity (Rao and Weiss, 2004), mitochondrial 

dysfunction (Duffy et al., 2011), protein aggregation (Wood et al., 2003), ER stress 

(Kanekura et al., 2009) and altered signaling in non-neuronal cells (Blackburn et al., 
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2009, Sargsyan et al., 2005). Thus, oxidative stress is considered an attractive 

therapeutic target and meta-analysis studies have shown that among several drugs, 

anti-oxidant therapies are the most effective in prolonging survival in transgenic 

SOD1 mice (Benatar, 2007). However, so far anti-oxidant therapy has not shown 

beneficial effects in ALS patients, which is most likely due to suboptimal designs of 

clinical trials (Orrell et al., 2007, Zhu et al., 2015).   

 

1.2.11 Apoptosis 

Apoptosis is an example of programmed cell death, which is characterised by 

morphological changes to the cells and occurs secondary to the activation of 

intracellular death pathways. In ALS, apoptosis contributes to the selective death of 

motor neurons; although some argue that this process is too rapid to cause cell death 

in a chronic neurodegenerative disorder (Sathasivam et al., 2005). This is an 

oversimplification since there are multiple components to the apoptotic pathway, 

and the late stages of apoptosis which could be visualised in vivo, only last for a 

couple of hours (Sathasivam et al., 2005) which makes it difficult to detect in post-

mortem tissue of ALS patients. Hence much of our understanding of the cell death 

mechanisms in ALS comes from the generation of cellular and animal models of 

SOD1-related ALS.  

 

Structural changes to motor neurons consistent with apoptosis, such as the 

externalisation of phosphatidylserine (a phospholipids that normally resides in the 

inner side of cell membranes) to the outer layer of the plasma membrane, were 

found in NSC34 cells expressing mutant SOD1 (Cookson et al., 2002). Other 

features such as DNA fragmentation have been observed in ALS post-mortem tissue 

(Ekegren et al., 1999, Martin, 1999, Troost et al., 1995, Yoshiyama et al., 1994), 

although this has not been replicated by other investigators (He and Strong, 2000, 
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Migheli et al., 1994). Other studies demonstrated the presence of apoptotic cells in 

the spinal cord of transgenic SOD1G93A mice according to morphological criteria 

(Guegan and Przedborski, 2003). Early reports by Martin and colleagues described 

the stages of morphological changes that are reminiscent of apoptosis, affecting 

dying motor neurons in human ALS post-mortem tissue, although not all of the 

classical features of apoptosis were present (Martin, 1999). Evidence of biochemical 

markers of apoptosis was also found in ALS patients as well as in cellular and 

animal models. For example, activation of caspases, which are crucial for mediating 

the apoptotic process (Mu et al., 1996), were found in cellular (Sathasivam et al., 

2005, Ghadge et al., 1997) and mouse models of SOD1-related ALS (Wootz et al., 

2004, Guegan and Przedborski, 2003, Kang et al., 2003). In addition, increased 

activity of caspases 1 and 9 was observed in the spinal cords (Li et al., 2000) as well 

as in serum (Ilzecka, 2012) of ALS patients. Additional evidence shows that 

conditional deletion of the pro-apoptotic proteins BCL-2-associated X protein (BAX) 

and BCL-2-homologous antagonist/killer (BAK) in the CNS delayed the onset of 

symptoms and prolonged the survival of the transgenic SOD1 mouse. Moreover, 

increased expression of other pro-apoptotic proteins such as LeY antigen 

(Yoshiyama et al., 1994), fractin (Vukosavic et al., 2000) and prostate apoptosis 

response-4 protein, were found in affected motor neurons (Pedersen et al., 2000). In 

support of this notion, overexpression of the anti-apoptotic BCL-2 protein prolongs 

the survival of transgenic SOD1 mice (Kostic et al., 1997, Azzouz et al., 2000) and 

motor neuron-like cell lines (Nicholson and Thornberry, 1997) and low levels of 

BCL-2 mRNA were detected in motor neurons of the lumber spinal cords of human 

cases. Furthermore, evidence of apoptosis was seen in cultures of rat embryonic 

cortical neurons exposed to CSF from ALS patients (Gomez-Pinedo et al., 2014). In 

these studies, the cells developed nuclear fragmentation and increased expression of 

apoptotic markers including caspase 3.  

 



                                                      38 

All of the above mentioned pathogenic mechanisms lead to apoptotic cell death. 

Emerging evidence shows that mutant TDP-43 induced apoptosis in neuronal cells 

(Mutihac et al., 2015). Recent studies showed that overexpression of full length 

TDP-43 or its mutant forms induced caspase activation and apoptosis (Yamashita et 

al., 2014). In their study, Wang et al. demonstrated that TDP-43 induces p53-

mediated apoptosis (Wang et al., 2014). Likewise, cellular models of C9ORF72-

related ALS also showed features of apoptotic cell death (Stepto et al., 2014).  

 

Thus, the evidence suggests that a form of programmed cell death resembling 

apoptosis plays a role in motor neuron degeneration. Although apoptosis is likely to 

be a terminal event, anti-apoptotic treatments may prevent disease progression. It 

could be argued that prolonging the survival of diseased neurons may not be an 

effective strategy; however, anti-apoptotic treatments could be combined with other 

therapies targeting upstream mediators of motor neuron injury. Alternatively, 

activation of cell survival pathways may counteract the apoptotic process and may 

help to prevent disease progression.  

 

1.3 The PI3K/Akt survival Pathway 

The PI3K/Akt signaling pathway is an essential pathway, which regulates cell 

survival, proliferation, translation and transcription (Osaki et al., 2004). PI3K is a 

lipid kinase made up of a catalytic (P110) and a regulatory (P85) subunit (Katso et 

al., 2001). It is activated by receptor tyrosine kinases and G protein coupled 

receptors to phosphorylate the 3 position of the inositol ring of PIP2, to produce 

phosphatidylinositol 3,4,5 trisphosphate (PIP3), a lipid secondary messenger and an 

important component of the PI3K/Akt pathway (Katso et al., 2001). Generation of 

PIP3 results in the recruitment of the cytosolic protein, Akt, also known as protein 

kinase B (PKB), to the plasma membrane where it is activated and phosphorylated 



                                                      39 

by phosphoinositide-dependent kinase-1 (PDK1) (Scheid and Woodgett, 2003). Akt 

is a 57-kDa serine/threonine kinase, which is an essential mediator of several 

signalling pathways including cell survival, glucose metabolism and protein 

translation (Datta et al., 1999). It exists in three isoforms encoded by three distinct 

genes: Akt1 (PKBα), Akt2 (PKBβ) and Akt3 (PKBγ) (Datta et al., 1999). Neurons 

predominantly express Akt1 and Akt3 (Osaki et al., 2004). Translocation of Akt to 

the cell membrane results in a conformational change in its protein structure 

resulting in the exposure of two essential phosphorylation sites: Threonine 308 

(Thr308) and Serine 473 (Ser 473) (Cantley, 2002). Activation of Akt requires the 

phosphorylation of both Thr308 and Ser473. Activated Akt then translocates to the 

cytoplasm and nucleus where its substrates are located. Akt exerts its role as a cell 

survival and proliferation mediator by phosphorylating various downstream signals 

including: BCL-2 antagonist of cell death (BAD) (Datta et al., 1997), glycogen 

synthase kinase 3-β  (GSK3-β) (van Weeren et al., 1998), forkhead transcription 

factors (FHTF) (Kops and Burgering, 1999), caspase-9 (Cardone et al., 1998) 

(Cardone et al., 1998), IκB kinase (IKK) (Kane et al., 1999) and mammalian-target-

of rapamycin (mTOR) (Manning and Cantley, 2003). Among these targets, BAD is 

one of the most important molecules in regulating cell survival. PTEN is a crucial 

negative regulator of Akt that inhibits cell survival and proliferation, by 

dephosphorylating PIP3 to PIP2 (Datta et al., 1997) (Figure 2). 
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Figure 1.2. The PTEN/PI3K/Akt pathway. The binding of ligands to tyrosine 
kinase receptors activates PI3K which catalyses the generation of PIP3 from PIP2. 
The production of PIP3 leads to the translocation of Akt from the cytoplasm to the 
cell membrane where it becomes phosphorylated and activated at Ser473 and 
Thr308. Activated Akt phosphorylates several cytoplasmic substrates and regulates 
protein translation, glucose metabolism and inhibits apoptosis. PTEN 
dephosphorylates PIP3 and acts as a main negative regulator of the PI3K/Akt 
pathway.  
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1.3.1 PTEN 

For many years, the observation of loss of heterozygosity of chromosome 10 in 

human cancers, particularly glioblastoma, pointed to the existence of a tumour 

suppressor gene in chromosome 10. It was not until 1997 when three independent 

groups reported the first discovery of a candidate tumour suppressor gene, PTEN 

(phosphatase and tensin homologue deleted in chromosome 10) (Datta et al., 1997) 

MMAC1 (mutated in multiple advanced cancers-1) (Steck et al., 1997) or TEP1 

(TGF b regulated and epithelial cell enriched phosphatase 1) (Li and Sun, 1997), 

which was mapped to chromosome 10q23. Somatic mutations in PTEN were 

detected in a variety of human cancers including glioblastoma, advanced prostate 

and endometrial cancers, and PTEN is now considered as one of the most frequently 

mutated genes in human malignancies. Germline mutations were also detected in 

almost 80% of patients suffering from autosomal dominant Cowden disease (CD) 

(Liaw et al., 1997), Lhermitte Duclos disease (LDD) (Nelen et al., 1997) and 

Bannayan-Zonana syndrome (BZS) (Marsh et al., 1997). These syndromes share 

characteristic developmental defects, benign tumours and increased susceptibility to 

thyroid and breast malignancies. 

 

The PTEN gene consists of nine exons and encodes a 5.5 kb mRNA (Steck et al., 

1997). It encodes a protein consisting of 403 amino acids with a relative molecular 

weight of 47 kDa (Steck et al., 1997). Analysis of PTEN’s crystal structure revealed 

that it consists of three main domains (Lee et al., 1999). The amino terminal end (N-

terminal), comprising 190 amino acids, carries the signature motif HCXXGXXR that 

defines the family of protein tyrosine phosphatases (PTPs) and dual-specificity 

protein phosphatases (DSPs). Within this motif, the Cys-124 and Arg-130 are 

essential for the catalytic function of the protein (Lee et al., 1999). Most of the 

mutations are found to affect the N-terminal (Figure 1.3). Sequence analysis 

revealed that the catalytic amino terminal end bears homology to chicken tensin 
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(Steck et al., 1997), an actin binding protein found in focal adhesions, and bovine 

auxillin (Steck et al., 1997), a protein that disassembles clathirin-coated vesicles. 

The evidence suggests that the N-terminal has additional roles to that of a 

phosphatase. The C-terminal domain (carboxyl terminal) consists of a C2 domain, 

which mainly functions in the binding of PTEN to phospholipids in the plasma 

membrane (Lee et al., 1999); it also contains a PDZ-binding motif which is 

responsible for protein-protein interactions (Wu et al., 2000) and two PEST (peptide 

sequence rich in proline (P), glutamic acid (E), serine (S) and threonine (T) 

sequences (Georgescu et al., 1999). A known role for PEST sequences is to target 

proteins for proteolytic degradation; however, studies have shown that PEST 

sequences play a role in the stability of the PTEN protein (Georgescu et al., Vazquez 

et al.). Finally, the tail of PTEN consists of 50 amino acids that are also essential for 

PTEN’s stability (Lee et al., 1999). 

 

The discovery of PTEN in 1997 stimulated several research groups to identify its 

substrates. The finding by Mahaema and Dixon, that PTEN is a phosphatidylinositol 

phosphatase, was a major step towards the understanding of its function (Maehama 

and Dixon, 1998). In their in vitro studies, they demonstrated that overexpression of 

PTEN in a human cell line (HEK293) led to reduced levels of   PIP3, and 

transfection of inactive PTEN resulted in the accumulation of PIP3 levels (Maehama 

and Dixon, 1998).  Further evidence comes from the elevated levels of PIP3 

detected in cells of PTEN-deficient embryos (Stambolic et al., 1998).  Studies in 

Caenorhabditis elegans demonstrated that this pathway is highly conserved in 

worms and its inhibition prolongs its survival (Mihaylova et al., 1999).  

 

Recent progress has been made in understanding the association of PTEN with other 

signalling pathways. PTEN has been shown to inhibit cell migration by 

dephosphorylating focal adhesion kinase (FAK) (Tamura et al., 1998, Tamura et al., 
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1999). In addition, PTEN negatively regulates the MAPK pathway, another 

important pathway in cell survival and proliferation (Weng et al., 2001b, Waite and 

Eng, 2002). Moreover, PTEN is a negative regulator of the mammalian target of 

rapamycin (mTOR) pathway, which plays an essential role in regulating neuronal 

cell size and growth (Sansal and Sellers, 2004). mTOR is a large serine/threonine 

protein kinase that regulates ribosome biogenesis, protein synthesis and autophagy 

(Sarbassov et al., 2005). mTOR acts primarily by phosphorylating eukaryotic 

translation initiation factor 4E binding protein (4EBP) proteins and p70 ribosomal 

S6 protein kinase (p70S6K), which are essential regulators of protein translation 

(Sarbassov et al., 2005). In response to nutrients and growth factors, the PI3K/Akt 

pathway activates mTOR (Sarbassov et al., 2005). PTEN is an essential negative 

regulator of mTOR whereas activated mTOR signaling negatively inhibits the 

PI3K/Akt pathway (Song et al., 2012). Studies have shown that PTEN exhibits its 

regulation of cell size and proliferation through regulation of the mTOR pathway 

((Sansal and Sellers, 2004).   

 

 

            

Figure 1.3. PTEN domains. This schematic diagram illustrates the structure of 
PTEN. The N-terminal domain contains the signature motif HCXXGXXR of protein 
tyrosine and dual-specificity phosphatases. The C2 domain facilitates the binding of 
PTEN to phospholipids in the plasma membrane. The PDZ binding motif is 
responsible for protein-protein interactions. The PEST sequences and PTEN tail are 
essential for PTEN’s stability. 
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1.3.2 The role of PTEN in the CNS 

Studies in human post-mortem brain tissue showed that PTEN was mainly expressed 

in neurons and glia cells (Sano et al., 1999) (Sano et al., 1999). 

Immunohistochemistry showed that PTEN is localised to the cytoplasm and nucleus 

of neurons (Sano et al., 1999). In adult mice PTEN is widely expressed in the CNS 

with marked expression in the cortex, cerebellum and pyramidal neurons, compared 

to the very low levels in glial cells (Lachyankar et al., 2000).  

 

Initially, much of the research focused on PTEN’s role in the molecular 

pathogenesis of brain cancers; however, studies have demonstrated a link between 

PTEN and several neurological disorders, which unravelled a broader role for PTEN 

in the nervous system. A wealth of evidence showed that PTEN has crucial roles in 

the CNS and contributes to neurodegeneration in diseases such as ALS (Kirby et al., 

2011f), PD (Diaz-Ruiz et al., 2009, Domanskyi et al., 2011, Kim et al., 2005), ALZ 

(Griffin et al., 2005, Sonoda et al., 2010, Zhang et al., 2006) and multiple sclerosis 

(Harrington et al., 2010). Targeted deletion of the murine PTEN gene resulted in 

embryonic lethality, demonstrating that PTEN is essential for early embryogenesis 

(Di Cristofano et al., 1998) (Suzuki et al., 1998) (Podsypanina et al., 1999). 

Conditional PTEN knockout in CNS progenitor/stem cells of mouse embryos at 

mid-gestation, using the cre-lox technology, resulted in mice with multiple 

anomalies and early lethality (Groszer et al., 2001), while postnatal PTEN silencing 

produced mice with enlarged brains that died shortly after birth (Backman et al., 

2001, Kwon et al., 2001). These mouse models demonstrated the importance of 

PTEN in early and late neuronal development and showed that PTEN negatively 

regulates neuronal cell size and proliferation. On the other hand, PTEN depletion 

causes progressive loss and degeneration of Purkinje cells during early postnatal 

development (Marino et al., 2002). Furthermore, several studies showed that PTEN 

plays an essential role in synaptogenesis and synaptic plasticity (Williams et al., 
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2015) (Lugo et al., 2014) (Fraser et al., 2008). The developmental function of PTEN 

in the CNS is out of the scope of this review; its role in neuronal apoptosis and axon 

regeneration will be discussed below. 

 

1.3.3 PTEN and neuronal apoptosis 

The lack of apoptosis in brain tumours associated with PTEN mutations raised an 

increasing interest in a possible role for PTEN in neuronal apoptosis (Kyrylenko et 

al., 1999). In vitro models of post-mitotic neuronal cell death have shown that PTEN 

expression is altered in response to various apoptotic inducers (Kyrylenko et al., 

1999). For example, in primary cultured cerebellar granules, serum withdrawal with 

potassium deprivation reduced the expression of PTEN mRNA (Kyrylenko et al., 

1999). While okadeic acid, an apoptotic inducer, induces an initial increase in PTEN 

mRNA, this was followed by a reduction in PTEN expression (Kyrylenko et al., 

1999). Similar effects of serum withdrawal were also seen in cultured 

Neuroblastoma-2a cells (Kyrylenko et al., 1999). Thus, it seems that the reduction in 

PTEN expression is a compensatory mechanism by which post-mitotic neuronal 

cells activate the PI3K/Akt pathway to enhance their own survival. In accordance 

with this, in the motor neuron cell line (VSC4.1), exposure to interferon-gamma was 

associated with increased PTEN expression and apoptotic cell death, reduced Akt, 

increased caspase 3 activity and BAX: BCL-2 ratio (Smith et al., 2009a). In 

addition, treatment of motor neuron cells with oestrogens inhibited PTEN and 

prolonged their survival (Smith et al., 2009b). Increased expression of PTEN and 

inhibition of the Akt pathway was observed in experimental models of chronic 

exposure to alcohol during gestation (Xu et al., 2003). In this model, the mice 

showed marked cerebellar hypoplasia and cell death indicating a correlation of 

PTEN with neuronal death (Xu et al., 2003). In primary hippocampal neurons, 

overexpression of wild type PTEN decreased Akt expression and increased 
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glutamate induced cell death (Gary and Mattson, 2002). On the other hand, over 

expression of mutant PTEN increased Akt levels and significantly increased 

neuronal survival (Gary and Mattson, 2002). Furthermore, PTEN+/- mice showed 

increased resistance to death induced by glutamate excitotoxicity (Gary and 

Mattson, 2002). In vitro studies showed that peroxynitrite mediates its 

neuroprotective effects by down regulating PTEN (Delgado-Esteban et al., 2007). In 

line with these findings, it has been shown that hypothermia preserved the levels of 

phosphorylated PTEN, and attenuated the decrease in active pAkt, leading to 

neuroprotection against ischemic injury (Zhao et al., 2005). Moreover, there is 

accumulating evidence suggesting that downregulation of PTEN is neuroprotective 

in ischemic brain injury (Zhang et al., 2007b). 

 

Although these studies clearly demonstrate the involvement of PTEN with neuronal 

apoptosis, the molecular mechanisms mediating these effects still remain under 

investigation. It was observed that in rat hippocampal neurons, PTEN physically 

associates with NR1 and NR2 subunits of NMDAR; a glutamate receptor, which is 

implicated in excitotoxicity, induced neuronal death (Ning et al., 2004). In models of 

brain ischemia, PTEN downregulation leads to a diminished extra-synaptic 

expression of NMDARs in addition to activating the Akt pathway (Ning et al., 

2004). This study elegantly demonstrated the dual protective role of the protein and 

lipid phosphatase activities of PTEN (Ning et al., 2004). Furthermore, studies 

revealed that PTEN deletion preserves the expression of gamma-aminobutyric acid 

(GABA) receptors, which are suppressed in brain ischemia (Liu et al., 2010). 

Together these data provide evidence for the multiple functions of PTEN and 

emphasise its role in brain ischemia. 

 

An intriguing question is how PTEN reaches its main targets, which are localised to 

the cell membrane. Studies in primary mouse cortical neurons demonstrated that 
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Lactacystin, a proteasome inhibitor, induced apoptosis that was associated with the 

cleavage of PTEN to a truncated form (50 kDa). The truncated PTEN was found to 

accumulate in the insoluble fractions of the membranes, suggesting that during 

neuronal apoptosis, PTEN translocates to the cell membrane where it’s targets are 

localised, and mediates its inhibitory effects on cell survival (Cheung et al., 2004a, 

Choy et al., 2006a). Further studies revealed that Lactacystin-induced neuronal 

apoptosis was associated with caspase 3 activation, which induced the cleavage of 

PTEN to its truncated form (Cheung et al., 2004a). Moreover, staurosporine (STS)-

induced apoptosis in rat hippocampal cultures causes release of cytochrome c, 

activates caspase 3 and release of ROS (Zhang et al., 2006). PTEN was found to 

directly associate with the pro-apoptotic protein, BAX, in the cytoplasm and 

translocates with BAX to mitochondria during apoptosis. PTEN knockdown has 

reduced apoptosis induced by STS and release of ROS implicated in the 

pathogenesis of neurodegenerative disorders such as ALS and PD (Zhang et al., 

2006). Further studies using different models of neurotoxicity, demonstrated that 

PTEN is a common regulator for ROS in pathological conditions (Zhu et al., 2007b). 

PTEN knockdown reduced the production of ROS, independent of the antioxidant 

enzyme superoxide dismutase 2 (SOD2) (Zhu et al., 2007b). 

 

It is clearly evident that PTEN is an important mediator of mitochondrial-induced 

neuronal apoptosis. Since apoptosis and mitochondrial dysfunction are characteristic 

features in neurodegenerative disorders, down regulation of PTEN seems to be an 

attractive tool to prevent apoptotic death and delay the progression of 

neurodegenerative disorders. 
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1.3.4 PTEN and axonal regeneration 

For many years numerous efforts to identify strategies to promote axonal 

regeneration has been a major challenge and with very limited success. The 

evidence suggests that inhibition of the mTOR pathway and hence decreased protein 

synthesis is a critical barrier for CNS regeneration (Horner and Gage, 2000). 

Activation of mTOR via PTEN deletion has been shown to promote axon 

regeneration of normal and diseased neurons. Park and colleagues utilised the optic 

nerve crush model to study axonal regeneration in mutant mice with conditional 

deletion of various growth control genes (Park et al., 2008). Among a variety of 

genes that were tested, mutant mice with PTEN deletion showed a significant 

increase in the survival of axotomised retinal ganglion cells (RGCs) and a robust 

axonal regeneration of the injured optic nerves (Park et al., 2008). The mTOR 

pathway was inhibited in mature neurons and was further suppressed in axotomised 

adult neurons (Park et al., 2008). Further studies demonstrated that PTEN deletion 

promoted the compensatory sprouting of un-injured corticospinal tracts (CST) and 

led to robust regeneration of injured CST axons which extended beyond the lesion 

site (Liu et al., 2010). These findings suggest that PTEN deletion prevents dying-

back axonopathy; hence, PTEN deletion attenuated the injury-induced mTOR down 

regulation, promoting axonal regeneration, and could be utilised as a novel strategy 

to treat neurological disorders where dying back axonopathy contributes to 

neurodegeneration. 

 

PTEN modulates other factors such as GSK3-β, which also enhances axonal 

regeneration. An important observation by Jiang et al. was that inhibition of PTEN 

increased the number of growing axons in differentiating hippocampal neurons 

(Jiang et al., 2005). Activation of Akt and inhibition of GSK3-β played a critical role 

in axonal growth (Jiang et al., 2005). In agreement with these findings, the increase 

in axonal length of hippocampal neurons induced by nerve growth factor (NGF) is 
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mediated by the activation of casein kinase II (CK2) that phosphorylates and inhibits 

PTEN (Arevalo and Rodriguez-Tebar, 2006). 

 

Recent studies revealed that the concomitant deletion of PTEN and suppressor of 

cytokine signalling 3 (SOC3) enhances a sustained axonal regeneration with an 

ability of axons to extend over long distances (Sun et al., 2011). Furthermore, PTEN 

deletion combined with induced intraocular inflammation also promotes axonal 

regeneration (Leibinger M AA, 2012). Hence, PTEN acts synergistically with other 

factors to promote axonal regeneration. 

 

Our team has recently reported that PTEN protein is enriched in motor neuron 

growth cones (Ning et al., 2010). The same study revealed that PTEN depletion in 

purified spinal motor neurons of wild type mice enhances axonal growth and 

resulted in an increase in the size of growth cones (Ning et al., 2010). In line with 

previous studies, this correlated with activation of the mTOR pathway and similar 

findings were replicated in purified motor neuron cultures from transgenic mouse 

models of spinal muscular atrophy (SMA). In addition it was observed that PTEN 

deletion restored the levels of β-actin in growth cones (Ning et al., 2010).  

 

Several studies have shown that PTEN is involved with synaptic development and 

plasticity. One study demonstrated that a 34-kDa fragment of PTEN was localised to 

the mouse neuronal dendrites (Perandones et al., 2004). In the weaver mouse model, 

PTEN was absent in Purkinje dendrites where there is defective synaptogenesis 

(Perandones et al., 2004). Moreover transgenic mice with conditional deletion of 

PTEN in the brain had enlarged dendrites and axons with defective synaptic 

transmission, indicating a role for PTEN in synaptic plasticity (Fraser et al., 2008). 

Furthermore, recent studies have demonstrated that conditional deletion of PTEN 

during early postnatal development in the mouse auditory cortex enhanced the 
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outgrowth of dendrites and spines, which was associated with increased synaptic 

activity (Xiong et al., 2012). Therefore, evidence from these studies indicates that 

PTEN and its downstream effectors could be attractive therapeutic targets for the 

treatment of CNS injuries and neurodegenerative disorders. 

 

1.3.5 The role of PTEN/PI3K/Akt survival pathway in ALS 

Early genetic studies have shown altered signal transduction in response to motor 

neuron injury. For example, following crush injury to the hypoglossal nerves in rats, 

increased gene expression for extracellular signal regulated kinase 1 (ERK1), an 

essential component of the Ras signalling pathway (Kiryu et al., 1995), and PI3K 

(Ito et al., 1996) was found in the hypoglossal nuclei. Further attempts to explore the 

signalling pathways in motor neuron injury proved that Akt plays an important role 

in mTOR neuronal survival and regeneration (Namikawa et al., 2000). Cultured 

motor neurons deprived of trophic factors showed reduced PI3K activity and 

reduced levels of active Akt (Newbern et al., 2005). Moreover, transgenic mice over 

expressing BCL-2, an anti-apoptotic protein, were resistant to motor neuron injury 

(Kostic et al., 1997) (Azzouz et al., 2000).  

 

Considering the importance of the PI3K signalling pathway in motor neuron 

survival, it is not surprising that increased attention has been focused to study the 

role of this pathway in ALS. Several studies have shown that increased motor 

neuron survival in ALS in response to trophic factors such as vascular endothelial 

growth factor (VEGF) (Tolosa et al., 2009, Tolosa et al., 2008, Lunn et al., 2009) 

(Kaspar et al., 2003, Vincent et al., 2004), insulin-growth factor 1  (IGF-1) (Kaspar 

et al., 2003, Vincent et al., 2004), glial cell-derived neurotrophic factor (GDNF) 

(Manabe et al., 2002c) and Ghrelin (Lim et al., 2011) was mediated by the activation 

of the PI3K/Akt pathway. Observations from several studies in human post-mortem 
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tissue of ALS patients hint to a possible dysregulation of the PI3K/Akt pathway. For 

example, genetic studies in our lab have shown decreased expression of the PTEN 

gene in cervical motor neurons from SOD1-related ALS patients (Kirby et al., 

2011a). This was associated with a concomitant increased expression of Akt and 

protein kinase C genes. These findings are in agreement with previous studies where 

increased levels of the PI3K protein was detected in the particulate fraction of spinal 

cords of ALS patients, when compared to unaffected controls (Wagey et al., 1998). 

Although increased total Akt and p70S6K were also detected in the particulate 

fractions of the spinal cord, paradoxically this did not correlate with an increased 

activity (Wagey et al., 1998). Further studies on human ALS post-mortem tissue 

have shown a significant loss of the phosphorylated Akt (active form) protein in 

motor neurons (Dewil et al., 2007c) and low levels of Akt were found in muscle 

tissue of human cases and were found to correlate with unfavourable survival (Yin 

et al., 2012). In support of these findings, low levels of BDT10, an Akt activator, 

were observed in motor neurons of SALS and transgenic SOD1G93A mice (Nawa et 

al., 2012) and recent studies showed that overexpression of activated Akt3 is 

neuroprotective in cellular and mouse models of FALS (Peviani et al., 2014). 

Furthermore, angiogenin protects motor neurons against excitotoxicity via activation 

of the PI3K/Akt pathway; whereas the mutant form of the angiogenin protein (K40I) 

found in some ALS cases cannot activate Akt (Kieran et al., 2008). It is unclear 

whether the activation of the PI3K pathway contributes to neurodegeneration or is a 

neuroprotective response in ALS. Since studies in human post-mortem tissue of 

ALS patients demonstrate changes at the end-stage of the disease, we speculate that 

although the surviving motor neurons are capable of activating the PI3K/Akt 

pathway, this adaptive response fails to reach significant protective levels in such a 

chronic and progressive disease. This hypothesis appears to be supported by our 

studies, which demonstrated that targeted deletion of PTEN in in vitro models of 
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ALS (Kirby et al., 2011a) and SMA (Ning et al., 2010) significantly enhances the 

survival of transgenic SOD1G93A and SMA motor neurons respectively.  

 

Loss of active Akt was also observed in pre-symptomatic transgenic models of ALS, 

which remained to the end stages of the disease (Dewil et al., 2007c). Contradictory 

to the data from human studies, reduced PI3K protein levels were detected in pre-

symptomatic mouse models, which may account for the selective vulnerability of 

motor neurons (Warita et al., 2001, Nagano et al., 2002). The discrepancy in these 

findings with the human studies could be attributed to differences in pathogenesis, 

whereby the disease in mouse models is rapidly progressive. 

 

Thus the evidence suggests that the PI3K/Akt pathway plays a crucial role in motor 

neuron survival. It is reasonable that attempts to activate this pathway by inhibition 

of PTEN or over expressing its anti-apoptotic components could be explored to 

identify new treatment strategies for motor neuron disorders such as ALS. In fact 

PTEN deletion prolongs the survival of transgenic SMA mouse models (Little et al., 

2015) and is currently being investigated as a potential treatment of other 

neurodegenerative disorders such as PD (Domanskyi et al., 2011). The effects of 

PTEN inhibition in promoting neuronal survival and axonal regeneration could be a 

novel therapeutic strategy to prevent disease progression in ALS patients.  

 

1.4  RNA interference (RNAi) therapies 

RNA interference is a naturally occurring system within living cells that regulates 

gene expression (Davidson and Boudreau, 2007). Its role in regulating 

posttranscriptional gene silencing was first discovered in plants (Napoli et al., 1990) 

and worms (Fire et al., 1998).  
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The pathway begins in the nucleus with the generation of long hairpin double 

stranded RNA (dsRNA) (Gonzalez-Alegre, 2007). The dsRNA are exported to the 

cytoplasm where they are cleaved into small double stranded fragments of 20-25 

nucleotides by a ribonuclease (RNA III) called Dicer. These short fragments called 

small interfering RNA (siRNA) contain a 2-nucleotide overhang at the 3’ end. The 

sense strand of the duplex siRNA is degraded and the antisense strand, which is 

complementary to the target mRNA, incorporates with the RNA-induced silencing 

complex (RISC). This complex is targeted to the complementary messenger RNA 

(mRNA) which is then cleaved and degraded to prevent translation (Mello and 

Conte, 2004, Gonzalez-Alegre, 2007). Micro RNAs (miRNAs) are endogenously 

produced short fragments of RNA (21-22 nucleotides base pairs), which also 

regulate gene expression and are processed in a similar way to siRNA (Ralph et al., 

2005a). miRNAs have incomplete base pairing to the target mRNA, and hence they 

suppress the translation of different mRNAs with similar sequences. In contrast, 

siRNAs have full complementarities to the target mRNA, and therefore prevent the 

translation of specific genes (Ralph et al., 2005a).  

 

The discovery of RNAi has revolutionized biomedical research. It is has proved to 

be a powerful tool to investigate gene function in vitro and in vivo (Ralph et al., 

2005c). RNAi is now widely used to understand the mechanisms of 

neurodegeneration (Dreyer, 2011) (Gonzalez-Alegre, 2007) and is also used as a 

therapeutic tool for the silencing of disease-linked genes. For example, dominantly 

inherited neurodegenerative disorders such as FALS, HD and inherited ataxias are 

considered to be potential targets for RNAi- based therapy for silencing the 

dominant mutant alleles (Ralph et al., 2006).   

 

In the context of ALS, RNAi therapies have been used for the silencing of mutant 

SOD1 in experimental models of ALS, which led to a good outcome in some studies 
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(Nizzardo et al., 2012). In addition, RNAi-mediated knockdown of the Fas receptor 

in motor neurons of transgenic SOD1 mouse models improved motor function and 

survival (Locatelli et al., 2007). Other molecular pathogenic targets involved in 

neurodegenerative disorders such as PTEN have been effectively inhibited using 

RNAi strategies in SMA models with promising results (Little et al., 2015, Ning et 

al., 2010). 

 

In order to translate RNAi therapies to patients with chronic and progressive 

neurological disorders like ALS, the efficacy and safety of such a strategy needs to 

be considered and well investigated. Direct administration of siRNA into the CNS to 

target the affected areas would be ideal and the treatment could be stopped if side 

effects occur. However, this is technically difficult in human cases and the treatment 

being short-acting means multiple administrations would be required. Another 

challenge is the blood-brain barrier, which can prevent some potential therapies 

from reaching the CNS. To overcome these obstacles, the development of viral 

vectors provides a promising approach for the efficient delivery and long-term 

expression of siRNA into the nervous system.  

 

1.5 The principles of gene therapy 

Gene therapy is an exciting therapeutic approach where nucleic acids are introduced 

into human cells for the treatment of inherited and acquired diseases and is generally 

classified into two types: germline and somatic gene therapy. In germline gene 

therapy, functional genes are introduced into germline cells such as sperms or ova 

and hence the genetic modification is inherited by the individual’s offspring. This 

procedure is currently prohibited for ethical reasons (McDonough, 1997) (Kay et al., 

1997). Somatic gene therapy is the transfer of functional genes into somatic cells of 

an individual and therefore, the genetic modifications are not passed on to later 
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generations. There are two main approaches for the transfer of genes: in vivo gene 

therapy, in which the gene of interest is directly introduced into the target cells in the 

patient; and ex-vivo gene therapy, where the target cells are genetically modified 

outside the body and then re-implanted (Kay et al., 1997). 

 

Over the last two decades there have been an increasing number of clinical trials 

using gene therapy to treat various diseases; however, the major challenge that faces 

investigators is the generation of safe and efficient vehicles to transfer the genes to 

the target cells. Vectors for gene transfer are generally classified into viral and non-

viral vectors. Viral vectors currently used in clinical trials include, retroviruses, 

adenoviruses and adeno-associated viruses. The non-viral vectors include liposomes, 

polymers, nanoparticles, proteins and polypeptides (Kay et al., 1997). Vector 

delivery systems based on nanoparticles and liposomes are an exciting strategy, 

which are currently being developed for the delivery of genes to the CNS (Peluffo et 

al., 2015). Nonetheless, viral vectors have proved to be a promising tool for gene 

delivery to the CNS and are widely used for pre-clinical studies in models of 

neurodegenerative disease. 

 

1.5.1 Viral vectors in neurodegenerative disorders 

Viral vectors have been investigated as a tool to deliver genes, neuroprotective 

factors and silencing RNA to generate in vivo models of human diseases and for 

silencing pathogenic genes. The non-dividing nature of neurons and the blood brain 

barrier made it challenging for the use of gene therapy to treat neurological 

disorders. Over the years, investigators identified means of overcoming these 

obstacles and generating safe viruses with long lasting expression. The commonly 

used viruses in gene therapy are described below (Table 1.2). 



                                                      56 

 

 Table 1.2 Viral vectors used for gene therapy     
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1.5.1.1 Herpes simplex virus (HSV) 

Herpes simplex virus (HSV) is a large double-stranded DNA virus of which there 

are two types that cause human diseases, HSV-type1 and HSV-type 2. It is 

characterized by efficient retrograde transport where the viral genome enters the 

nucleus of neuronal cells and can be lytic or may persist in a latent form for life 

(Roizman and Taddeo, 2007, Epstein, 2009). These features allowed investigators to 

produce HSV vectors that are capable of transducing neurons of the CNS (Wolfe et 

al., 1992) (Pakzaban et al., 1994). Genetic engineering of the viral genome 

generated vectors which were replicative-defective, nonetheless the early designs of 

the vectors were cytotoxic and hence were used for targeting proliferating cells, and 

in the CNS were mainly used for the treatment of brain tumors (Mineta et al., 1995, 

Andreansky et al., 1997, Lou, 2003, Markert et al., 2009). Manipulation of the viral 

genome with deletion of the accessory genes produced vectors that were less toxic, 

but shut down of transgene expression occurred after approximately 1 month 

(Krisky et al., 1998). The generation of amplicon vectors, where most of the HSV 

genome is removed, provided vectors with a larger insert capacity that are capable of 

long-term expression of the transgene in host cells. Transduction with these vectors 

was shown to persist for up to 7 months in the rat brain (Zhang and DeGroot, 2000) 

(Sun et al., 2003) (Epstein, 2009). Since these vectors are replication-deficient, they 

require helper function for their production and their instability may result in loss of 

transgene expression. In addition, difficulties in producing high viral titers, and 

potential side effects secondary to the helper-virus, limited their use for pre-clinical 

studies (Segura et al., 2011). Hence, recombinant HSV vectors did not gain 

popularity for use in progressive neurodegenerative diseases due to their short 

duration of transgene expression and potential cytotoxicity. 
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1.5.1.2 Adenovirus 

Adenoviruses are double-stranded DNA, non-encapsulated viruses that do not 

integrate into the host genome but persist as a linear episome (Hillgenberg et al., 

2001). They belong to the family Adenoviridae of which there are more than 50 

known serotypes. Among the viral vectors, they proved to be the most efficient 

vectors for in vivo gene therapy because of their wide host tropism and they could be 

produced in high concentrations (Weinberg et al., 2013). Although they are 

commonly used in clinical trials, their efficacy is limited by the high 

immunogenicity they induce in recipient hosts, which limits transgene expression to 

a few weeks (McKelvey et al., 2004). Moreover, safety issues were raised after the 

report of the death of a clinical trial patient following administration of toxic doses 

of adenovirus vector. Investigators capitalized on the immunity evoked by 

adenoviruses and their short-term transgene expression for their use in cancer 

treatment and production of vaccines (Tatsis and Ertl, 2004) (Chen et al., 2010a). 

The latest generation vectors are helper-dependent, requiring helper viruses for their 

production (Parks et al., 1996). Although they are capable of transducing neuronal 

and non-neuronal cells, have sustained transgene expression and are less 

immunogenic than previous vectors, they induce significant toxicity in the CNS 

(Morral et al., 1999, Candolfi et al., 2006, Candolfi et al., 2007). Even though the 

episomal nature of the genome implies a low risk of random integration into the host 

genome, their use for the treatment of neurological disease is limited by their 

immunogenicity and absence of scalable methods for their production (Bessis et al., 

2004, Chirmule et al., 1999).   
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1.5.1.3 Retroviral and Lentiviral vectors 

Retroviruses are single-stranded RNA viruses that are categorized into simple (alpha 

retroviruses, beta retroviruses, gamma retroviruses, and epsilon retroviruses) or 

complex (delta retroviruses, lentiviruses and spumaviruses) according to the proteins 

they encode. All retroviruses harbour the gag (encodes for the major structural 

proteins), pol (encodes for all essential enzymes including those required for reverse 

transcription) and env (encodes for envelope proteins) genes that are needed for 

replication and packaging, in addition to cis-regulatory sequences such as long 

terminal repeats (LTR) that are necessary for reverse transcription, gene expression 

and integration into the host genome (Freed, 2001) (Breckpot et al., 2010) (Leis et 

al., 1988). In addition, complex retroviruses encode several small regulatory proteins 

that are involved with virus-host interactions, packaging and gene expression. 

Vectors for gene delivery have been produced from both simple and complex 

retroviruses (Escors and Breckpot, 2010) (Maier et al., 2010). The main difference 

between the two vectors is their dependence on cell division for infection. Simple 

retroviral vectors can only transduce dividing cells but are incapable of transducing 

post-mitotic neuronal cells (Lewis and Emerman, 1994). Moreover they are 

associated with a high incidence of insertional mutagenesis and instability of the 

vectors, and the difficulty in obtaining high titre viral stocks (Andreadis et al., 1997) 

(Hematti et al., 2004) (Le Doux et al., 1999) which rendered them unsuitable for use 

in clinical trials of neurodegenerative disease. On the other hand, they are capable of 

stable gene expression following integration into the host genome and exhibit low 

immunogenicity due to the absence of viral proteins; hence, they have been 

employed for ex vivo applications. For example, ex vivo transduction of fibroblasts 

for the production of nerve growth factor has been achieved with simple retroviral 

vectors; these fibroblasts were subsequently transplanted into the brains of patients 

with ALZ (Tuszynski et al., 2005). The major advantage of complex retroviruses is 

their ability to transduce non-dividing cells, and lentiviral vectors became the most 
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widely used retroviral vectors for gene delivery to the CNS (Lentz et al., 2012). 

 

Lentiviral vector systems can originate from primate viruses such as HIV-1 (human 

Immunodeficiency virus) and SIV (simian immunodeficiency virus) vectors 

(Zufferey et al., 1997). Concerns over the use of HIV-based vectors led to the 

development of vectors derived from non-primates such as the FIV (feline 

immunodeficiency virus) and EIAV (equine infectious anemia virus), which share 

similar properties to the HIV-based vectors and transduce the CNS with high 

efficiency. However, some studies have shown that HIV-based vectors are 

potentially more efficient in transducing human cells due to species-specific 

restrictions and are currently the predominant lentiviral vectors used in the field of 

CNS gene therapy. First generation HIV-derived vectors were generated to express 

all genes required for enzymes, core proteins, accessory factors and an envelope of 

another virus (Naldini et al., 1996c). To improve the biosafety and efficacy of the 

vector systems based on lentiviruses, second generation (Zufferey et al., 1997) and 

subsequently third generation vectors were produced by the removal of the majority 

of the viral genes, retaining only the cis-acting sequences required for transcription, 

reverse transcription, encapsidation and integration (Dull et al., 1998, Zufferey et al., 

1998, Azzouz et al., 2002, Kordower et al., 2000). These vectors are also 

characterized by a large cloning capacity of 8 kb, the ability to transduce both 

dividing and non-dividing cells, stable integration into the host genome (Naldini et 

al., 1996a, Blomer et al., 1996) and long-term transgene expression which they can 

maintain for up to 44 months (Kordower et al., 2000, Balaggan et al., 2006, Jarraya 

et al., 2009). 
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Lentiviral vectors do not naturally infect neuronal cells, and in order to achieve 

targeted transduction in the CNS two strategies have been used. First, it is possible 

to use promoters that drive gene expression in a specific subset of cell population 

(Jakobsson and Lundberg, 2006). For example, neuron-specific and glial-specific 

promoters are active only in neurons and glial cells respectively, allowing cell-

specific transgene expression (!!! INVALID CITATION !!! {Jakobsson, 2003 

#150;Jakobsson, 2004 #151;Dittgen, 2004 #152;Lai, 2002 #153;Greenberg, 2006 

#154;Gascon, 2008 #155;Liu, 2008 #156;Lai, 2002 #153}, Lai and Brady, 2002). 

This approach helps to achieve higher levels of gene expression in the desired cells 

and reduces the host immune responses. Although promoter-based targeted gene 

expression is highly specific, the major disadvantage is that if frequent integration 

occurs in the transduced cells this may lead to non-specific activation of the 

integrated transgene, which can result in non-specific expression in other cells 

(Jakobsson and Lundberg, 2006). Alternatively, to broaden the tropism of lentivirus 

vectors, another strategy is to pseudotype them with envelope proteins from other 

viruses. HIV-1-based vectors pseudotyped with vesicular stomatitis virus 

glycoprotein (VSV-G) provide more stable vectors that can be produced in high 

titers and have a wide host tropism including transduction of neuronal and astroglial 

cells (Burns et al., 1993, Naldini et al., 1996c, Bischof and Cornetta, 2010, Chen et 

al., 1996). Of interest, pseudotyping HIV and EAIV vectors with rabies-G envelope 

allow retrograde transport of the vector (Mazarakis et al., 2001, Azzouz et al., 

2004b, Wong et al., 2004, Mentis et al., 2006). This approach was found to be very 

efficient for the delivery of genes to distant neuronal cells when the vectors were 

injected peripherally. Several natural viral envelopes as well as genetically 

engineered ones have been used for targeted gene therapy (Waehler et al., 2007). 
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One of the major drawbacks of lentiviruses is the risk of insertional mutagenesis that 

can occur following integration into the host genome (Hematti et al., 2004) 

(Bokhoven et al., 2009). In a clinical trial for the treatment of X-linked severe 

combined immune deficiency (X-SCID), the occurrence of leukemia in 4 out of 20 

patients highlighted the potential risk of insertional mutagenesis which has hindered 

the use of lentiviral vectors (Hacein-Bey-Abina et al., 2003, Pike-Overzet et al., 

2007). To overcome this challenge, several approaches were used. One strategy is to 

direct the integration of the vector into the heterochromatin regions of the genome to 

reduce the risk of gene activation (Gijsbers et al., 2010). Another approach was to 

construct self-inactivating vectors (SIN) which carry mutations that knockout the 

activity of the LTR promoter that significantly reduced the risk of insertional gene 

activation and prevents the development of replication competent lentiviruses 

(Miyoshi et al., 1998, Zufferey et al., 1998, Ginn et al., 2003). Additionally, the 

development of non-integrating lentiviral vectors (NIL) that carry mutations in the 

LTR or mutant integrase and maintain the transgene episomally, minimised the risk 

of integration (Apolonia et al., 2007, Philippe et al., 2006, Cornu and Cathomen, 

2007, Sarkis et al., 2008). This method did not affect the transduction efficiency of 

the vector and although the duration of transduction is not well characterized some 

studies showed that it may persist for 3 months in rat brains and up to 9 months in 

other tissues (Bayer et al., 2008, Yanez-Munoz et al., 2006). Recently, further 

reduction in integration was achieved when a sequence element involved with DNA 

synthesis was removed from the NIL vectors (Kantor et al., 2011). 

 

Several studies demonstrated that lentiviral vectors are generally safe and exhibit 

low immunogenicity when used in the CNS (Naldini et al., 1996a) (Blomer et al., 

1997) (Abordo-Adesida et al., 2005). Since the vectors do not express any viral 

proteins following transduction of cells, a host immune response may develop 
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against either the viral capsid or the transgene product.  

 

Only HIV patients are expected to have circulating antibodies against the vector and 

these patients could be excluded from lentiviral gene therapy studies. Moreover, the 

HIV-1 capsid has a short half-life, which shortens the time the immune system 

recognizes the transduced cells. However, other studies showed that lentiviral 

vectors expressing shRNAs may induce an interferon response that may result in 

neuronal toxicity (Hutson et al., 2012a, Bauer et al., 2009). 

 

Third generation lentiviral vectors provide an excellent system for gene delivery in 

the CNS. Importantly, their ability to stably and efficiently transduce post-mitotic 

cells makes them an attractive tool for delivering siRNAs. Lentiviral-mediated RNA 

silencing became an invaluable tool for investigating gene function, generation of 

disease models and as a novel therapeutic strategy for several CNS diseases (Hutson 

et al., 2014). The vectors have been extensively utilized both in vitro and in vivo in 

models of neurodegenerative disorders such as ALS, PD, ALZ and HD (Jakobsson 

and Lundberg, 2006). Their use is however limited to preclinical research due to the 

potential insertional mutagenesis and immunogenicity. Further studies are required 

to characterize and determine the biosafety of lentiviral vectors before they can be 

used in the clinic.  

 

1.5.1.4  Adeno-associated-virus (AAV) 

Adeno-associated-virus is a single stranded, non-enveloped virus, which belongs to 

the family Parvoviridae in the genus Dependovirus, that requires a helper virus 

(herpes or adenovirus) to replicate (Lentz et al., 2012). The biological features of 
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AAV that make it an attractive vehicle for gene therapy include: non-pathogenicity 

in humans; low immunogenicity; ability to infect dividing and non-dividing cells 

such as neurons; and scalable production of highly purified vectors that can be used 

for clinical applications (Kaplitt et al., 1994) (Guy et al., 1999) (Bessis et al., 2004) 

(McCarty et al., 2004) (Tenenbaum et al., 2004) (Giacca and Zacchigna, 2012). 

Hundreds of naturally occurring serotypes have been isolated from different animal 

species as well as humans (Wu et al., 2006b) (Vandenberghe et al., 2009a) 

(Vandenberghe et al., 2009b). The capsid proteins (VP1, VP2, VP3) that surround 

the virus genome determine the entry of the virus into the host cell and account for 

the diversity of serotypes, which in turn determines the differences in receptor 

usage, tissue tropism and antigenicity (Summerford and Samulski, 1998, Xie et al., 

2002, Wu et al., 2006b). For example, AAV serotype 1 (AAV1) and AAV serotype 

6 (AAV6) transduce neurons more efficiently than AAV serotype 2 (AAV2) and 

AAV serotype 5 (AAV5) (Bartlett et al., 1998) (Davidson et al., 2000) (McFarland 

et al., 2009) (Hutson et al., 2012b). AAV serotype 4 (AAV4) preferentially infects 

ependymal cells and astrocytes, whereas AAV serotype 8 (AAV8) transduces 

oligodendrocytes as well as astrocytes with high efficiency (Liu et al., 2003) 

(Lawlor et al., 2009) (Hutson et al., 2012b) (Aschauer et al., 2013). In addition, the 

mode of delivery also plays an essential role in determining which tissues are 

transduced; for example, several serotypes (6, 7, 8 and 9) transduce the heart and 

liver with high efficiency after intravenous injection (Wang et al., 2010).  Moreover, 

chimeric or mosaic vectors produced from the protein capsids of various serotypes, 

or through a DNA shuffling-based approach, generated novel vectors with unique 

tropisms (Burger et al., 2004, Maheshri et al., 2006, Li and Wang, 2008). Finally, 

similar to all vectors, target-specific promoters could be used to limit the transgene 

expression to specific cells or to enhance the transduction of target cells (Shevtsova 

et al., 2005).  
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For gene delivery to the CNS, AAV6 is capable of transducing spinal cord motor 

neurons following intramuscular injections (Ning et al., 2010, Towne et al., 2011, 

San Sebastian et al., 2013, Low et al., 2013) and AAV9 (AAV serotype 9) has been 

shown to cross the blood brain barrier (Duque et al., 2009, Foust et al., 2009, Gray et 

al., 2011b). Long-term expression has been observed in murine brain persisting for 

more than 6 months (Klein et al., 1999), and also for > 6 years in primates and up to 

8 years in dogs (Niemeyer et al., 2009) (Rivera et al., 2005) (Stieger et al., 2009). 

Large-scale animal studies showed no evidence of significant side effects or an 

increased risk of tumourigenesis associated with the delivery of AAV vectors 

(Bessis et al., 2004, Bell et al., 2005).   

 

Another advantage of AAV vectors is that they do not always integrate into the host 

genome and in the absence of a helper virus they persist episomally in most types of 

cells, including neurons, providing stable transgene expression (Kaplitt et al., 1994, 

Ferrari et al., 1996). Other studies have shown that non-targeted integration is 

relatively inefficient and associated with a low risk of mutagenesis (Donsante et al., 

2007) (Li et al., 2011). However, reports of clinical trials using AAV vectors for the 

treatment of hemophilia B (an X-linked disease characterized by a bleeding 

tendency due to mutations/deletion in the gene encoding factor IX), showed that it 

was challenging to achieve the required therapeutic expression needed (Kay et al., 

2000).  

 

 Although AAV is a non-pathogenic virus, one of the concerns of its use in gene 

therapy is the immune response of the host induced against the AAV vector, which 

could lead to clearance of the vector and the transduced cells leading to 
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inflammation and damage to the targeted tissues. Lack of a significant immune 

response has been shown in animal studies (Franco et al., 2005, Woo et al., 2005, 

Cao et al., 2007, Viiala et al., 2009), nonetheless, immunogenicity was observed in 

human clinical trials using AAV2-vecor for delivering factor IX to the liver 

(Martino et al., 2009, Somanathan et al., 2010). Despite efficient transduction of the 

liver, expression of the transgene was short-lived and followed by activation of 

cytotoxic T cells and destruction of liver cells. The discrepancy seen between the 

animal and human studies could be attributed to a natural exposure to the wild type 

virus resulting in pre-existing memory CD8+
 cells or due to variations in dendritic 

cell maturations between species (Mingozzi et al., 2007) (Manno et al., 2006). 

Furthermore, the presence of circulating neutralizing antibodies may also affect the 

transgene expression (Scallan et al., 2006) (Lin et al., 2008) (Vandenberghe et al., 

2009b). Pre-existing immunity is more frequently observed with AAV5, whereas it 

is occasionally associated with AAV7 and 8 since both serotypes were isolated from 

non-human primates and human exposure is rare (Vandenberghe et al., 2009b, 

Arbetman et al., 2005). 

 

Early designs of AAV vectors were produced by removing the coding regions of the 

wild type virus and replacing it with the transgene cassette (Samulski et al., 1989). 

Since the vector encoded no viral genes, this minimized the host immune response 

against the vector and transduced cells. These single-stranded DNA vectors 

(ssAAV) required the synthesis of a second strand, which is a rate-limiting step for 

the transgene expression (Ferrari et al., 1996). To overcome this issue, self-

complementary AAV vectors (scAAV) were developed such that the genome could 

self-anneal to form a double-stranded molecule and the vectors express the 

transgene earlier and at greater levels compared to the ssAAV vectors; however, this 

approach limited the coding capacity to approximately 2.2 kb (McCarty et al., 2001). 
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To increase the packaging capacity of these vectors (Hirsch et al., 2009, Hirsch et 

al., 2010), a dual vector system was designed where the transgene cassette was 

separated into two vectors and assembly of the full length of the transgene requires 

co-transfection of a single cell with subsequent recombination (Duan et al., 2001). 

Although this strategy increases the transgene capacity up to ~ 8 kb, the vectors have 

low efficiency compared to the ssAAV vectors. 

 

AAV vectors are currently the preferred vehicles for gene delivery to the CNS, 

although their use is hindered by their limited packaging capacity. AAV2 vectors are 

the predominant vectors used in in human clinical trials for the treatment of PD 

(Bartus et al., 2007) (Marks et al., 2008) (LeWitt et al., 2011) and ALZ (Bishop et 

al., 2008) (Mandel, 2010). The field of gene therapy is advancing rapidly and 

improvements in vectors design and purification methods (Wright et al., 2010) may 

hold a promising future for clinical applications and may broaden their use for the 

treatment of other neurodegenerative disorders.  AAV vectors are considered the 

vectors of choice for in vivo gene transfer whereas lentivirus vectors are mainly used 

for ex vivo gene transfer.  

 

1.5.2 Gene therapy approaches in ALS 

Despite extensive research there are currently no effective treatments for ALS 

patients, partly due to the complex pathophysiology of the disease and partly due to 

the challenges of safely and efficiently delivering of potential therapeutic molecules 

to the CNS. Gene therapy offers an exciting and novel approach to target motor 

neurons and glia cells, and both cellular and transgenic murine models provide an 

invaluable tool for investigating gene therapy strategies in ALS. 
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Viral vectors based on adenoviruses were one of the earliest vectors used for gene 

therapy in ALS. As these vectors are capable of retrograde transport following 

intramuscular injections, they have been employed to deliver anti-apoptotic genes 

(Yamashita et al., 2001) (Yamashita et al., 2002) and several neurotrophic factors 

such as cardiotrophin-1 (CT-1) (Toth et al., 2002), GDNF (Toth et al., 2002) 

(Manabe et al., 2002a) and ciliary neurotrophic factor (CNTF) (Haase et al., 1999). 

However, their use is hindered mainly due to the host immune response against the 

vector, their short-term transgene expression and suboptimal efficacy for gene 

delivery. Currently, lentiviral vectors and AAV vectors are the most widely used 

vectors in ALS research. 

 

Several routes were employed for delivering potential therapeutic genes to motor 

neurons. The peripheral administration of viral vectors via intramuscular or nerve 

injections takes advantage of retrograde axonal transport of the vectors directly to 

motor neurons of the spinal cord (Boulis et al., 1999, Boulis et al., 2002, Millecamps 

et al., 2002, Boulis et al., 2003, Kaspar et al., 2003). In particular, the intramuscular 

route is commonly used, as it is a non-invasive and relatively safe procedure. Robust 

gene expression following intramuscular injections of AAV6 with efficient 

retrograde transport was shown in non-human primates (Towne et al., 2010). 

Promising results were demonstrated with intraspinal injections of viral vectors 

(Azzouz et al., 2000, Franz et al., 2009, Lepore et al., 2007); however, as it is an 

invasive procedure, the safety of this strategy needs to be validated and well 

characterized in pre-clinical studies before it is can be used in patients. The 

feasibility of gene delivery via intramuscular, nerve or intraspinal routes in human 

cases remains questionable, since with this segmental approach multiple injections 
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will be needed to target the whole spinal cord and other affected areas. Furthermore, 

ALS is a disease with distal axonopathy and efficient gene delivery may not be 

achievable with peripheral administration. Alternatively, efficient transduction of 

motor neurons and astrocytes was achieved by systemic delivery of AAV9 via 

intravenous injections (Duque et al., 2009) (Federici et al., 2012) (Gray et al., 

2011b). This non-invasive approach has gained attraction and is currently being 

evaluated in experimental models since there is potential for its translation to be 

used in the clinic.  

 

In order to target motor neuron degeneration, gene therapy strategies were used 

either for neuroprotection or for RNAi-mediated silencing of the mutant genes. 

Proof-of-principle studies in animal models of ALS showed that neurotrophic 

factors enhanced motor neuron survival and neurotrophic-based gene therapy 

showed promising results in vivo. For example, adenoviral-based vectors were used 

in ALS models for the delivery of neurotrophic factors such as cardiotrophin-1 (CT-

1) (Bordet et al., 2001) (Mitsumoto et al., 2001) (Oppenheim et al., 2001), CNTF 

(Haase et al., 1999) and GDNF (Gimenez y Ribotta et al., 1997) (Acsadi et al., 

2002). In addition, retrograde transport of (IGF-1) following intramuscular 

injections of AAV-2 IGF-1 delayed disease progression and extended the survival of 

SOD1 mice (Kaspar et al., 2003). The trophic effects of AAV-mediated IGF-1 were 

also seen on injected muscles; however, intraspinal injections resulted in differential 

neuroprotection (Franz et al., 2009). Other routes for delivering IGF-1, such as 

stereotactic injections to the deep cerebellar nuclei, were explored in transgenic ALS 

mice and led to attenuation of disease pathology and extended the life span of the 

mutant mice (Dodge et al., 2008). Likewise, VEGF was shown to have 

neuroprotective effects in ALS models implicating that it may play a role in the 

pathogenesis of the disease (Cleveland, 2003, Lambrechts et al., 2004, Storkebaum 
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and Carmeliet, 2004, Storkebaum et al., 2005). EIAV delivery of VEGF 

significantly prolonged the survival of transgenic mice by 30% (Azzouz et al., 

2004b) and a similar effect was seen with AAV-mediated delivery (Dodge et al., 

2010). Furthermore, a delayed onset of disease was observed in transgenic mice 

following intraspinal delivery of AAV-granulocyte stimulating factor (GCSF) 

(Pitzer et al., 2008) (Henriques et al., 2011). Moreover, electrophysiological studies 

showed an improved motor performance in SOD1 mice treated with intramuscular 

injections of AAV-neurotrophin-3 (NT-3) (Petruska et al., 2010). 

 

Since apoptosis is involved with the motor neuron death in ALS, viral-mediated 

delivery of anti-apoptotic genes showed a neuroprotective effect both in vitro and in 

vivo. Intramuscular injections of adenoviral vectors expressing BCL-2 into the 

tongue enhanced motor neuron survival in mutant SOD1 mice (Yamashita et al., 

2001). On the other hand, intraspinal delivery of AAV-BCL-2 gene in transgenic 

mice delayed the disease onset but had no effect on overall survival. (Azzouz et al., 

2000) Other studies overexpressed the antioxidant protein metallothionein-III (MT-

III) in SOD1G93A mice using intramuscular injections of adenoviral vectors, which 

prevented motor neuron loss and prolonged the survival of the mutant mice 

(Hashimoto et al., 2011). 

 

Gene silencing is another potential therapeutic strategy to protect motor neurons 

from the toxic effect of mutant proteins in ALS. In familial ALS, disease-causing 

genes encode for mutant proteins that have been implicated to contribute to motor 

neuron injury by a toxic-gain of function mechanism. Specific knockdown of the 

mutant protein via gene silencing could lead to a reduction in the expressed mutant 

protein, which may protect neurons from its toxic effect. Viral delivery of short 
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hairpin RNA (shRNA) or small interfering RNA (siRNA) has been employed to 

target mutant SOD1 in transgenic mice.  Intramuscular and intraspinal injections of 

lentiviruses expressing siRNA to specifically knockdown mutant SOD1 improved 

motor neuron survival, delayed disease onset and extended the survival of transgenic 

SOD1 mice (Raoul et al., 2005, Ralph et al., 2005c). Other studies aimed to target 

SOD1 exclusively in muscles by pseudotyping lentiviruses with vesicular stomatitis 

virus glycoprotein (VSV-G), which lack the capacity of retrograde transport, 

showed no effect on the survival of mutant mice. However retrograde transport of 

AAV vectors expressing siRNA against SOD1 to spinal cord motor neurons resulted 

in a therapeutic effect, suggesting that exclusive inhibition of mutant SOD1 in 

muscles has no effect on survival (Miller et al., 2006). Similar studies comparing 

intramuscular and nerve injections of SOD1 siRNA showed a modest therapeutic 

effect only in mice that received nerve injections (Wu et al., 2009). Recent studies 

showed that efficient retrograde transport occurred after multiple intramuscular 

injections of AAV6 expressing SOD1 siRNA, yet despite efficient SOD1 

knockdown and enhancing the survival of transduced motor neurons as well as 

preventing muscle atrophy, this approach did not modify the disease phenotype 

(Towne et al., 2011). These studies suggest that global neuronal transduction may be 

required to obtain a therapeutic effect.  

 

In summary, several gene therapy strategies have been employed in ALS research to 

unravel disease pathogenic mechanisms and to identify novel therapeutic targets.  
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1.6 Aims of the project 

The aim of this project is to investigate the potential neuroprotective role of PTEN 

silencing as a novel therapeutic target for the treatment and prevention of 

neurodegeneration in amyotrophic lateral sclerosis. It was hypothesised that PTEN 

silencing may enhance motor neuron survival and prevent neuromuscular 

degeneration (NMJ) in SOD1G93A experimental models of ALS. For the in vitro 

studies, a lentiviral vector delivery system was utilised for the stable expression of 

PTEN siRNA in primary motor neuron cultures because of their high efficiency of 

transduction. The effect of PTEN silencing on the downstream effectors of the 

PI3K/Akt pathway and neuronal survival was studied in in vitro models of ALS. The 

adeno-associated vectors were used for the delivery of PTEN siRNA to the spinal 

cord motor neurons by intramuscular injections. The simultaneous injections of 

muscle and spinal cord allow direct analysis of the effect of PTEN silencing on 

neuromuscular degeneration and spinal cord motor neuron survival. 

The aims of the project can be summarised as follows: 

1. Study the effect of lentiviral-mediated PTEN silencing on the PI3K/Akt survival 

pathway and whether it would enhance motor neuronal survival in vitro.  

2. Investigate the effect of viral mediated PTEN knockdown on motor neuron 

survival in transgenic mouse models of ALS.   

3. Determine whether viral-mediated PTEN silencing could prevent neuromuscular 

degeneration in ALS mouse models. 
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2. MATERIALS AND METHODS 
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2.1 Materials 

 

2.1.1 Materials for molecular techniques 

Analytic grade solvents methanol, ethanol, acids and isopropanol were all purchased 

from Fisher Scientific. The western blotting system (power pack, tanks, glass plates, 

gel holder cassettes and filter paper) was purchased from Bio-Rad. Pipette tips were 

purchased from Fisher Scientific.  

 

2.1.2 Preparation of DNA 

All DNA plasmids were prepared using the Qiagen mega-prep kit (Qiagen) 

according to the manufacturer’s recommendations. For lentiviral vector production, 

transfections were performed using sterile tissue culture water (Sigma), 0.5 M CaCl2 

(Sigma) and 2x Hank’s Buffered Salt Solution (HBSS, Gibco, Fisher). Ultra-

centrifugation was performed using the Optima L-100K Ultracentrifuge (Beckman 

Coulter) for viral production, and the Harrier 15/80 Centrifuge (Sanyo) was used for 

other centrifugation steps. 

 

2.1.3 Protein extraction and analysis 

Protein was extracted from cells and from muscle tissue by cell lysis, using a whole-

cell lysis buffer (nuclear and cytoplasmic) containing 50 mM Tris-HCl pH 7.4, 150 

mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA, Melford), 1% Igepal 

CA630 (Sigma) and 0.1% sodium dodecyl sulphate (SDS, Sigma). The lysis buffer 

was supplemented with a complete protease (Roche) and phosphatase inhibitor 

cocktail (phosSTOP, Roche) to prevent proteolysis and dephosphorylation of the 

proteins, respectively. Protein extracts were added to loading buffer (10 mL 4x stock 

contained 4 ml Glycerol (Sigma), 2.5 mL stacking gel 4x buffer, 2 mL 10% SDS, 
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0.25 mg bromophenol blue (Sigma) and 0.5 mL β-mercaptoethanol (Invitrogen). For 

the separation of proteins, polyacrylamide gels were prepared using a separating gel 

4x buffer (1.5 M Tris base, 13.87 mM SDS, pH 8.8) and a stacking gel 4x buffer 

(0.5 M Tris base, 13.87 mM SDS, pH 6.8) including 30% acrylamide (Geneflow), 

10% ammonium persulfate (APS, Sigma) and TEMED 

(tetramethylethylenediamine, Sigma). The proteins were transferred onto a 

polyvinylidene difluoride (PVDF), Millipore Immobilon P) membrane in the 

presence of a transfer buffer containing 25 mM Tris, 192 mM Glycine and 10% v/v 

methanol. The membranes were incubated in a blocking buffer (TBS-T with 5% w/v 

dried, skimmed milk) to block non-specific binding sites. TBS-T (0.137 M NaCl, 

25.92 mM Tris base, 0.1% Polyoxyethylene-Sorbitan Monolaurate (Tween 20, 

Sigma), pH 7.6) was used for all membrane washes. Stripping of the membrane 

blots was performed when necessary using a stripping buffer (62.5 mM Tris (pH 

6.7), 100 mM β-mercaptoethanol, 2% SDS). 

 

2.1.4 Spectrophotometry 

The FLUOstar Omega plate reader (BMG Labtech) was used for assays requiring a 

microplate reader for measurement of UV/Vis absorbance.  
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2.2 In vitro experimental work 

 

2.2.1 Cell lines and cell culture 

HEK293T cells (human embryonic kidney cell line immortalized by the adenoviral 

E1A/E1B protein and expressing the SV40 large T antigen) were used for 

transfection and lentiviral vector production. HeLa cells (an immortal cell line 

derived from a patient’s cervical cancer) were used for lentiviral vector tittering by 

flow cytometry and fluorescence-activated cell sorting (FACS) analysis. A full 

medium containing Dulbecco’s modified Eagle’s medium (DMEM with 4.5 g/L 

glucose, L-glutamine, without Na Pyruvate, Lonza) was used for HEK293T cells; 

and for the Hela cells a complete medium consisting of Eagle's Minimum Essential 

Medium (EMEM, Sigma) with 2 mM Glutamine (Sigma) and 1%  non-essential 

amino acids (NEAA, Sigma) was used. Both media were supplemented with 10% 

Foetal Calf Serum (FCS, Biosera), 100 µg/mL streptomycin sulphate and 100 U/mL 

penicillin (penicillin G sodium and streptomycin sulphate in 0.85% saline, 

Invitrogen). All cell lines were passaged when they were 80-90% confluent and 

were incubated in in a humidified incubator at 37°C with 5% CO2.  

 

2.2.2 Preparation of purified motor neuron cultures 

Spinal cord motor neurons were purified from transgenic SOD1G93A embryos at 

embryonic day 12.5-13 using the immunopanning protocol as previously described 

(Ramon-Cueto and Nieto-Sampedro, 1992, Wiese et al., 2010, Graber and Harris, 

2013). Motor neurons were cultured on sterile tissue culture dishes (36 x 10 mm 

with 4 inner rings, Greiner Bio-One) with sterile 10 mm coverslips for 

immunocytochemistry, without coverslips for survival assays, and on 12 well plates 
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(CellStar) for western blotting. One day prior to the culture, the coverslips and/or 

wells were initially coated with 5% Poly-DL-ornithine hydrobromide (PORN, 

Sigma) in 0.15 M Borate-buffered saline (pH 8.2) (Fluka Analytical); the tissue 

culture dishes were tightly sealed and then incubated at 4°C overnight. On the day of 

the culture, a 12-well immunopanning plate was prepared to select the motor 

neurons and was kept at room temperature until the spinal cords were dissected. 

Each well was labelled for the respective embryo and then coated with 500 µl of p75 

NGF receptor monoclonal antibody (Abcam, 1:5000 diluted in 10 mM Tris (Sigma), 

pH 9.5) against the extracellular domain of p75 (low-affinity nerve growth factor 

(NGF) receptor) on motor neurons. The excess PORN solution was removed from 

the wells and/or coverslips which were washed twice with sterile filtered HBSS 

(Sigma), coated with Laminin (Invitrogen) at a concentration of 1.5 µg/mL in HBSS 

(0.75 mg/mL of Laminin stock diluted in 50 mM Tris (pH 7.4) and then incubated at 

37°C in an incubator until the motor neurons were ready.  

 

The pregnant mice were sacrificed by cervical dislocation and the embryos were 

removed from the uterus and placed in sterile petri dishes containing dissection 

buffer (1:1000 beta-mercaptoethanol (β-ME, Invitrogen) in HBSS). Each embryo 

was removed from its sac, decapitated and the tails were cut off and stored at 4ºC for 

genotyping. The spinal cords were carefully dissected under a dissection microscope 

(Leica) in a sterile hood. The meninges and dorsal root ganglia were removed from 

the spinal cords, which were then placed into labelled tubes containing the 

dissection buffer. The spinal cords were dissociated with 0.1% Trypsin 

(Worthington, 3x crystallized dissolved in HBSS with NaOH added to adjust the pH 

and filtered through a 0.22 um sterile filter) which was deactivated 15 minutes later 

with Trypsin inhibitor (Sigma, 500 mg dissolved in 49 mL HBSS and 1 mL of 1 M 

HEPES and filtered through a 0.22 µm sterile filter). The cords were triturated with 

a 1 mL pipetteman and the cell solution was added to the pre-coated 
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immunopanning plate for 30 minutes at room temperature. Thereafter, the medium 

was discarded and the unattached cells were carefully washed off three times with 

washing medium (Neurobasal Medium, Gibco (Invitrogen) with 0.2 µM β-ME). The 

motor neurons were detached off the plates with 150 µl (per well) of depolarisation 

buffer containing 30 mM KCl (Sigma) and 0.8% NaCl (Sigma) and then 750 µl of 

full media (Neurobasal Medium with 1x Glutamax (Invitrogen), 2% horse serum 

(Invitrogen), and 1x B27 (Invitrogen) was added afterwards to re-suspend the motor 

neurons. For immunocytochemistry, 2000 cells per coverslip were plated on PORN 

and mouse Laminin pre-coated 10 mm coverslips in 4-well tissue culture dishes 

(Greiner) in the presence of a small volume of full medium. For survival assays, 

1500 cells were plated on PORN and mouse Laminin pre-coated 4-well tissue 

culture dishes (Greiner) without coverslips. For western blotting, 200 000 cells/well 

were plated on PORN and mouse Laminin pre-coated 12-well plates. The medium 

was changed 2 hours after plating the cells and thereafter the cultures were fed every 

2-3 days by removing half the medium and adding half fresh medium. The motor 

neurons were cultured for 7 days in full medium and incubated in a humidified 

incubator at 37°C with 5% CO2. Neurite growth was observed after the first night in 

culture. Genotyping of the mouse embryos was performed after the cells were 

plated, using the same protocol for adult mouse genotyping, which will be described 

in detail below. All steps of preparing purified motor neuron cultures were 

performed in a sterile hood (Envair). Training and technical support was provided 

by Dr. Ke Ning.  

 

2.2.2.1 Motor neuron cell counting  

For motor neuron survival assays the cells were plated as described above, and 6 

hours after plating, the number of attached cells was counted under a phase-contrast 

microscope (Leica). At 5 days post-transduction, the cells were fixed with 4% 
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paraformaldehyde (PFA, Sigma) in PBS and the number of surviving cells was 

determined. All cell counts were performed under 40x magnification in a blinded 

manner.  

 

2.2.3 Lentiviral vector construction 

Dr. Chiara Valori generated constructs before this PhD project was started. For the 

effective reduction of mouse PTEN expression levels, a stem-loop- stem short 

hairpin RNA (shRNA) was generated using a 19 nucleotide sequence targeting exon 

1 of mouse PTEN (si-PTEN oligonucleotide) that was subcloned into the pLVTHM 

lentiviral genome vector (pLVTHM was a gift from Didier Trono (Addgene plasmid 

#12247) (Figure 2.1) (Ning et al., 2004, Wiznerowicz and Trono, 2003). This 

lentiviral vector expresses the shRNA under the Histone H1 promoter, and also 

expresses green fluorescent protein (GFP) driven by the human elongation factor-1 

alpha (EF1α) promoter, to mark the successfully transduced cells. Similarly, a 

scrambled 19-nucleotide sequence was used to generate the control vector (ssi-

PTEN). The following sequences were used: 

 

 

                  

 

 

 

   5’-CGCGTCCCCGCCAAATTTAACTGCAGAGTTCAAGAGACTCTGCAGTTAAATTTGGCTTTTTGGAAAT-3’ 

si-PTEN oligonucleotide sequence (si-PTEN):  

  Sense   Loop Antisense 

5’-  CGCGTCCCCCGCAATATTCAATCGAGGATTCAAGAGATCCTCGATTGAATATTGCGTTTTTGGAAAT-3’ 

Scrambled si-PTEN oligonucleotide sequence (ssi-PTEN): 

 Sense   Loop    Antisense 
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Figure 2.1. Lentiviral vector (pLVTHM) backbone. The diagram shows the 
essential components of the lentiviral vector. Abbreviations: AmpR – ampicillin 
resistance, cPPT – central polypurine tract, EF1-alpha - elongation factor-1 alpha, 
GFP –green fluorescent protein, gpt - phosphoribosyl transferase, H1-Histone 1 
promotor, LoxP- locus of X-over of P, LTR – long terminal repeat, LV – lentivirus, 
psi- packaging signal, ORI- origin of replication, pA - poly-A – polyadenylation, 
RRE – Rev responsive element, SIN – self-inactivating, SV40 - simian virus 40 
promoter, tetO- tetracycline operator elements, WPRE – Woodchuck Hepatitis Virus 
(WHP) Posttranscriptional Regulatory Element. 
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2.2.4 LV vector production 

Lentiviral vectors carrying si-PTEN and ssi-PTEN were produced by a four-plasmid 

calcium phosphate co-transfection of HEK2932T cells as previously described 

(Deglon et al., 2000). One day before transfection, HEK293T cells were plated on 

10 cm petri dishes at a density of 3.6 x 106  cells per plate and were allowed to grow 

overnight at 37 ̊C and 5% CO2. For each 10 cm dish, 13 µg of LV-vector plasmid 

was mixed with 3.75 µg of plasmid encoding vesicular stomatitis virus G envelope 

(pMD.2G), 13 µg of gag/pol plasmid (pCMVDR8.92) and 3 µg of plasmid encoding 

the rev protein of HIV-1 (pRSV-Rev) in a 5 mL polystyrene tube (Biosciences) with 

0.5 M CaCl2; sterile tissue culture water (Sigma) was added to make a final volume 

of 500 µl. The DNA mixture was slowly added to 500 µl of 2x HBSS (Sigma) with 

gentle shaking and then incubated for 15 minutes at room temperature until the 

mixture became translucent. Thereafter, 1 mL of the precipitate solution was added 

gently to the cells by uniformly distributing drops to the petri-dish medium. 

Following incubation for 7 hours (at 37°C and 5% CO2), the medium was discarded 

and replaced with 10 mL of fresh complete DMEM and the cells were returned to 

the incubator. GFP expression was seen 48 hours post-transfection using a 

fluorescent microscope (Nikon). Figure 2.2 shows an example of a live image of 

HEK293T cells expressing GFP prior to harvesting the lentivirus vector. Three days 

following transfection, the supernatant was harvested, filtered through a 0.45 µm 

filter (Millipore Stericup) into a new sterile T75 flask (Falcon) to remove any cell 

debris, and then transferred into 6 Ultra-clear centrifuge tubes (Beckman, 344058) 

where each tube was placed into a Beckman 115.6 bucket. The virus-containing 

supernatant was centrifuged at 50,000 g for 90 minutes at 4ºC (19,000 rpm, 

ultracentrifuge). The supernatant was discarded and the viral pellets were then 

suspended in 200 µL of 1% bovine serum albumin (BSA, Fluka) in phosphate 
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buffered saline (PBS, Lonza) for 60 minutes at 4ºC. Viral suspensions were stored in 

50 µl aliquots in 1.7 mL low-retention tubes (Axygen Scientific) at -80ºC.  

 

 

 

Figure 2.2. A representative live image of HEK293T cells showing GFP 
expression 48 hours post-transfection with LV-si-PTEN (20x magnification, 
scale bar=100µm). Images were captured prior to harvesting the viral vectors using a 
fluorescent microscope. GFP, green fluorescent protein, LV, lentiviral 

 
 
 

 

2.2.4.1 LV tittering by FACS analysis 

To determine the titre of the LV vectors produced, Hela cells were plated in a 12-

well plate, at a density of 75,000 cells per well in 1 mL of complete EMEM medium 

(Sigma) supplemented with 2 mM Glutamine (Sigma), 1% NEAA (Sigma) and 10% 

FBS (Gibco) and incubated overnight at 37ºC at 5% CO2. The following day, the 

number of cells in one representative well (of each plate) was counted to confirm the 

total number of cells per well. The cells were transduced with serial dilutions of 

each lentivirus (diluted in complete EMEM medium) starting at a concentration of 

10-2 to 10-4, and untransduced cells were used as negative controls. The medium was 

replaced 4 hours later with fresh complete EMEM medium and the transduced cells 

were incubated at 37°C and 5% CO2 for a further 72 hours. GFP expression was 
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seen at 48-72 hours post-transduction. At three days post-transduction, the cells 

were harvested. First, the medium was discarded and the cells were gently washed 

with 1x PBS (pH 7.4, Gibco), trypsinised with 0.005% trypsin (in HBSS and 0.053 

mM EDTA, Sigma) and then resuspended in complete EMEM medium and 

centrifuged at 200 rpm for 5 minutes. The supernatant was discarded and the pellet 

from each sample was resuspended in 200 µL of 4% PFA to fix the cells for 15 

minutes at room temperature. The cells were then centrifuged at 200 rpm for 5 

minutes, the PFA was discarded and the fixed cells were resuspended in 1x PBS 

(Gibco) and stored at 4°C until they were analysed by FACS. Technical support for 

FACS analysis was kindly provided by Susan Newton (Flow Cytometry 

Technician). Dilutions that gave 1-20% GFP positive cells were used for calculating 

the titre of the lentivirus using the following formula: 

 

Vector titre (in transducing units/mL, TU/mL) = [(% positive gated cells  x number 

of cells during transduction) x dilution factor x 2] 

 

2.2.5 Western blotting 

Protein was extracted from cultured motor neurons at the appropriate time point and 

analyzed by western blotting. For motor neuron cultures, the medium was discarded, 

the cells were gently washed with 1 mL of PBS/well and then scraped off the wells 

with a 25 cm cell scarper (Sarsted) and collected in whole cell lysis buffer. The cell 

suspension was incubated at 4°C for 45 minutes and then centrifuged at 1300 g for 

10 minutes. The supernatant was collected for western blot analysis and the pellet 

was discarded. Protein samples were stored at -20°C until needed. The protein 

concentration of the cell and muscle samples was measured using the Bradford 

(Pierce) assay following the manufacturer’s recommendations. 
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To make the gels, two glass plates of an SE245 Dual gel caster were first cleaned 

thoroughly with 70% alcohol and then assembled on a casting stand. A separating 

gel of 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) was prepared and poured between the plates to make a 1.5 mm thick gel, 

which was allowed to polymerise for 30 minutes. Thereafter, a 1.5 cm stacking gel 

was added on top of the polymerised separating gel and a comb was placed to create 

wells for loading the samples. The stacking gel was allowed to polymerise for 5 

minutes and was then placed in a tank containing 1x running buffer (prepared from 

10x stock: 25 mM Tris-base, 250 mM glycine, and 0.1% SDS in distilled H2O, 

National Diagnostics).  

 

Meanwhile, the protein samples were thawed on ice and spun down briefly. 20 µg of 

each sample was diluted in nuclease-free H2O and denatured in the presence of a 4x 

loading buffer at 100°C for 5 minutes. The protein samples were then loaded in each 

well of the gel and 5 µl of a protein standard (Bio-Rad) was loaded in a separate 

well. Electrophoresis was performed using a 1x running buffer for 45 minutes at 50 

V to enable proper separation of the proteins, and then for 1.5-2 hours at 100 V.  

 

For immunoblotting, the proteins were transferred on to a polyvinylidene difluoride 

membrane (PVDF, Millipore Immobilon P) in a transfer buffer containing 25 mM 

Tris, 192 mM Glycine and 10% v/v methanol. Prior to transfer, the membranes were 

initially soaked in methanol for 20 seconds and then soaked in ice-cold transfer 

buffer and similarly the gels were also soaked in ice-cold transfer buffer. Proteins 

were transferred to the membrane in transfer buffer at 250 mA or 100 V for 1 hour 

at room temperature, or at 25 V overnight at 4°C. To check for the success of the 

transfer, the membranes were incubated with Ponceau S solution (0.1% (w/v) 

Ponceau S (Sigma) in 5% (v/v) acetic acid) to check that the proteins were 

transferred onto the PVDF membrane; and the membrane was then destained with 
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water and washed once with TBS-T. In order to block non-specific binding, the 

membranes were then incubated in a blocking buffer (5% milk in TBS-T) for 1 hour 

at room temperature with agitation. The membranes were subsequently incubated 

with primary antibodies diluted in 5% BSA in TBST overnight at 4ºC, washed 3 x 

15 minute washes at room temperature with agitation and then incubated with the 

appropriate secondary antibody for 1 hour at room temperate and finally washed 3 x 

15 minute washes before being developed. Table 2.1 summarises the antibodies used 

for western blot analysis.  

 

When necessary, the bound antibodies were stripped off the membranes using a 

stripping buffer (62.5 mM Tris (pH 6.7) at 50°C for 30 minutes with agitation and 

then re-washed, blocked and re-probed with the appropriate antibody. The proteins 

were visualised using the ECL Plus chemiluminescence detection kit (GE 

Healthcare) for HRP (horseradish peroxidase) according to the manufacturer’s 

instructions. The membranes were visualized by the G-BOX Image Capture System 

(G: BOX, Syngene) and densitometric analysis was performed using the GeneSys 

software (GeneSnap and GeneTools, GeneSys software, Syn). 
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Table 2.1 Primary and secondary antibodies used for western blot analysis 
 

Target Protein Species Dilution Supplier 
 
Primary antibodies/ MW 
PTEN, ~54 kDa Rabbit 1:1000 Cell Signalling, 

5106 
Akt (Akt1, Akt3), ~60 kDa Rabbit 1:1000 Cell Signalling, 

2966 
Bad, ~23 kDa  Rabbit 1:1000 Cell Signalling, 

9292 
Phospho-Akt (Ser473)   ~60 kDa  Rabbit 1:1000 Cell Signalling, 

4060 
Phospho-BAD (Ser155) ~23 kDa Rabbit 1:1000 Cell Signalling, 

5284 
Phospho-p44/42MAPK(ERK1/2) 
(Thr202/Tyr204),  ~42/44 kDa 

Rabbit 1:1000 Cell Signalling, 
9101 

Phospho-p70 S6 Kinase (Thr389),  ~70, 
85 kDa 

Rabbit 1:1000 Cell Signalling, 
9234 

GFP,   ~30 kDa Rabbit 1:3000 Clontech, 632460 
GAPDH,   ~36kDa Mouse 1:5000 Calbiochem, 

CB1001 
 
Secondary Antibodies 
Rabbit IgG – HRP Goat 1:5000 Dako, P0449 
Mouse IgG – HRP Goat 1:10,000 Biorad, 170-6516 
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, Green 
Fluorescent Protein; HRP, horseradish peroxidase; MW, molecular weight; PTEN, 
phosphatase and tensin homologue deleted on chromosome ten. 
 

 

 

2.2.6 Immunocytochemistry 

Immunocytochemical staining was performed on primary motor neuron cells 

following transduction with LV-ssi and si-PTEN. At seven days post-transduction, 

the medium was removed and motor neurons were washed with 1 mL of PBS and 

fixed with 1 mL of 4% PFA per 35 mm dish for 15 minutes at room temperature, 

then incubated with PBS at 4ºC until needed for immunocytochemistry. Prior to 

staining, the cells were carefully washed once with PBS for 5 minutes. For 

permeabilisation, 0.5% Triton X-100 (Polyethylene glycol tert-octylphenyl ether, 

Sigma) in PBS with 10% normal goat serum (NGS, Sigma) was added for 1.5 hours 
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at room temperature. The cells were then incubated in a blocking solution (0.25% 

Triton X-100 and 10% NGS in PBS) for 30 minutes at room temperature; then 

incubated with the primary antibody (diluted in 0.25% Triton X-100 in PBS) 

overnight at 4°C followed by the secondary antibody (diluted in 0.25% Triton X-100 

PBS) for 2 hours at room temperature. Table 2.2 shows the concentrations of the 

antibodies used according to the optimised conditions. The nucleus was visualised 

with Hoechst stain (Life Technologies) diluted in the secondary antibody solution at 

a concentration of 1:1000. Between the antibody incubations, the cells were washed 

3 x 5 minute washes with PBS. The coverslips were then mounted on glass slides 

using fluorescent mounting media (Dako), fixed to the slides with nail polish and 

were left to dry. Immunoreactivity was visualised with a fluorescence microscope 

(ZEISS). Images were captured using the OpenLab software (Improvision) at 63x 

magnification, and analysed with Image J.    
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Table 2.2 Primary and secondary antibodies used for immunocytochemistry 
and immunohistochemistry 
 

Target Protein Species Dilution Supplier 
 
Primary antibodies 
PTEN  Mouse 1:100 Santa Cruz, sc-

7974 
Phospho-Akt (Ser473)  Rabbit 1:200 Cell Signalling, 

4060 
Phospho-p44/42MAPK(ERK1/2) 
(Thr202/Tyr204) 

Rabbit 1:200 Cell Signalling, 
9101 

Phospho-p70 S6 Kinase (Thr389) Rabbit 1:200 Cell Signalling, 
9234 

GFP Rabbit 1:200 Clontech, 632460 
GFP Chicken 1:500 Life 

Technologies, 
A10262 

CGRP Rabbit 1:200 Abcam, Ab81887 
GFAP Mouse 1:200 Sigma, G3893 
 
 
Secondary Antibodies 
Alexa Fluor 594, anti-mouse IgG Goat 1:200 Invitrogen, A1105 
Alexa Flour 594, anti-rabbit IgG Goat 1:200 Life 

Technologies, A-
11037 

Alexa Flour 488, anti-chicken IgG Goat 1:2001 Life 
Technologies, A-

11039 
Fluorescein (FITC)- Affini anti-rabbit 
IgG 

Goat 1:200 Jackson, 111-095-
003 

 
Hoechst 33342 Fluorescent Stain - 1:1000 Life 

Technologies, 
H3570 

Abbreviations: CGRP, Calcitonin Related Peptide, FITC, Fluorescein 
Isothiocyanate; GFP, Green Fluorescent Protein; GFAP, Glial fibrillary acidic 
protein, IgG, Immunoglobulin G, PTEN, phosphatase and tensin homologue deleted 
on chromosome ten.  
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2.3 In vivo experimental work 

 

2.3.1 Animals 

For the in vivo studies the wild type C57BL/6 (Charles Rivers Laboratories) and 

C57BL/6J Tg (SOD1 G93A) 1Gur (G93A-SOD1) mice (Jackson Laboratories) were 

used. The transgenic mice were based on C57BL/6J and were backcrossed onto 

C57BL/6 mice for at least 10 generations to produce this congenic strain. These 

mice are hemizygous for the human SOD1G93A gene harboring a glycine to alanine 

substitution at codon 93 (driven by its endogenous human SOD1 promoter) and 

express a high transgene copy number. Mice were maintained in a controlled facility 

in a 12 h dark/12 h light photo cycle with free access to food and water; no more 

than 4 mice of the same sex and receiving the same treatment were housed in a 

single box. All animals were bred and maintained by Dr. Ellen Bennett and Ian 

Coldicott. All in vivo experimental studies were performed in accordance to the UK 

Home Office Animals (Scientific Procedures) Act 1986. 

 

2.3.2 Genotyping 

Transgenic male SOD1G93A mice were crossed with C57BL/6 females, and the 

offspring were genotyped after birth by polymerase chain reaction (PCR) to detect 

the presence of the human SOD1 transgene. Mouse ear clips were incubated in 50 

µL of DNA extraction buffer (1.0 Epicenter biotechnologies) at 65°C for 1 hour and 

then at 98°C for 5 minutes to inactivate the proteinase K in the extraction buffer. 

The DNA solution was used as a template for a PCR reaction with two pairs of 

primers: one pair that recognizes the mouse interleukin 2 (IL2), which was used as 

an internal control; and a second pair that recognizes the human SOD1 gene (Table 

2.3). 
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Table 2.3. Primers used for genotyping SOD1G93A mice 
 

Primer Primer Sequence 
Human superoxide dismutase 
1 (SOD1), Forward 

5’ CATCAGCCC TAATCCATCTGA 3’ 
 

Human superoxide dismutase 
1 (SOD1), Reverse 
 

5’ CGCGACTAACAATCAAAGTGA 3’ 
 

Mouse interleukin 2 (IL2), 
Forward 

5’ CTAGGCCACAGAATTGAAAGATCT 3’ 
 

Mouse interleukin 2 (IL2), 
Reverse 
 

5’ GTAGGTGGAAATTCTAGCATCATCC 3’ 
 

 

The PCR reaction consisted of 12.5 µL of ReddyMix (2x ReddyMix PCR 

Mastermix, Thermo Scientific), 0.2 µM of each primer, 1 µL of DNA solution 

(template) and nuclease-free H2O to make a final volume of 25 µL. The PCR was 

run using the following program: 

 

 

     95oC  5 minutes 

                                                           
 95oC        30 sec 

                                                  60oC      30 sec                                                                     35 cycles 

                                                            
     72oC        45 sec 

                                                                 72oC        7 minutes      

                                                                10oC      hold 

 

The PCR products were electrophoresed on a 2% agarose gel (Melford) in Tris-

acetate-EDTA buffer (TAE, 40 mM Tris acetate, 20 mM glacial acetic acid and 1 

mM EDTA) with 0.5 µg/µL ethidium bromide (Sigma) that ran at 140 V for 30 

minutes in TAE buffer. A DNA marker (Promega) containing a set of DNA 

fragments of known sizes  (1000 base pair, (bp) was loaded alongside the samples to 
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determine the size of DNA in the test samples. DNA from a known transgenic 

mouse was used as a positive control and nuclease-free water was used as a negative 

control. Wild-type mice were expected to have only one band, representing mouse 

IL2 at 324 bp, whereas transgenic mice were expected to have 2 bands, one for IL2 

at 324 bp and another band for human SOD1 at 236 bp (Figure 2.3). The bands were 

visualized using the GENi imaging system (Syngene).  

 

                                       

Figure 2.3. Representative image of an agarose gel showing PCR amplification 
of DNA extracted from mouse ear clips for genotyping. Wild type mice have one 
band only at 324 bp representing Mouse interleukin 2 (IL2) and transgenic mice 
have 2 bands, one at 324 bp for IL2 and one at 236 bp representing human SOD1.  

 

2.3.3 Recruiting mice for in vivo experiments 

For the validation of transduction efficiency of AAV vectors, wild type mice 

(C57BL/6) were used (Chapter 4). The animals were recruited to five experimental 

groups (3 mice per group).  Two groups received the control vectors, AAV6-ssi-

PTEN or scAAV9-ssi-PTEN, to monitor the effect of the viral vectors; two groups 

received the therapeutic vectors, AAV6-si-PTEN or scAAV9-si-PTEN; and one 

group received PBS to monitor the effect of injections. All mice were age, sex and 

litter-matched when possible.  
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Transgenic SOD1G93A mice were used to evaluate the effect of scAAV9-mediated 

PTEN silencing on motor neuron survival (Chapter 4). In this study, the mice were 

recruited to two groups (6 mice per group); one group received the control vector 

scAAV9-ssi-PTEN, and one group received the therapeutic viral vector scAAV9-si-

PTEN. One group of age-matched untreated wild-type littermates was also included 

in the study. This cohort of mice was also used to study the effect of scAAV9-si-

PTEN on NMJ degeneration (Chapter 5). Another group of transgenic mice were 

used for a pilot study to investigate the effect of AAV6-mediated PTEN silencing on 

NMJ degeneration. Here, one group received the control vector AAV6-ssi-PTEN 

and another group received AAV6-si-PTEN. 

 

2.3.4 AAV Vectors 

The viral vectors, AAV6-ssi-PTEN, AAV6-si-PTEN, scAAV9-ssi-PTEN and 

scAAV9-si-PTEN used for the in vivo studies were outsourced and produced at the 

University of North Carolina (UNC Vector Core). The titre of the vector was 

measured by quantitative PCR (Q-PCR) and expressed as vector genomes (vg)/ml. 

Table 2.4 shows the concentrations of each vector. 

 

Table 2.4 Concentration of AAV vectors used for in vivo studies 
 

Virus vector Titre 

AAV6-ssi-PTEN 1.0 x 1011 vg / mL 

AAV6-si-PTEN 1.0 x 1011 vg / mL 

scAAV9-ssi-PTEN 1.0 x 1012 vg / mL 

scAAV9-si-PTEN 1.0 x 1012 vg / mL 

Abbreviations: AAV6, adeno-associated virus serotype 6, scAAV9, self-
complementary adeno-associated virus serotype 9, vg, vector genomes. 
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2.3.5 In vivo injections of viral vectors  

For the validation of viral vectors, AAV-6 and scAAV-9 vectors carrying PTEN 

shRNA or scrambled-PTEN shRNA (control vector) were injected unilaterally in to 

the left hind limb of wild-type C57BL/6 mice, a total of     20 µl of viral vector 

solution at 4 weeks of age ± 1 day (n=3 per group). Another group of mice were 

injected with 20 µl of PBS into the left hind limb (n=3).  

 

Transgenic SOD1G93A mice (n=6 per group) received unilateral injections of either 

AAV6-si-PTEN or AAV6-ssi-PTEN into the left foot muscles (plantaris) (10 µl 

each) at 26 days of age (P26), and were used solely for the NMJ study. Another 

group of transgenic SOD1G93A mice received unilateral intramuscular injections of 

scAAV9 expressing si-PTEN or scrambled si-PTEN into the left gastrocnemius 

(GA) and Tibialis Anterior (TA) muscles (15 µl each) at P26. In this cohort of mice, 

a group of untreated wild-type C56BL/6 littermates were included in the study (see 

Table 2.3 for virus vector titre).  

 

The viral vectors and PBS were slowly administered into the muscles of interest 

with a 10 µL 33-Gauge Hamilton syringe (ESS Lab) to avoid damage to the injected 

muscles. Every injected muscle received a single injection into multiple sites with a 

maximum of 5 µl of vector solution injected per site. All injections were performed 

under gas anesthesia (IsoFlo, 100% w/w isoflurane inhalation vapour, liquid, 

Abbott) using an anaesthesia apparatus (Burtons). After the injections, the mice 

were left for at least 10 minutes to recover before they were returned to their cage.  

Dr Ke Ning performed the in vivo procedures and he was blinded to the treatment 

groups.  
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2.3.6 Collection of spinal cords and muscle tissue 

Wild-type mice were sacrificed 3 weeks after the injections, whereas the transgenic 

mice were sacrificed at postnatal day 100 (P100), the expected time for symptom 

onset. The animals were euthanized by an intraperitoneal injection of 500 mg/kg of 

sodium pentobarbital (sodium pentobarbital, 20% w/v solution for injections, JML). 

An in vivo perfusion system (AutoMate Scientific) was used for an intracardiac 

perfusion of 10 mL of ice-cold PBS containing 5 units/mL heparin (2000 units/mL 

heparin, Sigma), after which collection of fresh muscles was undertaken rapidly; 

perfusion with 10 mL of 4% PFA for the collection of spinal cords and brains for 

histological analysis followed immediately after the collection of muscle tissue. For 

collection of fresh muscle tissue, the hind limbs were removed from the mouse body 

at the bone joints and the skin was stripped off. The GA muscles were harvested 

fresh from the left and right hind limbs from all wild type mice and from three 

transgenic mice (one injected with scAAV9-ssi-PTEN, one injected with scAAV9-

si-PTEN and one untreated), snap frozen in liquid nitrogen and subsequently stored 

at -80ºC for western blot analysis. Muscles used for immunohistochemistry (IHC) 

were immediately incubated in 4% PFA. For the NMJ study, the muscles were 

collected in the same way and then processed for immunofluorescence as described 

below. The brains and spinal cords were initially incubated overnight in 4% PFA at 

4ºC followed by further incubation in 30% sucrose in PBS for cryoprotection and 

then cryoembedded in optimum cutting temperature medium (OCT, Dako). 20 µm 

thick transverse sections of the lumbar spinal cord were cut using a Leica cryostat 

and then mounted onto glass slides. Frozen muscle tissue was cut into 10 µm 

transverse sections using a cryostat and mounted onto glass slides. 
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2.3.7 Histological analysis of the lumbar spinal cord   

 
2.3.7.1 Immunohistochemistry 

Immunofluorescence was used to identify transduced motor neurons and to 

determine PTEN knockdown in the transduced cells. The slides were initially  

allowed to dry for 30 minutes at room temperature and then hydrated using 3 x 10-

minute washes in PBS. To permeabilise the sections, they were incubated in 10% 

normal goat serum (NGS) and 0.5% Triton X-100 in PBS for 1.5 hours at 37oC. The 

sections were then incubated with 10% NGS and 0.25% Triton X-100 in PBS for 30 

minutes at room temperature. This was followed by incubation with the primary 

antibody overnight at 4°C (Table 2.2). Thereafter the samples were washed 3 x 5-

minute washes with PBS and then incubated with the secondary antibody containing 

Hoechst stain (Life Technologies; to visualise the nuclei) for 2 hours at room 

temperature (Table 2.2). All antibodies were diluted in 0.25% Triton X-100 in PBS. 

The slides were washed 5 x 5-minute washes and the edges of the glass slides were 

dried. Fluorescent mounting medium (Dako) was applied to the sections, which 

were then covered with glass coverslips and allowed to dry at room temperature. 

Throughout the staining, the sections were protected from light. Motor neurons in 

the lumbar spinal cord were identified with antibodies against Calcitonin gene 

related peptide (CGRP), which belongs to the family of calcitonin peptides that is 

mainly produced in the cell bodies of motor neurons of the ventral horn (Moore, 

1989). Double immunohistochemistry using anti-GFP and anti-CGRP antibodies 

was used to determine the transduction efficiency of the viral vectors. Sections were 

also stained with anti-PTEN and anti-GFP antibodies to determine PTEN expression 

in the transduced motor neurons. The PTEN, CGRP and GFP immunoreactivity 

were visualised with a fluorescence microscope (ZEISS fluorescence microscope). 

The settings for the pinhole were identical for all samples. Images were captured 
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using the OpenLab software (Improvision) at 63x magnification, and analysed with 

Image J. When available Confocal (Leica) images were also taken.   

 

For the scAAV9-si-PTEN study in transgenic mice, total motor neuron counts were 

determined by Nissl staining (0.1% Cresyl Fast Violet, BDH). The sections were 

first defatted using xylene for 5 minutes, and then hydrated by 1 minute washes in 

100%, 95%, 70%, and 50% ethanol. The sections were then washed with distilled 

water for 5 minutes and then incubated in 0.1% cresyl fast violet solution for 5 

minutes. Following a brief wash in distilled water, the sections were differentiated in 

95% ethanol for 2-15 minutes depending on the quality of staining seen under a light 

microscope. After dehydrating the sections in 100% ethanol for 1 minute, they were 

incubated in xylene for a further 5 minutes and then mounted onto coverslips with a 

permanent mounting medium (DPX). Motor neurons were counted under a light 

microscope and were identified by their morphology and size.   

 

2.3.7.2 Motor neuron cell counts 

Transduction efficiency. The total number of transduced (GFP positive) motor 

neurons was counted in wild-type mice treated with AAV6-si-PTEN (n=3) and 

scAAV9-si-PTEN (n=3,) and those treated with PBS (n=3), in all sections (20 µm 

thick) of every fifth slide spanning the lumbar spinal cord. Cell counts were 

performed using a fluorescent microscope (ZEISS, 40x magnification) by two 

independent assessors. Transduction efficiency was calculated as the percentage 

GFP-positive motor neurons relative to the total number of CGRP-positive cells 

(motor neurons). Similarly the transduction efficiency was determined in transgenic 

SOD1G93A  mice treated with scAAV9-ssi-PTEN (n=5) and scAAV9-si-PTEN (n=5). 

 

Motor neuron survival. Nissl-stained motor neurons were counted in all         

sections of every fifth slide (1 in 5 sections) throughout the lumbar spinal cord of 
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transgenic SOD1G93A mice treated with scAAV9-ssi-PTEN (n=5) and scAAV9-si-

PTEN (n=5) and in untreated wild type mice. Analysis of 5 mice per group was 

performed while being blinded to the treatment groups. Motor neuron counts were 

performed under a light microscope (20x magnification).  

 

2.3.8 Histological analysis of the gastrocnemius  muscle  

 
2.3.8.1 Haematoxylin and Eosin (H and E) staining 

To determine the morphology and pathology of the GA muscles of transgenic 

SOD1G93A mice, muscle sections were then warmed to room temperature before 

being fixed in 95% alcohol for 5 minutes and then rehydrated in tap water for 5 

minutes. The sections were then stained with haematoxylin for 2 minutes, washed in 

water, blued in Scott’s tap water  (minutes until the colour changes from purple to 

blue) and then stained with eosin for 5 minutes. Sections were then washed in water 

and dehydrated in graded series of alcohol (100% ethanol for 5 minutes, 95% 

ethanol for 5 minutes, 70% ethanol for 5 minutes), cleared in xylene and then 

mounted in DPX. 

 

2.3.8.2 Immunofluorescence 

Immunofluorescence was used to determine GFP expression in the injected and 

contralateral GA muscles of transgenic SOD1G93A. 1 in 10 slides from one mouse per 

experimental group were stained with anti-GFP antibodies and Hoechst for nuclear 

staining as described above for the spinal cords. Images were captured using a 

fluorescence microscope (Zeiss).  
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2.3.9 Western blot analysis of the gastrocnemius muscles 

For extraction of protein from muscle tissue, the muscles were homogenised using a 

sonicator (Bosch) in the presence of ice cold whole cell lysis buffer, and the tissue 

was further incubated at 4°C for 45 minutes and then centrifuged at 1300 g for 10 

minutes. The supernatant was collected and the samples were stored at -20°C until 

needed for western blotting. The protein samples were then analysed by western 

blotting as described above (section 2.2.5). 

 

2.3.10 NMJ Analysis 

Immunofluorescence was used for the labelling of neuromuscular junctions (NMJ) 

of the hind limb muscles from transgenic SOD1G93A mice. The mice were sacrificed 

at the appropriate times and the muscles were collected as described above. For the 

AAV6-si-PTEN NMJ study, NMJ analysis was performed on the lumbrical and 

flexor digitorum profundus (FDP) muscles and on the lumbrical and tibialis anterior 

(TA) muscles for the scAAV9-si-PTEN study. Dr Sophie Thompson performed all 

muscle dissections and immunohistochemistry was performed at Professor Thomas 

Gillingwater laboratories at the University of Edinburgh because of their expertise in 

this field.  

 

2.3.10.1 Dissections 

The hindlimb was first removed from the mouse, the skin was reflected and the limb 

was pinned out on a Sylgard dish using insect pins. All dissections were performed 

in 1x PBS. The muscles were then fixed with 4% PFA for 15 minutes before being 

washed three times with 1x PBS. Following fixation, the muscles of interest were 

identified and removed from the limb by blunt dissection. The lumbricals and FDP 

muscles were stored in PBS at 4°C until ready for immunohistochemistry, whereas 

the TA was cryoprotected in 30% sucrose solution overnight at 4ºC and then 
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sectioned on a freezing microtome at 100 µm before undergoing the same 

immunohistochemistry as the lumbricals and FDBs.  

 

2.3.10.2 Immunohistochemistry 
 

For labelling the NMJs, the muscles were first transferred into a 24 well plate 

containing 2% Triton-X in PBS for permeabilisation (250 µl per well). The muscles 

were left to float freely in the wells for 1.5 hours and then transferred into wells 

containing a blocking solution (4% Bovine Serum Albumin (BSA, Sigma) and 2% 

Triton in 1x PBS) and were left to incubate in a rocker for 30 minutes at room 

temperature. The muscles were then transferred into wells containing the primary 

antibodies anti-2H3 IgG1 (Developmental Studies Hybridoma Bank) for labelling 

the neurofilaments and anti-SV2 IgG1 (Developmental Studies Hybridoma Bank) 

for labelling the synaptic vesicle glycoprotein 2A, both at a concentration of 1:100. 

The samples were incubated for two nights with the primary antibodies on a rocker 

at 4ºC. Thereafter, the muscles were washed with ice-cold fresh 1x PBS every half 

an hour for 2 hours on the rocker at room temperature before they were incubated in 

TRITC-conjugated alpha-bungarotoxin (Biotium) to label the post-synaptic 

membranes, at a concentration of 1:100 in 1x PBS for 10 minutes on the rocker in 

the dark. All subsequent washes and incubations were performed in the dark. The 

samples were then transferred into individual wells containing Cy2 rabbit anti-

mouse secondary antibody (Millipore) at a concentration of 1:200 (diluted in PBS) 

for 4 hours on the rocker at room temperature and then washed in 1x PBS every 10 

minutes for half an hour. Finally, the muscles were mounted on glass slides using 

Mowiol mounting medium and covered with cover slips. The slides were left at 

room temperature overnight to allow the Mowiol to set. The samples were wrapped 

in tin foil through all steps of immunofluorescence to protect the tissue from light. 
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NMJs were visualised using a Zeiss LSM 710 laser scanning confocal microscope 

(40x objective/1.3NA oil objective; 63x objective/1.4NA oil objective).  

 

2.3.10.3  NMJ counts 

NMJ counts were performed in a blinded manner by Dr Sophie Thomson. For 

quantification of NMJs, a minimum of 100 NMJs was counted per muscle per 

mouse from confocal images using 40x objective. The NMJs were categorised as:  

fully occupied endplates when the nerve terminal (identified by the SV2 and 

neurofilament staining) covers more than 50% of the motor end plate (identified by 

the bungarotoxin staining), partially occupied when the nerve terminal covers less 

than 50% of the motor endplate but is still in contact with the motor endplate and 

unoccupied (vacant) when there is no contact between the nerve terminal and motor 

endplate. The data was analysed and plotted into bar chats using Graph Pad Prism 

v6.   
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3. The effect of viral-mediated PTEN knockdown in 

transgenic SOD1G93A mouse motor neurons in vitro 
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 3.1 Introduction 

Much of our understanding of the pathogenic mechanisms of neurodegenerative 

disorders came from studies in developing neurons (Mattson, 1989). During 

development, nearly half of the immature neurons die by programmed cell death, or 

apoptosis, which is also a characteristic feature of acute and chronic 

neurodegenerative diseases (Ghavami et al., 2014). Only those neurons, which are 

able to reach their targets in the presence of trophic support, are able to survive 

(Dekkers et al., 2013). Studies in models of developing neurons have shown that 

signalling pathways that are crucial for the survival of developing neurons are also 

involved in pathological neuronal cell death (Brunet et al., 2001). Therefore, a 

logical therapeutic strategy is to activate the anti-apoptotic signalling pathways in 

disease models of neurodegenerative disorders. The PI3K/Akt pathway is one of the 

most extensively studied signalling pathways involved in neuronal survival. The 

PTEN protein is an important negative regulator of PI3K and Akt. PTEN silencing 

leads to activation of PI3K and its downstream effectors and has been widely tested 

as a potential therapeutic strategy in various models of neurodegeneration. 

 
In the CNS, inhibition of PTEN activity is well known to play a crucial role in the 

pathogenesis of brain tumours (Endersby and Baker, 2008). However, extensive 

study of PTEN in the nervous system shows that PTEN has a broader role in the 

pathophysiology of the CNS. Indeed, a wealth of evidence exists to support its role 

in neuronal survival and axonal regeneration, which is predominantly mediated by 

the PI3K/Akt signalling cascade (Wyatt et al., 2014, Ning et al., 2010, Lai et al., 

2014). The neuroprotective effect of PTEN inactivation has been demonstrated in in 

vitro (Ning et al., 2010) and in vivo (Little et al., 2015) models of the childhood 

neuromuscular disease SMA, suggesting that targeting PTEN could be a novel 

strategy for protection against motor neuron degeneration. ALS shares similarity to 

SMA such that selective motor neuron loss is a pathological hallmark of both 
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diseases (Murray et al., 2008, d'Errico et al., 2013, Shaw and Eggett, 2000, 

Brockington et al., 2013), hence modulation of PTEN levels may also have a 

neuroprotective role in ALS. Therefore, it was hypothesised that reducing the 

expression of PTEN may prolong the survival of motor neurons in ALS by 

activating the PI3K/Akt signalling pathway. This section describes the in vitro 

studies performed to test this hypothesis. Purified mouse motor neurons from 

transgenic SOD1G93A mice were used as an experimental model of the disease. 

Lentiviral vectors were used to deliver siRNA against mouse PTEN for stable gene 

silencing. This in vitro model was also used to validate the efficiency of AAV9 

vectors expressing PTEN siRNA prior its use for in vivo studies  (Chapter 4).    

 

3.1.1 Purified motor neuron cultures as in vitro model of ALS 

Motor neuron cultures provide an excellent tool for studying motor neuron biology 

and in particular the mechanisms of cell death and survival. Indeed, studies in 

isolated motor neuron cultures played an important role in our understanding of the 

mechanisms of motor neuron degeneration (Ning et al., 2010, Fallini et al., 2010, 

Kirby et al., 2011a, Wang et al., 2013b).  

 

Ideally, cultures of human motor neurons from patients with ALS compared with 

those from healthy controls would provide a perfect in vitro model, but this is 

impossible to obtain from living patients and attempts to culture post-mortem tissue 

have been unsuccessful (Di Giorgio et al., 2008). Although explants of human 

embryonic spinal cord and dissociated cultures of human spinal cord neurons and 

glia cells have been successfully cultured for up to 7 weeks, their use was restricted 

by the limited availability of human embryos (Peterson et al., 1965, Hosli et al., 

1973, Kato et al., 1985, Kato and Lindsay, 1994). Motor neuron co-cultures with 

glia cells or fibroblast have also been used as in vitro models of ALS (Bar, 2000). 
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Spinal cord organotypic cultures provide a more physiological environment closer to 

the in vivo models and could survive up to 3 months in culture. However, during the 

preparation of the spinal cord slices, motor neurons are subjected to a degree of 

axotomy-induced stress and hence there is a selection of the surviving motor 

neurons, which could affect the interpretation of data (Bar, 2000). Moreover they are 

technically cumbersome and this hampered their use for drug screening experiments 

(Bar, 2000). 

 

Stem cell biologists have generated motor neurons from human embryonic stem 

cells (hESC), which provide a new in vitro model for studying disease mechanisms 

and drug screening for therapy development (Di Giorgio et al., 2008). When hESC-

derived motor neurons were co-cultured with glial cells harbouring mutant SOD1, 

selective motor neuron toxicity was observed (Marchetto et al., 2008). Furthermore, 

reprogramming of skin fibroblasts from healthy individuals and ALS patients was 

used to produce induced pluripotent stem cells (iPSC), which were then 

differentiated into motor neurons (Dimos et al., 2008). Of interest, iPSC-derived 

motor neurons from patients carrying SOD1 mutations, developed neurofilament 

inclusions and axonal degeneration (Chen et al., 2014). Other studies demonstrated 

that iPSC-derived motor neurons from patients with TARDBP mutations, showed 

cytoplasmic aggregation of TDP-43 and were more sensitive to oxidative stress 

(Egawa et al., 2012). These models proved to be very useful in investigating 

pathogenic mechanisms leading to motor neuron degeneration as well as for pre-

clinical drug testing.  

 

Schnaar first described purified motor neuron cultures in 1981(Schnaar and 

Schaffner, 1981). They are widely used as an in vitro model to study cellular 

mechanisms involved with motor neuron diseases such as ALS (Veyrat-Durebex et 

al., 2014, Bar, 2000) and SMA (Ning et al., 2010). In this project, to study the 
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effects of PTEN knockdown on motor neurons, lacking the trophic support of 

neighbouring cells, isolated motor neurons from transgenic SOD1G93A embryos and 

their non-transgenic littermates were prepared using the panning method as 

previously described (Amoroso et al., 2013, Camu and Henderson, 1992). The 

cultures were prepared at embryonic day 13 (E13), which is the time before 

developmental apoptosis occurs, and prior to the development of axonal branching  

(Schaffner et al., 1987). Although mouse motor neuron cultures are not ideal for 

testing long-term treatments for chronic  diseases, they provide an invaluable tool 

for drug screening and investigating cell signalling pathways. 

 

3.1.2 Lentiviral mediated PTEN silencing 

Chemical compounds based on Bisperoxovanadium (bpV) are potent inhibitors of 

PTEN and are commonly used as research tools to study PTEN signalling both in 

vitro and in vivo (Schmid et al., 2004, Mak and Woscholski, 2015). An issue 

concerning the use of these inhibitors is that they target other phosphatases and 

inhibit PTEN in nanomolar concentrations, which may result in non-specific 

phosphatase effects, whereas second generation vanadium-based inhibitors, such as 

VO-OHpic, show more specificity to PTEN (Rosivatz et al., 2006, Mak and 

Woscholski, 2015). The use of bpV-based small molecules may be challenging for 

the specific targeting of PTEN in neuronal cells due to the difficulties in delivering 

these compounds to the CNS at effective therapeutic concentrations in vivo. On the 

other hand, the use of RNA interference has been shown to be highly specific for 

gene manipulation (Boudreau et al., 2011) and has proved to be a powerful tool for 

PTEN inhibition in the CNS both in vitro and in vivo (Ning et al., 2010, Christie et 

al., 2010, Little et al., 2015). 
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Several methods have been used to deliver genes into neuronal cultures including 

calcium phosphate plasmid transfection, electroporation and commercially produced 

lipids (Royo et al., 2008). However, the use of these methods for gene delivery in 

primary neurons is limited by their transient and low efficiency of gene expression 

as well as cell toxicity (Royo et al., 2008). On the other hand, lentiviral vectors 

provide an excellent means for gene delivery in dividing and non-dividing cells and 

have been extensively used in translational research (Azzouz et al., 2004a, Lundberg 

et al., 2008). They have the capacity to provide long-term and stable gene 

expression, a large cloning capacity and can be pseudotyped with various envelope 

proteins, which widens their tropism and enables the production of high titre viral 

stocks (Carpentier et al., 2012). These characteristics favoured their use in vitro over 

AAV vectors, which have a slow gene expression in vitro and a limited transgene 

capacity. Several studies have shown that lentiviral vectors have the ability for long-

term expression of siRNA resulting in stable gene knockdown both in vitro and in 

vivo (Hutson et al., 2014, Boudreau et al., 2011). Previous studies in our lab utilised 

lentiviral vectors for gene therapy studies in cellular models of ALS and SMA with 

promising results (Nanou et al., 2013) (Ning et al., 2010). In particular, lentiviral-

mediated PTEN knockdown was demonstrated in cultures of wild type motor 

neurons and transgenic SMA motor neurons (Ning et al., 2010).  

 

In this project, third-generation HIV self-inactivating lentiviral vectors were used to 

deliver siRNA to knockdown PTEN (si-PTEN) in post-mitotic motor neurons. 

Lentiviral vectors expressing a PTEN siRNA or ssi-PTEN (as control) were 

previously used by our research group. Both vectors were pseudotyped with VSV-G 

and gene expression was driven by the H1 promoter (see materials and methods 

section 2.2.3 for details). 
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3.1.3 Green fluorescent protein as reporter gene 

In addition to scramble and PTEN siRNA genes, the lentiviral vectors also 

expressed Green Fluorescent Protein (GFP) as a reporter gene under the EF1α 

(Human elongation factor-1 alpha) promoter. This is a 27kDa fluorescent protein 

consisting of 280 amino acids, which is widely used to assess gene transfer 

efficiency, and for localising and labelling target proteins (Welsh and Kay, 1997). 

GFP has the advantage of low toxicity and does not interfere with the physiological 

reactions of cells (Welsh and Kay, 1997) although some reports showed that 

overexpression of GFP can result in cytotoxicity (Koike et al., 2013). Expression of 

GFP can be visualised with a fluorescent microscope and is very useful for 

measuring the transduction efficiency of viral vectors, and can be used as a marker 

of gene expression.  
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3.2 Aims of the study 

The aim of this study was to investigate the therapeutic potential of PTEN silencing 

in an in vitro model of ALS. It was hypothesised that PTEN silencing may enhance 

motor neuron survival in vitro. The effect of PTEN knockdown on the PI3K/Akt 

signalling pathway and its impact on motor neuron survival was studied in cultured 

motor neurons derived from transgenic SOD1G93A mice. 

 

Lentiviral vectors were used to deliver siRNA under the H1 promoter for stable 

PTEN knockdown in motor neurons. Vectors expressing scrambled PTEN siRNA 

were used as a controls to account for any vector-related effects. Furthermore, 

purified motor neuron cultures were also used to validate the efficiency of scAAV9 

mediated PTEN silencing prior to their use for the in vivo studies (chapter 4).  
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3.3 RESULTS 

 

3.3.1 Localisation of PTEN in motor neurons 

PTEN is a ubiquitous protein, which is predominantly expressed in the cytoplasm 

and nucleus of cells (Lachyankar et al., 2000). In the human brain, PTEN is mainly 

found in neuronal cell bodies particularly the nuclei (Sano et al., 1999). Similarly, 

PTEN is preferentially expressed in neurons in the adult mouse brain (Lachyankar et 

al., 2000).  

 

To examine the localisation of PTEN in purified spinal motor neurons, cells were 

prepared from E13 transgenic SOD1G93A embryos and their non-transgenic 

littermates, were cultured for seven days and then fixed for immunocytochemistry. 

Tubulin staining showed that the mutant and non-transgenic motor neurons have a 

similar morphology (Fig 3.1). PTEN was widely distributed throughout the motor 

neurons, with clear enrichment in the cell body, dendrites and growth cones in 

transgenic and non-transgenic motor neurons (Fig 3.2). These findings indicate that 

mutations in SOD1 do not alter the PTEN protein distribution in embryonic motor 

neurons. In addition, the predominant expression of PTEN within the cytoplasm and 

growth cones suggests it has an essential role in the cytoplasm as well as regulating 

motor axonal growth (Ning et al., 2010).  

 

 

 

 



                                                      110 

                      

  

Figure 3.1. Representative images of SOD1G93A and non-transgenic motor 

neurons in purified motor neuron cultures at day 7 in vitro. Tubulin staining 

(red) shows the cell body, dendrites and axons of motor neurons. No morphological 

differences were seen between the transgenic and non-transgenic motor neurons 

(20x magnification, Scale bar = 100 µm). MNs: motor neurons. 
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Figure 3.2. Localisation of PTEN in cultured non-transgenic and transgenic 
SOD1G93A motor neurons. (A) Overview images of the endogenous distribution of 
PTEN in day 7 in vitro (7DIV) in cultured non-transgenic motor neurons. (B) 
Representative images of PTEN localisation at growth cones. (C) Endogenous 
distribution of PTEN in 7DIV cultured SOD1G93A motor neurons. (D) Representative 
images of PTEN localisation at growth cones in SOD1G93A motor neurons. PTEN 
localises at the cell body, axons, dendrites and very fine processes of the growth 
cone in 7DIV cultured motor neurons (Scale Bar=20 µm). 
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3.3.2 Lentiviral-mediated PTEN silencing in motor neurons 

Next, the efficiency of lentiviral-mediated PTEN knockdown was assessed in motor 

neurons. The lentiviral vector expressing siRNA contained a 19-nucleotide sequence 

targeting the mouse PTEN gene (LV-si-PTEN). A control vector was generated by 

subcloning a scrambled 19 nucleotide PTEN target sequence in to the lentiviral 

vector (LV-ssi-PTEN). Both vectors also expressed the GFP reporter gene. Hence, 

expression of GFP was an indication of motor neuron transduction with the lentiviral 

vectors.  

 

Purified primary motor neurons were isolated from E13 transgenic SOD1G93A and 

non-transgenic embryos and plated at a density of 2x105 cells in 12 well plates. The 

cells were transduced 18-20 hours later with LV-si-PTEN or LV-ssi-PTEN using a 

multiplicity of infection (MOI) of 10. Optimisation studies were previously 

conducted in our laboratory and showed that at an MOI of 10 these viral vectors 

transduce motor neurons efficiently without reported cell toxicity (Ning et al., 2010). 

Non-transduced cells and cells transduced with LV-ssi-PTEN were used as controls. 

The cells were then either fixed for immunocytochemistry or harvested for western 

blotting at 5 days post-transduction.   

 

 Immunofluorescence with anti-PTEN antibodies showed effective PTEN depletion 

in motor neurons transduced with LV-si-PTEN (Fig 3.3A). The expression of the 

PTEN protein was quantified by western blotting using anti-PTEN antibodies and 

PTEN levels were then normalised to GAPDH (Glyceraldehyde 3-phosphate 

dehydrogenase) (loading control). As seen in Figure 3.3B, LV-si-PTEN mediated a 

66% reduction (**p<0.01, NTG-LV-si-PTEN vs. NTG no virus, one way ANOVA 

with Tukey’s post hoc-test) and 65% reduction (*p<0.05, G93A-LV-si-PTEN vs. 

G93A no virus, one-way ANOVA with Tukey’s post hoc-test) in PTEN levels in 

non-transgenic and mutant SOD1G93A motor neurons, respectively. Transduction 
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with LV-ssi-PTEN did not alter the expression of PTEN when compared to PTEN 

levels in non-transduced cells, suggesting that PTEN knockdown was specific to the 

LV-si-PTEN vector. In addition, there were no significant differences between the 

levels of PTEN in the transgenic and non-transgenic motor neurons, indicating that 

mutations in SOD1 gene do not alter the levels of PTEN at the embryonic stage. The 

representative western blots show GFP expression in the transduced cells only 

(Figure 3.3B). These results indicate that lentiviral vectors expressing si-PTEN 

effectively depleted PTEN protein levels in motor neurons.  
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Figure 3.3.A. PTEN silencing mediated by LV-si-PTEN in motor neurons. 
Primary motor neurons from non-transgenic and SOD1G93A transgenic embryos were 
cultured and transduced with Lentiviral vectors (LV-si-PTEN or LV-ssi-PTEN) 18-
20 hours after plating. Motor neurons were immune-stained with anti-PTEN (red) 
and anti-GFP (green) antibodies. Images show efficient transduction of motor 
neurons with the lentiviral vectors. Prominent PTEN staining can be observed in the 
cell body and growth cones (63x magnification, Scale Bar=20 µm). Transduction of 
motor neurons with LV-si-PTEN leads to reduction of the PTEN protein. NTG: non-
transgenic, TG: transgenic. 
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Figure 3.3B. PTEN silencing mediated by LV-si-PTEN in purified motor 
neurons (MN) from transgenic SOD1G93A and non-transgenic mice. Purified 
lumbar spinal cord motor neurons were transduced after 18-20 hours in culture with 
Lentiviral vector expressing si-PTEN and scrambled (ssi)-PTEN as a control vector. 
MNs were harvested at day 5 post-transduction and the protein lysate was analysed 
with western blotting for PTEN expression. PTEN levels were normalized to 
GAPDH (loading control). PTEN expression was reduced by 66% and 65% in non-
transgenic and transgenic motor neurons transduced with LV-si-PTEN. There were 
no significant differences between PTEN levels in the MNs transduced with the 
control vector (LV-ssi-PTEN) and the untreated cells. Data represents means ± 
SEM. ** P<0.01, * P<0.05, one way analysis of variance (ANOVA) with Tukey’s 
post hoc-test. Abbreviations: GAPDH, Glyceraldehyde 3-phosphate dehydrogenase, 
G93A, transgenic SOD1G93A motor neurons, kDa, kilo Daltons, LV-ssi-PTEN, 
lentiviral vector expressing scrambled-si-PTEN, LV-si-PTEN, lentiviral vector 
expressing PTEN siRNA, NTG, non-transgenic motor neurons. 
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3.3.3 PTEN silencing increases survival in purified SOD1G93A and non-

transgenic motor neurons  

The next step was to determine whether PTEN silencing prolongs the survival of 

SOD1G93A motor neurons. Purified motor neuron cultures were prepared from mutant 

embryos and their non-transgenic littermates and transduced after 18-20 hours with 

either LV-si-PTEN or the control vector LV-ssi-PTEN at an MOI of 10. Untreated 

cells were used as a control and the control vector was used to account for any viral-

mediated effects. The number of attached cells was counted after 6 hours of plating 

(prior to transduction with the viral vectors) and then at 5 days post transduction the 

cells were fixed and the total number of surviving cells was determined using a 

phase-contrast microscope. The transgenic SOD1G93A and non-transgenic motor 

neurons transduced with LV-si-PTEN showed a significant increase in survival 

when compared to the non-transduced motor neurons and those transduced with LV-

ssi-PTEN (**p=<0.01, *p=<0.05, one way ANOVA with Tukey’s post-hoc test) 

(Figure 3.4). In addition, there were no significant differences between the cells 

transduced with the control vector and the untreated ones, indicating that the 

survival effect was specific to LV-mediated PTEN silencing. These results suggest 

that lentiviral-mediated PTEN knockdown leads to activation of the PI3K/Akt 

pathway, which promotes motor neuron survival.  
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Figure 3.4. PTEN silencing increases survival in purified SOD1 G93A and non-
transgenic motor neurons. Purified lumbar spinal cord transgenic and non-
transgenic motor neurons (MNs) were transduced after 18-20 h in culture with 
Lentiviral vectors expressing si-PTEN or scrambled (ssi)-PTEN as control (MOI 
10). MNs were counted at day 0 and 5 days post-transduction. The percentage of 
surviving MNs  at 5 days post-transduction was compared between the treated and 
untreated cells and was found to be significantly increased in cells transduced with 
LV-si-PTEN (∗p =< 0.05, **p=<0.001 tested by one-way ANOVA, n=3 
independent experiments for NTG-C and G93A-c, n=4 NTG motor neurons 
transduced with LV-ssi-PTEN and LV-si-PTEN, n=6 for G93A motor neurons 
transduced with LV-ssi-PTEN and LV-si-PTEN). Results represent the mean ± 
SEM. (NTG= non-transgenic control (no virus), NTG ssi-PTEN= non-transgenic 
MNs transduced with LV-scrambled si-PTEN, NTG si-PTEN= non-transgenic MNs 
transduced with LV-si-PTEN, G93A Control= SOD1 G93A control (no virus) MNs, 
G93A ssiPTEN= SOD1 G93A MNs transduced with LV-scrambled PTEN, G93A 
si-PTEN= SOD1 G93A MNs transduced with LV-si-PTEN). 
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3.3.4 PTEN silencing activates the PI3/Akt pathway in motor neurons. 

The effect of PTEN knockdown on downstream proteins of the PI3K/Akt pathway 

was then investigated in purified motor neuron cultures from transgenic SOD1G93A 

and non-transgenic mice. Antibodies that recognise Akt phosphorylated at Serine 

473 (pAkt Ser473) were used to label activated Akt, which was used as a marker for 

activation of the PI3K/Akt pathway. Immunofluorescence revealed expression of 

pAkt (Ser473) in the cell body and neural processes of transgenic and non-

transgenic motor neurons (Figure 3.5 A and B). Increased expression of pAkt was 

observed in both the transgenic and non-transgenic motor neurons transduced with 

LV-si-PTEN (Figure 3.5 A and B). Western blot analysis confirmed a significant 

increase in the pAkt expression in PTEN depleted motor neurons when compared to 

cells transduced with LV-ssi-PTEN and non-transduced cells (*p<0.05, one-way 

ANOVA with Tukey’s post hoc-test, n=3) (Figure 3.5 C). There was no significant 

difference between the pAkt levels in non-transduced motor neurons and motor 

neurons transduced with LV-ssi-PTEN, suggesting a specific effect of LV-si-PTEN 

on activating the PI3/Akt pathway. In addition, there were no significant differences 

between the levels of pAkt in the transgenic and non-transgenic motor neurons, 

suggesting that at the embryonic stage, mutations in the SOD1 gene do not alter the 

PI3K/Akt signalling cascade. 
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Figure 3.5 (A and B). Activation of the PI3K/Akt pathway following PTEN 
silencing in motor neurons. Primary motor neurons from (A) non-transgenic and 
(B) transgenic SOD1G93A embryos were cultured and transduced with Lentiviral 
vectors (LV-si-PTEN or LV-ssi-PTEN) (MOI = 10) 18-20 hours after plating. Motor 
neurons were immuno-stained with anti-Tubulin (red) and pAkt (Ser473) antibodies 
(green) and Hoechst (for nuclear staining- blue). pAkt is predominantly expressed in 
the cell body. Motor neurons transduced with LV-si-PTEN showed an increase in 
the intensity of pAkt staining in the cell body and neural processes of non-transgenic 
and transgenic MNs. These findings suggest activation of the PI3K/Akt pathway 
following PTEN silencing (63x magnification, scale bar = 20 µm). 
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Figure 3.5 C. PTEN silencing in transgenic SOD1G93A and non-transgenic 
purified motor neurons leads to activation of the PI3K/Akt pathway. Purified 
lumbar spinal cord motor neurons were transduced after 18-20 hours in culture with 
Lentiviral vector expressing si-PTEN (LV-si-PTEN) and scrambled (LV-ssi-PTEN) 
as a control vector (MOI 10). MNs were harvested at day 5 post-transduction and 
protein extract was analysed using western blotting for pAkt expression. pAkt levels 
were normalized to total Akt. MNs transduced with LV-si-PTEN showed 
significantly increased pAkt expression. There were no significant differences 
between the pAkt levels in the untreated transgenic and non-transgenic MNs. These 
findings indicate that PTEN knockdown activates the PI3K/Akt pathway in MNs 
originating from SOD1 G93A transgenic and non-transgenic mice. Results represent 
the mean ± SEM from three independent experiments. *p < 0.05, tested by one-way 
ANOVA with Tukey’s post hoc-test. Abbreviations: GAPDH, Glyceraldehyde 3-
phosphate dehydrogenase, G93A, transgenic SOD1G93A motor neurons, kDa, kilo 
Daltons, LV-ssi-PTEN, lentiviral vector expressing scrambled-si-PTEN, LV-si-
PTEN, lentiviral vector expressing PTEN siRNA, MOI: multiplicity of infection, 
NTG, non-transgenic motor neurons, pAkt (473), phosphorylated Akt at Serine 473 
residue, SEM, standard error of mean. 
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The pro-apoptotic protein, BCL-2-antagonist of death (BAD) is inactive when 

phosphorylated at Serine-112 residue and Serine- 136 (Zha et al., 1996). PTEN 

knockdown was also associated with a significantly increased expression of the 

inactive phosphorylated form of BAD (pBAD) in motor neurons originating from 

non-transgenic and transgenic SOD1 mice (Figure 3.6). These findings correlated 

with elevated levels of pAkt and reduced PTEN levels. There was no significant 

difference between the total levels of pBAD in non-transduced motor neurons and 

motor neurons transduced with LV-ssi-PTEN. Moreover, there was no significant 

difference between the total levels of pBAD in transgenic and non-transgenic motor 

neurons, which provides more evidence that the PI3K/Akt signalling pathway is not 

activated in SOD1G93A at the early embryonic stage. Levels of  phosphorylated IKK, 

another downstream effector of Akt,  were too low to be quantified by western 

blotting (data not shown).  
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Figure 3.6 PTEN silencing in transgenic SOD1G93A and non-transgenic purified 
motor neurons leads to increased phosphorylation of BAD. Purified lumbar 
spinal cord motor neurons were transduced after 18-20 hours with Lentiviral vector 
expressing si-PTEN and scrambled (ssi)-PTEN as a control vector (MOI 10). MNs 
were harvested 5 days post-transduction and protein lysate was analysed with 
western blotting for pBAD levels. pBAD expression was normalized to total (non-
phosphorylated) BAD levels. MNs transduced with LV-si-PTEN showed a 
significant increase in pBAD expression. Results represent the mean ± SEM from 
three independent experiments (n=3).  **p<0.001, *p<0.05 tested by one-way 
ANOVA with Tukey’s post hoc-test test.  Abbreviations: BAD, Bcl-2-antagonist of 
death, GAPDH, Glyceraldehyde 3-phosphate dehydrogenase, G93A, transgenic 
SOD1G93A motor neurons, kDa, kilo Daltons, LV-ssi-PTEN, lentiviral vector 
expressing scrambled-si-PTEN, LV-si-PTEN, lentiviral vector expressing PTEN 
siRNA, MOI: multiplicity of infection, NTG, non-transgenic motor neurons, pBAD, 
phosphorylated BAD at serine 112 residue, SEM, standard error of mean. 

	  

pBAD

NTG_No viru
s

NTG_LV-ss
i P

TEN

NTG_LV-si 
PTEN

G93A_No viru
s

G93A_LV-ss
i P

TEN

G93A_LV-si 
PTEN

0

1

2

3

4

pB
AD

 lev
els

 no
rm

ali
sed

 to
 to

tal
 B

AD
 lev

els **

**
**
*

!!!!!!                      p-Akt (Ser473) 
                                  
                                       
                                       PTEN 
  
                                    GAPDH 
                                     

           pBAD(Ser112) 
 
                                         BAD 

60 kDa 
 
54 kDa 
 
37 kDa 
 
23 kDa 
 
23 kDa 

NT
G_

no
 vi

ru
s 

NT
G_

LV
-ss

i-P
TE

N 

NT
G_

LV
-si

-P
TE

N 

G9
3A

_n
o v

iru
s 

G9
3A

_L
V-

ssi
-P

TE
N 

G9
3A

_L
V—

si-
PT

EN
 



                                                      123 

3.3.5  Activation of the mTOR pathway following PTEN silencing 

Activated Akt leads to a cascade of events, which leads to the activation of the 

mammalian target of Rapamycin (mTOR), an essential regulator of protein synthesis 

in the soma and growing axons (Park et al., 2010, Liu et al., 2010). mTOR plays a 

crucial role in regulating protein synthesis in neuronal and non-neuronal cells 

(Wong, 2013). It is now well established that activation of mTOR by growth factors 

is mediated by activation of the PI3K/Akt pathway (Park et al., 2010).  

 

Studies in our lab have previously shown that PTEN silencing leads to activation of 

mTOR in wild type motor neurons (Ning et al., 2010). In the current study, the 

effect of lentiviral-mediated PTEN knockdown on the mTOR pathway was 

investigated in transgenic SOD1 motor neurons. Phosphorylated p70S6K at Thr389 

(phospho-p70S6K) was used as a marker for activation of the mTOR pathway. 

Immunocytochemistry demonstrated increased expression of phospho-p70S6K in 

transgenic SOD1 and non-transgenic motor neurons transduced with LV-si-PTEN 

compared with those transduced with LV-ssi-PTEN and non-transduced controls 

(Figure 3.7 A and B), suggesting that LV-mediated PTEN depletion activate the 

mTOR pathway. Attempts to quantify the levels of phospho-p70S6K in purified 

cultures of motor neurons by western blotting were unsuccessful because the levels 

of phospho-p70S6K were too low to be quantified (data not shown). As previously 

described in the material and methods section, motor neurons were extracted from 

each embryo and plated in separate wells, genotyped and then transduced with viral 

vectors the following day. Therefore, it was not possible to pool the protein 

extracted from the motor neuron cultures. Due to time restraints and limited 

availability of the viral vectors, quantification of phospho-p70S6K using 

immunocytochemistry was not possible.  
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Figure 3.7. Activation of the mTOR pathway following PTEN silencing. Primary 
motor neurons from non-transgenic (A) and transgenic SOD1G93A (B) embryos were 
cultured and transduced with either LV-si-PTEN or LV-ssi-PTEN 18-20 hours after 
plating. Motor neurons were stained with anti-Tubulin (red), phospho-p70S6K 
antibodies (green) and Hoechst for nuclear staining (blue). P70S6K is mainly 
localised to the cell body. Transduction of motor neurons with LV-si-PTEN leads to 
an increase in the intensity of phospho-p70S6K in the cell body and neural processes 
suggesting activation of the mTOR pathway following PTEN silencing (scale 
bar=20 µm). mTOR, mammalian target of rapamycin, phospho-p70S6K, 
phosphorylated p70S6K at Threonine-389.  
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3.3.6 The effect of lentiviral-mediated PTEN knockdown on the MAPK 

pathway in transgenic SOD1 motor neurons 

The mitogen-activated kinases (MAPK) are a family of protein kinases, which have 

a crucial role in cell proliferation and differentiation in response to several growth 

factors. In the CNS, MAPKs are involved with cell growth, neuronal plasticity and 

cell survival (Subramaniam and Unsicker, 2010). Extracellular signal-regulated 

kinases 1 and 2 (ERK 1/2) are among the most widely studied kinases. However, the 

exact role of ERK 1/2 in neuronal survival and death remains debatable 

(Subramaniam and Unsicker, 2010). PTEN is a negative regulator of the MAPK 

pathway (Weng et al., 2001b) and previous studies have shown that PTEN inhibition 

leads to activation and phosphorylation of ERK by mechanisms independent of the 

PI3K/Akt pathway (Chiu et al., 2005). PTEN dephosphorylates the adaptor proteins 

Sch and focal adhesion kinase, which is associated with inhibition of Ras and 

downstream inhibition of ER1/2 (Gu et al., 1999, Gu et al., 1998). 

 

In this study, the effects of PTEN silencing on the MAPK pathway were studied in 

SOD1G93A transgenic and non-transgenic motor neurons. Expression of activated 

(phosphorylated) ERK 1/2 (pERK 1/2) was determined using anti-pERK 1/2 

antibodies by western blot analysis and immunocytochemistry. Immunofluorescence 

staining showed that pERK 1/2 is predominantly expressed in the cell bodies of 

motor neurons (Figure 3.8 A and B). pERK 1/2 staining was noted to be weaker in 

non-transgenic motor neurons compared to the SOD1G93A motor neurons. Western 

blot analysis also showed a trend for increased expression of pERK1/2 in transgenic 

motor neurons compared to the non-transgenic ones, however this did not reach 

statistical significance. In addition, there was no significant difference between the 

pERK 1/2 level in non-transgenic and SOD1 motor neurons transduced with LV-si-

PTEN compared to the non-transduced motor neurons and those transduced with the 
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control vector (p>0.05, one-way ANOVA with Tukey’s post hoc-test, n=3) (Figure 

3.8 C), suggesting that PTEN depletion does not alter pERK 1/2 expression in motor 

neurons. These findings are consistent with Ning et al’s studies that showed no 

increase in pERK1/2 levels when PTEN levels were reduced in wild type motor 

neurons (Ning et al., 2010). Furthermore, pERK 1/2 expression was not significantly 

altered in the transduced motor neurons (transgenic and non-transgenic) when 

compared to the non-transduced cells. 
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Figure 3.8. Downstream effects of PTEN silencing on the MAPK pathway. 
Primary motor neurons from non-transgenic (A) and transgenic SOD1 G93A embryos 
(B) were cultured and transduced with Lentiviral vectors (LV-si-PTEN or LV-ssi-
PTEN) 18-20 hours after plating. Figures A and B show motor neurons immune-
stained with anti-Tubulin (red), anti-pERK1/2 antibodies (green) and Hoechst for 
nuclear staining (blue). pERK1/2 staining was predominantly observed in the cell 
bodies. There was no significant increase in pERK 1/2 staining in transduced motor 
neurons with LV-si-PTEN. (Scale bar =20 µm). (C) MNs were harvested at day 5 
post-transduction and protein lysate was analysed with western blotting for pERK 
1/2 levels, which were normalised to GAPDH. MNs transduced with LV-si-PTEN 
showed no significant difference in pERK 1/2 expression when compared to the 
non-transduced motor neurons  (p>0.05, one-way ANOVA with Tukey’s post hoc-
test, n=3). GAPDH was used as a loading control. pERK1/2, phosphorylated 
extracellular signal-regulated kinases 1 and 2, GAPDH, Glyceraldehyde 3-
phosphate dehydrogenase, G93A, transgenic SOD1G93A motor neurons, kDa, kilo 
Daltons, LV-ssi-PTEN, lentiviral vector expressing scrambled-si-PTEN, LV-si-
PTEN, lentiviral vector expressing PTEN siRNA, NTG, non-transgenic motor 
neurons. 
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3.4 Discussion  

The aim of this study was to investigate the effects of PTEN silencing on 

downstream signalling pathways and the survival of transgenic SOD1G93A motor 

neurons. Purified mouse motor neurons from transgenic SOD1G93A E13 embryos 

were used to model ALS in vitro and were transduced with lentiviral vectors 

expressing siRNA against mouse PTEN and the GFP reporter gene to determine the 

transduction efficiency. The results showed that the lentiviral vectors achieved an 

effective PTEN depletion in both transgenic and non-transgenic motor neurons. 

PTEN silencing was associated with activation of the PI3K/Akt pathway, which was 

evident by increased expression of pAkt and pBAD, and an increased motor neuron 

survival suggesting a neuroprotective effect of PTEN level reduction in transgenic 

and non-transgenic motor neurons.  

 

3.4.1 Localisation of PTEN in transgenic SOD1G93A motor neurons 

The distribution of PTEN in mutant SOD1 motor neurons was found to be 

predominantly localised to the cell body and tips of axons in a similar distribution to 

that of non-transgenic motor neurons, which suggests that mutant SOD1 does not 

alter the distribution of PTEN at the embryonic stage. It is important to note that 

triggers of neuronal apoptosis determine the distribution of PTEN within the cells. 

In fact, several studies suggest that PTEN is a dynamic protein and its sub-cellular 

distribution is strongly linked to the fate of neuronal cells. For instance, Lactacystin 

and ceramide-induced neuronal apoptosis is associated with increased levels of 

PTEN in the plasma membrane, suggesting that PTEN is recruited to its active site 

where it dephosphorylates PIP3 and antagonises PI3K and Akt (Cheung et al., 

2004c, Goswami et al., 2005, Choy et al., 2006b. PTEN was also found to 

accumulate in the mitochondria in close association with BCL-2 associated X 

protein, BAX, which is an essential apoptotic mediator {Zhu, 2006 #13, Zhu et al., 
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2006). The underlying mechanism remains unclear but indicates an association of 

PTEN with mitochondrial-induced apoptosis which is a well-known contributor to 

motor neuron degeneration in ALS (Carri et al., 2015). In addition, translocation of 

PTEN to the nucleus has been linked to excitotoxicity and traumatic brain injury 

(Howitt et al., 2012, Zhang et al., 2013, Goh et al., 2014); yet the study by Goh and 

Putz et al showed that in vivo PTEN translocates to the nucleus of surviving neurons 

in models of brain injury (Goh et al., 2014). Moreover, PTEN also localises to the 

endoplasmic reticulum in neuronal apoptosis (Kreis et al., 2014). The localisation of 

PTEN on axon tips is expected, as a large body of literature shows that PTEN plays 

an essential role in axonal growth and regeneration of central and peripheral neurons 

(Park et al., 2010, Christie and Zochodne, 2013). Indeed, Ning et al has previously 

reported a similar distribution of PTEN in transgenic SMA embryonic motor 

neurons and demonstrated that PTEN silencing enhances motor axonal growth in 

vitro (Ning et al., 2010). These findings suggest that at the early embryonic stage, 

PTEN distribution remains unchanged in diseased motor neurons including those 

expressing mutant SOD1G93A. Further studies are needed to determine whether 

PTEN co-localises with mutant SOD1 or whether it is re-distributed to particular 

subcellular compartments in the later stages of ALS, as this could provide clues to 

whether PTEN is closely associated with the motor neuron death.  

 

3.4.2 Lentiviral-mediated PTEN silencing effectively reduces PTEN 

expression in transgenic SOD1G93A motor neurons 

The effect of PTEN silencing was studied on purified cultures of mutant SOD1G93A 

or non-transgenic motor neurons and their non-transgenic littermates. To achieve our 

aim, lentiviral vectors expressing siRNA were produced in our laboratory for the 

stable knockdown of PTEN expression in motor neurons. Lentiviral system were 

chosen because previous studies in our laboratries have shown that these vectors 
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have the ability of transducing motor neurons with high efficiency and low toxicity 

and a 60% PTEN knockdown could be achieved using an MOI of 10 in non-

transgenic and mutant SMA motor neurons (Ning et al., 2010).  

 

In this study the motor neurons were transduced with LV-si-PTEN or LV-ssi-PTEN 

at an MOI of 10 leading to 66% and 65% knockdown of PTEN protein expression in 

non-transgenic and SOD1G93A motor neurons, respectively. There were no 

significant differences between the PTEN levels in the untreated transgenic and non-

transgenic cells, suggesting that at the embryonic stage mutant SOD1 has no effect 

on PTEN expression. Moreover, PTEN levels were unchanged in the motor neurons 

transduced with the control vector, LV-ssi-PTEN, indicating that the vectors do not 

alter PTEN expression and confirmed the specificity of our siRNA sequence (LV-si-

PTEN) targeted against the PTEN gene.  

 

3.4.3 Lentiviral-mediated PTEN silencing enhances motor neuron 

survival 

Lentiviral-mediated PTEN depletion was associated with a significant increase in 

both transgenic SOD1G93A and non-transgenic motor neuron  survival. These 

findings are consistent with Ning et al’s study which demonstrated enhanced 

survival of transgenic SMA motor neurons following lentiviral-mediated PTEN 

silencing (Ning et al., 2010). PTEN can also be inhibited by various substances such 

as peroxynitrite (Delgado-Esteban et al., 2007), oestrogen (Smith et al., 2009b) and 

bisperoxovanadium (Sury et al., 2011, Walker et al., 2012, Mao et al., 2013, Walker 

and Xu, 2014), which ultimately promote the survival of neurons in various models 

of neuronal damage and apoptosis. PTEN depletion also protects hippocampal cells 

from excitotoxic (Gary and Mattson, 2002) and ischaemic death (Ning et al., 2004). 

In addition, there is abundant evidence suggesting the neuroprotective role of PTEN 
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inhibition in murine models of cerebral ischemia (Zhao et al., 2006, Lai et al., 2014). 

Finally, conditional deletion of PTEN using the Cre-lox system rescues 

dopaminergic neurons from degeneration both in the embryonic stage (Diaz-Ruiz et 

al., 2009) and in adult mouse models of PD (Domanskyi et al., 2011). Taken 

together, the results of this study together with data from other studies shows that 

targeted PTEN depletion is a potential neuroprotective therapeutic strategy for 

neurodegenerative diseases. 

 

3.4.4 PTEN depletion activates the PI3K/Akt pathway in motor 

neurons 

To better understand the mechanism of lentiviral-mediated PTEN silencing on motor 

neuron survival, the expression of the main downstream effectors of the PI3K/Akt 

survival cascade was evaluated by immunocytochemistry and then quantified by 

western blotting in non-transgenic and transgenic SOD1G93A motor neurons. Akt is 

an essential component of the PI3K/Akt pathway and exists in three isoforms (Akt1, 

Akt2, and Akt3) (Nicholson and Anderson, 2002) of which Akt3 is highly expressed 

in the CNS (Yang et al., 2003). It mediates the trophic effects of various 

neurotrophins such as Nerve growth factor (NGF), insulin-growth factor (IGF-1) 

and Brain-derived growth factor (BDNF) (Brunet et al., 2001). Binding of the 

neurotrophins to tyrosine kinase receptors activates PI3K, which generates PIP3 and 

leads to recruitment of Akt to the plasma membrane. This results in phosphorylation 

and activation of Akt, which then acts directly or indirectly on several substrates to 

promote neuronal survival (Brunet et al., 2001). Moreover, a wealth of evidence 

exists for the role of the PI3K/Akt pathway in axonal regeneration (Read and 

Gorman, 2009). In the present study, western blot analysis showed that PTEN 

silencing was associated with a significant increase in the expression of pAkt in both 

the mutant SOD1G93A and non-transgenic motor neurons. Immunocytochemistry also 
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demonstrated an increase in the expression of pAkt in the motor neurons transduced 

with LV-si-PTEN. There was no significant difference between the levels of pAkt in 

the untreated mutant SOD1G93A motor neurons, the untreated non-transgenic motor 

neurons, and cells transduced with LV-ssi-PTEN, indicating that the viral vectors 

did not interfere with the signalling pathway, and the increase in pAkt levels was a 

result of PTEN silencing. These results also suggest that G93A mutations in the 

SOD1 protein do not affect the expression of pAkt in embryonic motor neurons. In 

line with these observations, Ning et al reported activation of Akt following PTEN 

silencing in mutant SMA motor neurons, which was associated with increased motor 

neuronal survival (Ning et al., 2010). These results suggest that the PI3K/Akt 

pathway is preserved in the early embryonic stages of diseased motor neurons.   

 

The expression of essential downstream effectors of Akt that mediate its pro-

survival effect was determined by western blotting. One of the mechanisms by 

which Akt exerts its anti-apoptotic effect is by inhibiting the pro-apoptotic protein 

BAD. The pro-apoptotic proteins BAX and BAD play a crucial role in 

mitochondrial dependant apoptosis. In the dephosphorylated form, BAD interacts 

with anti-apoptotic protein BCL-2, allowing BAX to induce apoptosis, whereas 

phosphorylation of BAD at serine 155 releases BCL-2 which then promotes cell 

survival (Brunet et al., 2001). In this study, the motor neurons with lowered levels of 

PTEN protein showed increased expression of the inactive and phosphorylated form 

of BAD (pBAD-serine 155) which correlated with increased expression of pAkt. 

There was no significant difference in the levels of pBAD in the mutant and non-

transgenic motor neurons. In addition, pBAD levels were similar in the cells 

transduced with LV-ssi-PTEN and untransduced controls, which provide more 

evidence that transduction with the viral vectors, did not affect the PI3K/Akt 

pathway. IKK is another member of the PI3K/Akt pathway, which is implicated in 

motor neuron survival (Ning et al., 2010). It is expected that activation of Akt 



                                                      134 

following PTEN silencing would result in increased levels of the phosphorylated 

form of IKK (pIKK, active form). Unfortunately, the levels of pIKK were 

undetectable with western blotting and hence it was not possible to determine 

whether IKK mediated the effect of PTEN knockdown on the survival of mutant 

SOD1 motor neurons.  

 

Although the expression of PTEN, pAkt and pBAD is unchanged in the embryonic 

stage of the SOD1 mouse ALS model, it is intriguing to know whether PTEN is 

directly involved with the life or death decision of a motor neuron. An important 

question, is do PTEN levels rise prior to the death of a motor neuron or decrease as a 

compensatory survival mechanism? Early studies in models of neuronal apoptosis 

have shown that expression of PTEN does not necessarily correlate with apoptosis. 

For example, in neuroblastoma-2a (Neuro-2a) cell cultures, serum withdrawal was 

associated with a reduction in PTEN mRNA expression, whereas okadeic acid and 

etopside had minimal effect on PTEN mRNA expression and no change in PTEN 

protein levels was observed (Kyrylenko et al., 1999). In cerebellar granule cell 

cultures, potassium withdrawal alone did not alter PTEN expression levels whereas 

when combined with serum withdrawal PTEN mRNA expression was reduced 

(Kyrylenko et al., 1999). Similarly etopside had no effect on PTEN expression. On 

the other hand, okadeic acid led to an initial transient increase in PTEN mRNA 

expression followed by reduced PTEN levels; and in hippocampal cells undergoing 

STS induced cell damage, PTEN levels were unaltered (Zhu et al., 2006). It is clear 

from these observations that PTEN expression is tightly regulated and varies 

according to the apoptotic inducer and to the neuronal cell type. Despite these 

observations, gene profile studies by Kirby et al found that in human mutant SOD1 

spinal cord motor neurons, there is increased expression of Akt3 and PI3K genes in 

association with decreased expression of PTEN genes (Kirby et al., 2011f). As Akt3 

was found to be neuroprotective in SOD1 models (Peviani et al., 2014), it is most 
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likely that activation of the PI3K/Akt pathway in the late stages of the disease is a 

compensatory mechanism in the surviving neurons rather than a cause of cell death.  

 

The findings of this study provides evidence that activation of the pro-survival 

PI3K/Akt signalling cascade by PTEN silencing leads to an increased survival of 

non-transgenic and SOD1G93A motor neurons. Lentiviral-mediated PTEN depletion 

also enhances the survival of mutant SMA motor neurons in vitro (Ning et al., 

2010). Evidence from previous reports indicated that activation of the PI3K/Akt 

signalling cascade promotes motor neuron survival in experimental models of ALS. 

For example, vascular endothelial factor (VEGF) was found to protect motor 

neurons from glutamate excitotoxic cell death (Tovar and Tapia, 2010) and serum 

withdrawal induced apoptosis (Tolosa et al., 2009) by activating the PI3K/Akt 

pathway. In addition, VEGF treatment protected NSC34 cells (Li et al., 2003) and 

rat spinal cord motor neurons from G93A SOD1- induced toxicity via PI3K/Akt 

activation (Dewil et al., 2007a). Transgenic SOD1 mice receiving intrathecal 

injections of IGF-1 developed increased expression of pAkt and ERK in the spinal 

cord motor neurons and showed a delayed onset of disease and prolonged survival 

(Manabe et al., 2002a). Similarly, angiogenin-mediated motor neuron survival was 

reported in experimental models of SOD1G93A ALS both in vitro and in vivo and was 

associated with activation of the Akt pathway (Kieran et al., 2008). Moreover, other 

compounds activating PI3K and Akt such as epigallocatechin act via Akt signalling 

to enhance SOD1 motor neuron survival in vitro (Koh et al., 2004) and delays the 

onset of symptoms and prolongs the survival of SOD1 mouse models (Koh et al., 

2004, Xu et al., 2006). Finally, a recent study by Peviani and colleagues 

demonstrated that expression of constitutively active Akt3 in transgenic SOD1 

motor neurons as well as transgenic SOD1 mice was neuroprotective (Peviani et al., 

2014). Therefore, the literature supports our evidence that the PI3K/Akt pathway is 

an essential mediator of motor neuron survival. Hence, PTEN silencing could be a 
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potential therapeutic target for rescuing motor neuron degeneration in 

neurodegenerative disorders such as ALS.  

 

3.4.5 The effect of PTEN silencing on the mTOR pathway in motor 

neurons 

The mammalian target of Rapamycin, mTOR, is a key downstream effector of the 

Akt signalling pathway, which has an essential role in protein synthesis and cell 

growth. In the nervous system, mTOR activity plays a pivotal role in  

autophagy (Wong, 2013) and axonal growth and regeneration (Park et al., 2010, 

Yang and Yang, 2012).  

 

Cytoplasmic proteins are degraded and cleared by either the ubiquitin-proteasome 

pathway or by autophagy. There are several types of autophagy, of which macro-

autophagy (here referred to as autophagy) is the most widely studied (Maiese et al., 

2012). The mTOR pathway is a negative regulator of the autophagy system and 

Rapamycin, a potent inhibitor of mTOR, enhances autophagy (Maiese et al., 2012). 

Accumulating evidence on the role of autophagy in neurodegenerative disorders has 

focused attention on mTOR as a potential therapeutic target for diseases such as 

Huntington’s disease (HD), Alzheimer’s disease (ALZ) and ALS. Increased 

autophagosome formation has been found in experimental models of ALS 

(Morimoto et al., 2007), which has led to several theories implicating its role in the 

clearance of protein aggregates within motor neurons or the possibility of defective 

clearance of autophagosomes. Hence, whether enhanced autophagy is a 

compensatory mechanism or an effect of the disease remains controversial. 

Increased autophagy in association with increased phosphorylation of p70S6 was 

found in transgenic SOD1 mice (Carunchio et al., 2010). Studies in models of ALS 

showed that enhancing autophagy by Rapamycin was neuroprotective and reduced 
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aggregation of SOD1 in motor neurons. Similar results were found in experimental 

models of TDP-43 proteinopathies (Wang et al., 2013a). In addition, Rapamycin 

was reported as neuroprotective in experimental models of HD (Floto et al., 2007).  

 

Contrary to these studies, a recent report by Zhang et al showed that Rapamycin 

accelerated motor neuron degeneration in rodent models of ALS and did not reduce 

the levels of aggravated SOD1 (Zhang et al., 2011). These studies suggest a complex 

regulation of autophagy by the mTOR pathway and possible other mTOR-

independent pathways mediating the effects of Rapamycin in ALS.  

 

In addition to autophagy, a large body of evidence suggests that mTOR mediates the 

effects of PTEN inhibition on axonal growth and regeneration (Park et al., 2008). In 

our laboratory, the effect of PTEN depletion on mTOR activity has been 

demonstrated in experimental models of SMA and wild type mice (Ning et al., 

2010). PTEN depletion was associated with an increase in cone size and axonal 

length in wild type and SMN-deficient motor neurons. Rapamycin reversed these 

effects, suggesting that activation of the mTOR pathway is essential for axonal 

growth in healthy and diseased motor neurons. Of note, Rapamycin did not reverse 

the effect of PTEN depletion on motor neuron survival, indicating its predominant 

role in axonal growth (Ning et al., 2010).  

 

In this study the activity of mTOR was studied in SOD1G93A and non-transgenic 

motor neurons transduced with LV-si-PTEN and compared with motor neurons 

transduced with LV-ssi-PTEN and untreated cells. The phosphorylated form of 

p70S6K was used as a marker for the activity of mTOR (phospho-p70S6K). 

Immunocytochemistry demonstrated a similar expression of phospho-p70S6K in 

untreated motor neurons and those transduced with LV-ssi-PTEN vector indicating 

that addition of the viral vectors did not alter the expression of the mTOR 
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downstream effectors. Similarly, the expression of phospho-p70S6K was similar in 

the mutant and non-transgenic motor neurons suggesting that SOD1 has no effect on 

the mTOR at the early embryonic stage. However, an increased intensity of 

phospho-p70S6K staining was observed in motor neurons transduced with LV-si-

PTEN indicating activation of mTOR. Unfortunately, the levels of phospho-p70S6K 

were too low to be quantified by western blotting and due to time restrictions and 

availability of the viral vectors; quantification using immunocytochemistry was not 

possible. Activation of the mTOR signalling cascade following PTEN silencing was 

implicated in abnormal neuronal morphology (Kwon et al., 2003), however there 

were no obvious morphological changes observed in the motor neurons transduced 

with LV-si-PTEN.  

 

3.4.6 The effect of PTEN silencing on the MAPK pathway in motor 

neurons 

The mitogen-activated protein kinases, MAPK, are a family of serine/threonine 

kinases which regulate various cellular activities including survival and apoptosis. 

The extracellular-regulated kinases, ERK 1 and ERK2, are members of the MAPK 

family and have been implicated in regulating neuronal survival; however, their 

exact role is a matter of debate (Subramaniam and Unsicker, 2010). Initially, it was 

accepted that activation of ERK 1/2 promotes neuronal survival and axonal 

regeneration, however an increasing number of studies have contradicted this fact 

and showed that activation of ERK 1/2 is also associated with neuronal death 

(Subramaniam and Unsicker, 2010). Some authors suggest that several factors 

determine the fate of neuronal cells in response to ERK1/2 activation which 

includes: neuronal cell type, the apoptotic stimuli and the duration and magnitude of 

ERK activation (Subramaniam and Unsicker, 2010). Recently, Parker and 

colleagues found that activated ERK1/2 is closely associated with TDP43 aggregates 
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in experimental models of ALS; the authors implicate a role for the ERK signalling 

pathways in TDP43 homeostasis (Aschauer et al., 2013, Parker et al., 2012). 

 

A large body of evidence exists suggesting cross talk between the PI3K/Akt 

pathway and the ERK pathway. PTEN is known to inhibit ERK 1/2 independently of 

the PI3K/Akt pathway (Ong et al., 2001, Weng et al., 2001a). The effect of PTEN 

knockdown on ERK 1/2 was investigated in transgenic SOD1 and non-transgenic 

motor neurons in the present study. Immunocytochemistry showed increased 

staining for  pERK 1/2 in SOD1G93A motor neurons compared to the non-transgenic 

ones. Although quantification using western blot analysis showed a trend of 

increased expression of pERK 1/2 in the transgenic motor neurons, there was no 

significant difference in pERK 1/2 expression between the two groups. In addition, 

no significant differences were found between the levels of pERK1/2 in non-

transduced motor neurons and those transduced with either LV-ssi-PTEN or LV-si-

PTEN vectors. These findings are consistent with the results of Ning et al (Ning et 

al., 2010) and suggests that lentiviral-mediated PTEN silencing does not alter the 

expression of pERK 1/2 in motor neurons.  

 

3.5 Conclusion 

The findings of this study showed that lentiviral mediated PTEN silencing enhances 

the survival of transgenic SOD1G93A and non-transgenic motor neurons in vitro by 

activating  the PI3K/Akt survival pathway. These results suggest that PTEN 

depletion could be a novel neuroprotective therapeutic strategy for preventing motor 

neuron loss in ALS.  
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4. The effect of AAV-mediated PTEN silencing on motor 

neuron survival in vivo 
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4.1   Introduction 

 
The in vitro studies in the previous chapter showed that PTEN silencing prolongs 

the survival of transgenic SOD1G93A and non-transgenic cultured motor neurons. 

Similarly, other studies in our laboratory have demonstrated that PTEN inhibition 

promotes the survival of transgenic Smn-deficient motor neurons both in vitro and 

in vivo (Ning et al., 2010, Little et al., 2015). These promising data indicate that 

PTEN modulation could be a novel therapeutic strategy that may prevent motor 

neuron loss in motor neuron diseases. Therefore, it was hypothesised that PTEN 

silencing may prevent spinal cord motor neuron loss in an ALS mouse model. 

 

To date, the lack of effective treatments available for ALS patients could be 

attributed to its complex pathogenic mechanisms. Extensive research has identified 

several potential therapeutic agents that have been proven to promote motor neuron 

survival in vitro but the same effect could not be reproduced in animal models of 

ALS (Benatar, 2007). This could be partly be due to the fact that in vitro 

experiments are performed in controlled conditions that may not recapitulate the in 

vivo environment, and partly due to the loss of the complex interactions between the 

cells of the nervous system. The lack of effective therapy delivery systems could 

also account for difficulties in translation of these strategies in vivo. Since animal 

models resemble human disease more closely, they provide an essential tool for 

testing novel therapeutic strategies not only for their efficacy but also to test their 

safety before they can be taken further to the clinic.  

 

The blood brain barrier (BBB) constitutes a major obstacle for many compounds, 

and one of the major challenges in ALS research is to identify a safe route for the 

delivery of potential therapeutic compounds to a sufficient number of motor neurons 
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in the brain and spinal cord, a site which is difficult to access. Gene therapy has thus 

gained attraction as a means for gene therapeutic delivery in ALS models and in the 

last decade has been a main focus of research in ALS studies. Through a simple 

intramuscular (i.m) injection, some viral vectors can be taken up by nerve terminals 

and transported in a retrograde manner along the axons to the soma of motor 

neurons in the spinal cords (Hollis et al., 2008, Towne et al., 2010, Towne et al., 

2011). This strategy has the advantage of delivering a transgene both to the injected 

muscles and to a specific motor neuron pool located distally from the injection sites 

(Figure 4.1) and hence can provide useful information for non-invasive proof-of-

principle studies. This section describes the in vivo studies conducted to test whether 

PTEN silencing would prolong motor neuron survival in the transgenic SOD1G93A 

mouse model of ALS.  

 

                            

 
Figure 4.1. Retrograde transport of viral particles. Viral particles delivered 
intramuscularly can be taken up by the nerve terminals and transported along the 
motor neuron axons to the cell bodies located in the ventral horn of the spinal cord. 
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4.1.1 The transgenic SOD1 mouse model 

The breakthrough discovery of mutations in the SOD1 gene (Rosen et al., 1993) not 

only identified the causative gene in a subset of familial ALS patients but has also 

led to the generation of transgenic rodent models, which has contributed immensely 

to our understanding of ALS pathogenesis (Gurney et al., 1994). The first transgenic 

mouse model was reported by Gurney et al. in 1994 and was called the “Gurney” 

mouse (Gurney et al., 1994). These mice were genetically engineered to express 

mutant human SOD1 with glycine to alanine substitution (G93A) and they 

resembled the pathological and clinical phenotype of human ALS. They initially 

develop hind limb tremors, followed by progressive muscle weakness and wasting 

leading to early death. Studies have shown that in these mice, NMJ denervation 

occurs prior to the onset of symptoms leading to axonal degeneration and motor 

neuron death (Fischer et al., 2004). Degeneration of motor neurons is not only 

confined to the spinal cord, but also affects the brain and brainstem as well as other 

areas such as the substantia nigra in the late stages of the disease (Angenstein et al., 

2004, Zang et al., 2004).   

 

Motor neuron loss is associated with microgliosis and astrocytosis in the spinal cord 

that develop after the onset of symptoms (Hall et al., 1998). Other pathological 

features found in the affected motor neurons include, mitochondrial vacuoles and 

degeneration (Dal Canto and Gurney, 1994), Golgi fragmentation (Mourelatos et al., 

1996), accumulation of ubiquitin and SOD1 cytoplasmic aggregates (Johnston et al., 

2000) as well as the formation of aberrant neurofilament inclusions (Tu et al., 1996). 

 

Several transgenic mice expressing other mutations in SOD1 such as G85R (Bruijn 

et al., 1998), G37R (Wong et al., 1995), G127X (Jonsson et al., 2006), D90A 

(Jonsson et al., 2006) and H46R (Sasaki et al., 2007) mutations were generated to 

model familial ALS. All these mice showed motor neuron degeneration similar to 
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human ALS, although they differed in disease onset and progression. However, 

because the SOD1G93A mouse model was the first transgenic mouse produced to 

model ALS, it was extensively studied and well characterised and became one of the 

most widely used rodent models in ALS research.  

 

In the study described in this chapter, the congenic line of SOD1G93A mice was used. 

These mice are produced by backcrossing the hybrid line to C56BL/6J mice for 

more than 10 generations and are referred to as B6.Cg-Tg (SOD1*G93A) 1Gur/J. 

This generates transgenic mice in a uniform background such that all mice within a 

strain are genetically identical. These mice were maintained by breeding 

hemizygous transgenic males to wild type C57BL/6J females. The congenic line 

was chosen for the in vivo studies because there are minimal genetic and phenotype 

variations between individual mice, which enhances the reproducibility of data and 

fewer animals are needed for in vivo studies (Mead et al., 2011). Generally speaking, 

a disadvantage of congenic mice is that they tend to be sensitive to environmental 

stresses (Olsson and Dahlborn, 2002), nonetheless, the C57BL/6J congenic line used 

in ALS research shows small variations in a number of readouts including disease 

onset, survival, weight and motor function and offers a reliable model for pre-

clinical drug screening (Mead et al., 2011). 
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4.1.2 AAV vectors for in vivo gene delivery  

 
4.1.2.1 AAV serotype 6 

The AAV6 virus was first discovered as a contaminant of a laboratory AAV5 viral 

stock (Rutledge et al., 1998, Halbert et al., 2000). Sequence analysis showed that 

AAV6 was almost identical to AAV1 and although it shares some sequence 

homology with AAV2, it is capable of transducing cells in the presence of anti-

AAV2 serum. Similar to AAV2, AAV6 interacts with heparan sulfate proteoglycans 

for cell binding and internalization. AAV6 vectors have a wide host tropism and in 

particular they transduce liver (Grimm et al., 2003), skeletal muscles (Chao et al., 

2000, Blankinship et al., 2004) and motor neurons with high efficiency (Towne et 

al., 2008). In addition, they exhibit a relatively rapid onset of transgene expression, 

which peaks in approximately 4 weeks following transduction of skeletal muscles 

and spinal cord motor neurons (Towne et al., 2010). One of the characteristic 

features of AAV6 is its ability to be transported in a retrograde manner, and several 

studies have shown that with a simple i.m. injection, AAV6 can effectively deliver 

shRNA to lumbar spinal cord motor neurons (Towne et al., 2011, Ning et al., 2010).  

 

4.1.2.2 AAV serotype 9 

AAV9 vectors have gained popularity for delivering transgenes to the CNS due to 

their unique biological features that allow it to cross the BBB, in addition to their 

ability to transduce skeletal muscles, neuronal cells and astrocytes with high 

efficiency (Foust et al., 2009, Benkhelifa-Ziyyat et al., 2013, Katwal et al., 2013). 

AAV9 is capable of infecting cells by binding to a galactose receptor and it has been 

shown that desialation (enzymatic removal of silaic acid) of its receptors enhances 

its transduction efficiency (Bell et al., 2011, Bell et al., 2012). Systemic 

administration of AAV9 via intravenous injections results in robust transduction of 



                                                      146 

neurons in the brain and spinal cord in neonatal (Foust et al., 2009) and adult mice 

(Gray et al., 2011a) as well as in non-human primates (Samaranch et al., 2012). 

Benkhelifa-Ziyyat et al. have shown that after a single i.m. injection AAV9 is also 

capable of retrograde transport with widespread transduction of spinal motor 

neurons (Benkhelifa-Ziyyat et al., 2013), although a previous study had not found 

effective retrograde transport of AAV9 (Foust et al., 2009). Moreover, intracisternal 

injections of AAV9 can result in high levels of gene expression throughout the brain 

and spinal cord in non-human primates (Hinderer et al., 2014). 

 

4.2 Aims of the study 

 
The aim of this study was to evaluate the potential neuroprotective role of PTEN 

inhibition in transgenic SOD1G93A motor neurons in vivo. It was hypothesised that 

PTEN silencing may enhance motor neuron survival in vivo. To test the 

neuroprotective effect of PTEN knockdown, two AAV-based vectors were used, 

AAV6 and scAAV9, to deliver siRNA against mouse PTEN to the hind limb 

muscles and spinal cord via intramuscular injections. Wild-type (WT) mice were 

used to test the transduction efficiency of both vectors for spinal motor neurons and 

their ability to knock down PTEN in both muscles and motor neurons. AAV9 

vectors were used for PTEN silencing in the mutant mice.  

 

The aims of the study are summarised as follows: 

1. To validate the efficiency of scAAV9-mediated PTEN knockdown in vitro. 

2. To determine the efficiency of AAV6-si-PTEN and AAV9-si-PTEN to knock down  

PTEN expression in skeletal muscles of WT mice.  

3. To evaluate the transduction efficiency of AAV6-si-PTEN and AAV9-si-PTEN in 

spinal cord motor neurons of WT mice. 
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4. To investigate whether AAV9-mediated PTEN silencing prevents spinal cord motor 

neuron loss in transgenic SOD1G93A mice after i.m injections 
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4.3  Results 

 

4.3.1  In vitro validation of AAV9-mediated PTEN knockdown 

AAV viral vectors are known to transduce neurons in vivo with high efficiency and 

low toxicity (Weinberg et al., 2013). However, there are few studies exploring the 

use of scAAV9 for gene delivery to the CNS via retrograde transport in the 

SOD1G93A mouse model. In this project, AAV9 was utilised to deliver siRNA to 

knockdown mouse PTEN in skeletal muscles and lumbar spinal cord motor neurons. 

Prior to its use for the in vivo studies, the efficiency of the scAAV9-si-PTEN vector 

to reduce the levels of PTEN expression was initially verified in vitro. Two doses 

(MOI 1.5x105 and 3.5x105 ) of either scAAV9-ssi-PTEN or scAAV9-si-PTEN 

vectors were added to purified SOD1G93A motor neuron cultures 18-20h after plating 

(n=2 per vector). These doses were chosen according to previous studies that 

characterised the toxicity and tropism of AAV9 vectors among other AAV 

serotypes, in primary neuronal cultures (Howard et al., 2008). Expression of GFP 

fluorescence was seen in motor neurons at day 3 post-transduction and up to the day 

the cells were harvested at day 5 post-transduction. GFP expression in motor 

neurons was visualised by live imaging using the In Cell analyser (Figure 4.2) 

before the cells were harvested for western blotting. Motor neurons transduced with 

the higher dose of the vector (3.5x105 vg/cell) showed a 40% reduction of PTEN 

expression compared to those transduced with the control vector and the untreated 

motor neurons, whereas only 20% PTEN depletion was achieved with the lower 

dose (MOI 1.5x103) (Figure 4.3). AAV9-mediated PTEN protein reduction in vitro 

was less efficient than that achieved with lentiviral vectors, most likely due to the 

slower expression of the AAV vectors in vitro. PTEN levels were similar in the non-

transduced motor neurons and those transduced with scAAV9-ssi-PTEN indicating 
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that the PTEN knockdown was the result of a specific effect of the scAAV9-si-

PTEN vector. AAV9-mediated PTEN silencing was further validated in vivo 

(Chapter 4). 
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Figure 4.2. Transduction of SOD1G93A motor neurons with scAAV9- ssi and si-
PTEN. Purified motor neurons prepared from E13 transgenic SOD1G93A and non-
transgenic embryos were plated in 12 well plates at a density of 200,000 cells per 
well. The motor neurons were transduced with two concentrations of scAAV9-ssi- 
and si-PTEN (MOI 1.5X105 and 3.5x105 for each vector) after 18-20h of plating 
(Figure A and B). GFP expression was detected at 72 hours post-transduction. Live 
images were captured using the In CELL analyser at day 5 post-transduction prior to 
harvesting the motor neurons (20x magnification, scale bar=100µm). (N=2 for each 
MOI).  
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Figure 4.3. Dose transduction response of scAAV9 mediated PTEN knockdown 
in purified motor neurons. Purified motor neurons were transduced with scAAV9-
ssi-PTEN and AAV9-si-PTEN using two MOIs (1.5x105 and 3.5x105) 18-20h after 
plating and motor neurons were harvested 5 days post-transduction. Protein lysate 
was analyzed by western blot using anti-PTEN antibodies to determine PTEN 
expression. PTEN levels were normalized to GAPDH, which was used as a loading 
control. Representative western blot shows analysis shows that PTEN expression 
was reduced by 40% with scAAV9-si-PTEN at an MOI of 3.5x10^5 (N=2).  
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To determine whether AAV6 is capable of delivering PTEN siRNA effectively to 

skeletal muscles and spinal cord motor neurons, AAV6-based vectors were 

generated to express either PTEN siRNA (AAV6-si-PTEN) or scrambled PTEN 

siRNA (AAV6-ssi-PTEN) driven by the H1 promoter, and the GFP reporter gene 
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received unilateral administration of either AAV6-si-PTEN or AAV6-ssi-PTEN 

(control vector) into the left gastrocnemius muscle (GA) (2 x1010 vg in a total of 

20µl per injected muscle) at 4 weeks of age (n=3 per group). A third group of age-

matched C57BL/6 mice received injections of 20µl PBS into the left GA muscle 

(n=3). Three weeks later, the mice were sacrificed and both the left (injected) and 

right (uninfected) GA muscles and lumbar spinal cords were examined for GFP and 

PTEN expression.  

 

4.3.2.1  AAV6-mediated PTEN silencing in the hind-limb muscles of 

adult wild –type mice 

To assess the efficiency of AAV6-mediated PTEN silencing, we first analysed 

protein extracts from the GA muscles by western blotting. As expected, GFP 

expression was detected in the muscles injected with the viral vectors, indicating 

effective transduction of the injected muscles; whereas those muscles injected with 

PBS showed no evidence of GFP expression (Figure 4.4A). PTEN levels were 

normalised to GAPDH (loading control) and expressed as folds of PTEN levels in 

mice treated with PBS (control group). As shown in Figure 4.4B, AAV6-si-PTEN 

achieved a significant 48.7% reduction in PTEN expression compared with PBS 

injection (p<0.05, one-way ANOVA with Tukey’s post-test, n=3), whereas no 

significant difference was found between PTEN levels in muscles injected with 

AAV6-ssi-PTEN, and those injected with PBS, suggesting that PTEN silencing was 

specific to AAV6-si-PTEN.  

 

To investigate whether PTEN silencing activates the PI3K/Akt signalling pathway 

in skeletal muscles, the expression of phosphorylated Akt (pAkt Ser473) was 

quantified in the injected GA muscles and expressed as folds of pAkt levels in mice 

injected with PBS (control group). Figure 4.4C demonstrate that PTEN depletion 
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was associated with a significant increase (~62%) in pAkt (Ser473) expression 

indicating activation of the PI3K/Akt pathway (p<0.05 AAV6-si-PTEN vs. PBS, 

one-way ANOVA with Tukey’s post-test, n=3). There was no significant difference 

between the levels of pAkt in the muscles injected with PBS and the control vector 

AAV6-ssi-PTEN (Figure 4.4C). Western blot analysis of protein extracts from the 

contralateral GA (right) showed no evidence of GFP expression suggesting that 

there was no significant systemic spread of the vectors following i.m. administration 

(Figure 4.5). 
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Figure 4.4. AAV6-mediated PTEN silencing in the gastrocnemius muscle of 
wild-type C57BL/6 mice. Four-week-old mice were injected with AAV6-si-PTEN, 
AAV6-ssi-PTEN (2 x1010 vg in a total of 20µl) or PBS into the left GA muscle. The 
mice were sacrificed 3 weeks later and muscle protein extracts were analysed by 
western blotting. (A) Representative western blots shows reduced expression of 
PTEN in muscles injected with AAV6-si-PTEN and GFP expression in the injected 
muscles. (B) PTEN levels were normalised to GAPDH (loading control) and 
expressed as PTEN folds relative to PTEN levels in mice injected with PBS. PTEN 
expression was significantly reduced in muscles injected with AAV6-si-PTEN 
(*P<0.05, one-way ANOVA with Tukey’s post-test) compared to those injected 
with PBS or the control vector. No significant difference was found between PTEN 
levels in muscles injected with control vector or PBS. (C) pAkt levels were 
normalised to GAPDH (loading control) and expressed as folds relative to levels in 
mice injected with PBS (control group). Levels of pAkt (Ser473) were significantly 
increased in muscles injected with AAV6-si-PTEN (*P<0.05, one-way ANOVA 
with Tukey’s post-hoc test). No significant difference was found between pAkt 
levels in muscles injected with the control vector or PBS. Data represent means, 
error bars=SEM. AAV6-si, adeno-associated virus serotype 6 expressing PTEN 
siRNA; AAV6-ssi, adeno-associated virus serotype 6 expressing scrambled PTEN 
siRNA; GA, gastrocnemius; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
GFP, green fluorescent protein; pAkt, phosphorylated Akt; PBS, phosphatase 
buffered saline, SEM, standard error of means; vg, vector genome.  
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Figure 4.5 Representative western blot of the right (contralateral) gastrocnemius 
muscle showing lack of GFP expression in the mice injected with either AAV6-si-
PTEN or AAV6-ssi-PTEN, indicating no systemic spread of the AAV vectors (n=3).  

 
 
 

4.3.2.2  Spinal cord transduction by AAV6 vectors in wild-type mice 

We next investigated the efficiency of the AAV6 vectors in transducing lumbar 

spinal cord motor neurons after i.m vector delivery in mice (n=3 per group). One in 

5 sections of the lumbar spinal cord (total of 12-14 slides per animal) were analysed 

by co-localising GFP fluorescence with CGRP, a marker for motor neurons (Figure 

4.6). Despite effective PTEN knockdown in the injected GA muscles, co-

localisation of GFP and CGRP was not readily observed (<10 MNs per mouse) 

suggesting marginal transduction efficiency of lumbar spinal cord motor neuron. 

These findings suggest inefficient axonal retrograde transport of AAV6 to motor 

neurons after i.m delivery in adult wild-type mice.  
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Figure 4.6. AAV6-mediated transduction of spinal cord motor neurons in adult 
wild type mice. Representative images showing transverse sections of the lumbar 
spinal cord analysed by double-immunofluorescence (GFP-positive motor neurons 
in green, CGRP-positive motor neurons in red, Hoechst nuclear stain in blue). Co-
localisation of GFP and CGRP indicates motor neuron transduction. 40x 
magnification, Scale bars=50µm. CGRP, calcitonin gene-related peptide, GFP, 
green fluorescent protein.  

 
 

 

4.3.2.3  AAV6-mediated PTEN silencing in spinal cord motor 

neurons of wild-type mice 

The efficiency of AAV6-mediated PTEN silencing was examined in the transduced 

motor neurons. Transverse sections of the spinal cord (1 in 5) were stained with anti-

PTEN and anti-GFP antibodies and motor neurons were identified by their typical 

morphology and localisation in the ventral horn of the lumbar spinal cord. As shown 

in Figure 4.7, there was no clear difference in PTEN staining in GFP-positive motor 

neurons when compared to the non-transduced cells. PTEN expression was not 

quantified due to the scarcity of transduced spinal motor neurons. These findings 

suggest inefficient PTEN depletion by AAV6-si-PTEN, which is most likely due 

low efficiency of vector delivery via retrograde transport. 
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Figure 4.7 AAV6-mediated PTEN silencing in murine spinal cord motor 
neurons. Representative images of transverse sections of the lumbar spinal cord 
collected from WT mice injected with PBS or scAAV6-si-PTEN. Double 
immunofluorescence shows co-localisation of GFP and PTEN in mice injected with 
scAAV6-si-PTEN (white arrows). Motor neurons were identified by their 
morphology and location. PTEN expression was detected predominantly in the 
cytoplasm of motor neurons. No clear difference was observed in PTEN staining 
between transduced and non-transduced cells. (GFP-positive motor neurons=green, 
PTEN-positive cells = red, Hoechst nuclear stain=blue). 20x magnification, Scale 
bar=100µm.  

 
 
 

4.3.3 Validation of AAV9-mediated PTEN silencing in wild-type mice 

 
4.3.3.1 AAV9-mediated PTEN silencing in the hind-limb muscles of 

adult wild-type mice 

Following the marginal transduction efficiency observed with AAV6 vectors, an 

alternative vector system was explored to improve retrograde transport following 

i.m delivery. To evaluate whether AAV9-mediated PTEN silencing effectively 

reduces the expression of muscle PTEN, WT C57BL/6 mice received unilateral 

injections of either scAAV9-si-PTEN or the control vector scAAV9-ssi-PTEN into 

the left GA muscle (2x1010 viral genomes in 20µl per injected muscle) at 4 weeks of 

age (n=3 per treatment group). Another group of age-matched WT mice received 

PBS injections into the left GA (20µl) to account for any injection-related effects 
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(n=3). The mice were sacrificed 3 weeks post-gene transfer and protein extracts 

from the right (non-injected) and left GA was analysed by western blotting. PTEN 

levels were normalised to GAPDH and the means were expressed as folds relative to 

PTEN levels in mice injected with PBS (control group). As shown in Figure 4.8A, 

GFP was only detected in the muscles injected with scAAV9-si-PTEN. Western blot 

analysis shows a significant reduction of PTEN expression (45%) in the muscles 

injected with scAAV9-si-PTEN when compared to those injected with the control 

vector scAAV9-ssi-PTEN or PBS (p<0.05, PBS vs. scAAV9-si-PTEN one-way 

ANOVA with Tukey’s post-test, n=3) (Figure 4.8B). These results indicate that 

scAAV9-si-PTEN effectively silences PTEN in skeletal muscles. GFP was also 

detected on the contralateral GA muscles in mice treated with the scAAV9-si-PTEN 

suggesting there was systemic spread of the viral particles (Figure 4.9).  

 

The effect of PTEN silencing on downstream effectors of the PI3K/Akt signalling 

pathway was investigated by quantifying the levels of pAkt (Ser473), which were 

normalised to GAPDH and the means were expressed as folds relative to pAkt 

levels in mice treated with PBS (control group). As expected, western blot analysis 

revealed a significant increase in pAkt expression in the GA muscles injected with 

scAAV9-si-PTEN when compared to those injected with PBS or the control vector 

(p<0.05, one–way ANOVA with Tukey’s post-test, n=3) (Figure 4.8C). The 

increased levels of pAkt correlated with the reduced levels of PTEN suggesting a 

specific effect of the scAAV9-si-PTEN vector. These findings suggest that 

following i.m injections, scAAV9 mediates effective PTEN silencing resulting in 

activation of the PI3K/Akt pathway in the muscle.  
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Figure 4.8. AAV9-mediated PTEN silencing in the gastrocnemius muscle of 
wild-type C57BL/6 mice. Four-week-old mice were injected with either 20µl 
containing 2x1010vg of either scAAV9-si-PTEN, or scAAV9-ssi-PTEN. A PBS 
treated group has been included as control. The mice were sacrificed 3 weeks later 
and protein extracts from the injected (left) and contralateral (right) muscles were 
analysed by western blotting. (A) Representative western blot showed a significant 
reduction of PTEN expression in muscles injected with scAAV9-si-PTEN. GFP 
expression was mainly detected in the GA muscles treated with the scAAV9-si-
PTEN vectors only. (B) PTEN expression was significantly reduced in muscles 
injected with scAAV9-si-PTEN compared to those injected with PBS or the control 
vector (*P<0.05, one-way ANOVA with Tukey’s post-test, n=3). (C) Levels of 
pAkt (Ser473) was significantly increased in muscles injected with scAAV9-si-
PTEN suggesting that PTEN silencing was associated with activation of the 
PI3K/Akt pathway (*P<0.05, one-way ANOVA with Tukey’s post-hoc test, n=3). 
No significant difference was found in pAkt levels in muscles injected with PBS and 
those treated with the control vector. Data represents means, error bars=SEM. 
AAV9-si, adeno-associated virus serotype 9 expressing PTEN siRNA, AAV9-ssi, 
adeno-associated virus serotype 9 expressing scrambled PTEN siRNA.  

 
 

    PBS                AAV9-ssi           AAV9-si 

PTEN"

  pAkt 
(Ser473) 

GAPDH 

GFP 

PTEN

PBS

AAV9-s
si

AAV9-s
i

0.0

0.5

1.0

1.5

R
el

at
iv

e 
PT

E
N

 le
ve

ls

*

*

p-Akt

PBS

scA
AV9-s

si

scA
AV9-s

i
0.0

0.5

1.0

1.5

2.0

2.5

R
ela

tiv
e p

-A
K

T 
lev

els

*

*

A 

B 

C Akt 



                                                      161 

                          
 

Figure 4.9. GFP expression in the right (contralateral) gastrocnemius muscle of 
wild-type mice injected with AAV9 vectors. Representative western blot of the right 
GA showing GFP expression indicating systemic spread of the AAV viral particles 
to the contralateral muscles (n=3).  

 
 
 

4.3.3.2 Transduction of wild-type spinal cord motor neurons by 

AAV9 vectors 

To investigate whether AAV9 vectors are capable of transducing spinal cord motor 

neurons following i.m administration, double-immunofluorescence was performed 

in 20µm transverse spinal cord sections from mice treated with scAAV9-si-PTEN 

(n=3) and compared to those injected with PBS (control group, n=3). Due to the 

inefficient transduction of scAAV9-ssi-PTEN in the GA muscles, analysis of the 

spinal cords from this group was not performed. GFP and CGRP double labelling of 

spinal cord sections is reported in Figure 4.10A. Similar to AAV6, AAV9-mediated 

transduction of spinal cord motor neurons was low (<10 GFP-positive motor 

neurons per mouse) suggesting poor efficiency of retrograde axonal transport. 

Occasional GFP-positive, star-shaped cells with numerous processes were found in 

the lumbar spinal cord (Figure 4.10B). Double immunostaining with glial fibrillary 

acidic protein (GFAP), an astroglial marker, showed that these cells were astrocytes 

(Figure 4.17).  
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Figure 4.10 AAV9 transduction of spinal cord motor neurons and astrocytes in 
adult wild type mice. (A) Representative images of transverse sections of the 
lumbar segment of WT mice injected with PBS or scAAV9-si-PTEN. Double 
immunofluorescence shows co-localisation of GFP and CGRP indicating 
transduction of motor neurons via retrograde axonal transport (GFP-positive motor 
neurons in green, CGRP-positive cells in red, Hoechst nuclear stain in blue), 40x 
magnification, scale bar=50µm. (B) Images show a GFP-positive cell (white arrow) 
with an astrocyte-like morphology in the lumbar spinal cord. 40x magnification, 
scale bar=50µm.  
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4.3.3.3 AAV9-mediated PTEN silencing in wild-type spinal cord 

motor neurons 

To determine whether motor neurons transduced with scAAV9-si-PTEN vectors 

have lower PTEN expression compared to the non-transduced motor neurons, 1 in 5 

spinal cord sections (20µm thick) were analysed by double immunofluorescence 

using anti-PTEN antibodies to determine PTEN expression and anti-GFP antibodies 

to detect the transduced motor neuron. Motor neurons were identified by their 

morphology (polygonal, large cells with a distinct nucleus in the ventral horn). 

PTEN expression was predominantly found in the cytoplasm and nucleus of motor 

neurons (Figure 4.11). Although not formally quantified, there was no clear 

difference in between PTEN staining in the transduced and non-transduced cells 

suggesting low expression of PTEN siRNA (Figure 4.11).  

 

 

      

Figure 4.11 AAV9-mediated PTEN silencing in adult wild type mice spinal cord 
motor neurons. Representative images of transverse sections of the lumbar segment 
of WT mice injected with PBS or scAAV9-si-PTEN. Double immunofluorescence 
shows co-localisation of GFP motor neurons and PTEN in mice injected with 
scAAV9-si-PTEN (white arrows). Motor neurons were identified by their 
morphology and location. PTEN expression was detected predominantly in the 
cytoplasm and nucleus of motor neurons. No significant difference was observed in 
PTEN staining between transduced and non-transduced cells. (GFP-positive motor 
neurons in green, PTEN-positive cells in red, Hoechst nuclear stain in blue). 40x 
magnification, Scale bar=50µm.  
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4.3.4 AAV9-mediated PTEN silencing in SOD1 G93A transgenic mice 

The in vitro results showed that PTEN silencing significantly increased motor 

neuron survival, most likely through activation of the PI3K/Akt pathway (Chapter 

3). It was therefore hypothesised that PTEN depletion may prolong the survival of 

spinal cord motor neurons in vivo. To test this hypothesis, scAAV9 vectors were 

used to deliver PTEN siRNA to the spinal cords of transgenic SOD1G93A mice. In 

order to maximize the potential neuroprotective effects of i.m scAAV9 delivery of 

PTEN siRNA, a higher dose (3x1010 vector genomes in a total of 30µl per injected 

muscle) of either scAAV9-si-PTEN or scAAV9-ssi-PTEN was injected into the left 

GA and tibialis anterior (TA) of transgenic SOD1 mice (n= 6 per treatment group) at 

26 days of age (P26), and were sacrificed when they were 100 days old (P100). P26 

was chosen because this is the time where no significant NMJ degeneration is 

expected to occur (this cohort of mice were also used to study the effect of PTEN 

inhibition on the NMJs (Chapter 5) and P100 was chosen as significant motor 

neuron loss is expected to take place (Fischer et al., 2004, Mead et al., 2011). 

Untreated age-matched WT littermates were also included in this study.  

 

4.3.4.1 The effect of AAV9-mediated PTEN silencing on transgenic 

SOD1G93A spinal cord motor neuron survival 

To investigate whether AAV9-mediated PTEN silencing prolongs motor neuron 

survival in vivo, motor neuron counts were performed on Nissl stained transverse 

sections of the lumbar spinal cords (1 in 3 slides) of the treated transgenic SOD1 

mice and compared with non-injected controls. Motor neurons were identified by 

their typical morphology, location and size. Nissl stained motor neurons appeared as 

darkly stained large cells located in the ventral horn, with a pale nucleus and a 

distinct darkly stained nucleolus (Figure 4.12A). As expected, there was a 
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significant reduction (50%) of motor neuron counts in the transgenic mice when 

compared to the WT mice, indicating pathological motor neuron loss (p<0.0001, 

one-way ANOVA with Tukey’s post-test, n=5) (Figure 4.12B). However, there was 

no significant difference between the motor neuron counts in transgenic mice treated 

with scAAV9-si-PTEN when compared to those injected with the control vector 

(Figure 4.12B). These findings suggest either that: PTEN inhibition alone was 

insufficient to enhance motor neuron survival in the transgenic mice; or there was a 

low efficiency of retrograde axonal transport of the viral vectors.  

 

 

 

 

 

 

 

 

 



                                                      166 

                     

 

 
Figure 4.12. The effect of AAV9-mediated PTEN silencing on motor neuron 
survival in transgenic SOD1G93A mice Transgenic SOD1G93A mice were injected 
into the left GA and TA a total of 30µl of either scAAAV9-ssi-PTEN (1x1012 vg/ml) 
or scAAV9-si-PTEN (1x1012 vg/ml) at P26, untreated age-matched WT mice were 
also included in the study. The mice were sacrificed at P100 and 1 in 5 sections of 
lumbar the spinal cord were Nissl stained for motor neuron counts. Representative 
images showing Nissl stained motor neurons in transverse sections of the lumbar 
spinal cord of WT (A) and transgenic SOD1G93A mice (B). A significant reduction in 
motor neuron survival (50%) was observed in the transgenic SOD1G93A mice 
indicating motor neuron loss secondary to ALS (C) (***P<0.0005, one-way 
ANOVA with Tukey’s post-test, n=5). No significant difference between motor 
neuron survival in the transgenic mice treated with scAAV9-si-PTEN when 
compared to those treated with the control vector scAAV9-ssi-PTEN (P>0.05, one-
way ANOVA with Tukey’s post-test, n=5). GA, gastrocnemiusP26/P100, postnatal 
day 26/100, TA, tibialis anterior, WT, wild-type. 
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4.3.4.2  AAV9 transduction of skeletal muscles in transgenic 

SOD1G93A 

To investigate the lack of effect observed on motor neuron survival, first the 

efficiency of muscle transduction was examined in the hind limb GA; this was 

performed only in one mouse per treatment due to limitations in viral vector 

quantity. Immunohistochemistry showed GFP expression in the injected muscles, 

which indicates efficient transduction by the scAAV9 viral vectors (Figure 4.13A 

and B). Haematoxylin and eosin staining showed no evidence of inflammation in the 

injected muscles; however, grouped atrophy of the GA muscles was observed in the 

mutant mice (Figure 4.13C). The grouping of muscle fibres is a characteristic 

feature of denervation, which is observed in ALS patients as well as in mouse 

models (Fischer et al., 2004). The denervated muscles become re-innervated by 

collateral axons sprouting from neighbouring motor neurons.  

 

To validate the efficiency of scAAV9–mediated PTEN knockdown, protein extracts 

from the GA muscles was analysed by western blotting, which also confirmed the 

presence of GFP in the injected muscles (4.14D). The expression of PTEN was 

reduced in the GA muscles transduced with scAAV9-si-PTEN, indicating that the 

scAAV9-si-PTEN vector can effectively silence PTEN in the transgenic hind limb 

muscles (Figure 4.14D). Moreover, PTEN knockdown was associated with an 

increase in pAkt expression and phospho-p70S6K, suggesting activation of the 

PI3K/Akt/mTOR signalling pathway; however, the levels of pERK 1/2 were 

unchanged with PTEN inhibition (Figure 4.13B). Due to the limited sample size, 

statistical analysis of the levels of PTEN and its downstream effectors was not 

possible. 
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Figure 4.13. Transduction of gastrocnemius muscles by scAAV9. Age-matched 
transgenic SOD1G93A mice were injected at P26 with 30µl of scAAV9-ssi-PTEN and   
scAAV9-si-PTEN into the left tibialis anterior (TA) and GA muscle (n=3 per 
group). A group of untreated WT mice were also included in the study (n=3). Mice 
were sacrificed at P100 and the GA muscles from one mouse per group were 
analyzed for GFP expression (A). Representative images showing GFP 
immunofluorescence in transverse sections of the left (injected) and right (non-
injected) GA muscles of mice injected with scAAV9-ssi-PTEN (scale bar=50µm) 
(B) Representative showing GFP immunofluorescence in transverse sections of the 
left (injected) and right (non-injected) GA muscles of mice injected with scAAV9-
GFP-si-PTEN. GFP was detected in the injected muscles (scale bar=50µm) (C) 
Haematoxylin and eosin staining of transverse sections of the left GA muscles 
showing grouped atrophy in the transgenic mice and no evidence of inflammation in 
the injected muscles (scale bar=50µm). (D) Western blot analysis of protein extracts 
from the GA muscles showing reduced PTEN expression in muscles injected with 
scAAV9-si-PTEN. PTEN inhibition was associated with increased pAkt, and 
phospho-p70S6K suggesting activation of the PI3K/Akt/mTOR pathway, however 
there was no increase in p-ERK1/2 expression. GFP expression was detected in the 
GA muscles injected with the AAV9 only. ERK, extracellular-regulated kinase, GA, 
gastrocnemius, GAPDH, glyceraldehyde 3-phosphate dehydrogenase, GFP, green 
fluorescent protein, pAkt, phosphorylated Akt, WT, wild-type.  
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4.3.4.3  Transduction of the lumbar spinal cord following i.m 

injections of scAAV9 vectors in transgenic SOD1G93A 

Given the findings of robust GFP expression in the injected GA muscles, the next 

step was to evaluate the efficacy of the i.m route for delivering AAV9 vectors to the 

lumbar spinal cord motor neurons via retrograde axonal transport. Since a higher 

concentration was used one would expect a more efficient transduction than that 

observed in the WT mice. Transverse sections of the lumbar segment of the spinal 

cord were examined by double immunofluorescence (1 in 5 sections, total of 12- 14 

slides per mouse) using anti-GFP antibodies to identify the transduced cells and 

anti-CGRP antibodies to label the motor neurons in the ventral horn of the spinal 

cord. Unfortunately, the expression of GFP in motor neurons was almost negligible 

for both scAAV9-si-PTEN and scAAV9-ssi-PTEN (<5 per mouse). GFP was rarely 

detected on the injected side of the lumbar spinal cord suggesting poor retrograde 

transport of the vectors; and occasionally, GFP-positive motor neurons were seen on 

the contralateral spinal cord indicating that they were targeted by AAV9 through 

systemic delivery (Figure 4.14). GFP expression was also seen in a few axons in the 

dorsal horn, which could either be due to retrograde transport of AAV9 via sensory 

neurons supplying the skin overlying the injected muscles or via systemic spread of 

the vectors (Figure 4.15). These results suggest that following i.m injections, the 

delivery of AAV9 to the spinal cord via retrograde transport is inefficient in the 

transgenic mice, which could explain the lack of effect seen on motor neuron 

survival. 
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Figure 4.14 transduction of lumbar spinal cord motor neurons via retrograde 
transport of AAV9 vectors in transgenic SOD1G93A . Transverse sections of the 
lumbar spinal cord were analysed by double immunofluorescence (GFP-positive 
cells in green, CGRP-positive motor neurons in red (white arrows), Hoechst nuclear 
stain in blue). Representative images show co-localisation of GFP with CGRP 
indicating transduction of the motor neurons by scAAV9-ssi-siPTEN and scAAV9-
si-PTEN. (63x magnification, scale bar= 20µm).  
 
 

 
 

          
Figure 4.15 Transduction of dorsal horn cells by AAV9 vectors. Representative 
images show expression of GFP in a dorsal horn neuron and axons (white arrows, 
63x magnification, scale bar=20µm).  
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4.3.4.4 The effect of AAV9-mediated PTEN knockdown on 

transgenic  SOD1G93A  spinal cord motor neurons 

The efficiency of scAAV9-si-PTEN to silence PTEN in the transduced (GFP-

positive) lumbar spinal cord motor neurons was analysed using double 

immunohistochemistry with anti-PTEN and anti-GFP antibodies. Motor neurons 

were identified by their morphology, size and location. PTEN was predominantly 

expressed in the cytoplasm of motor neurons. As shown in Figure 4.16, there was no 

obvious difference in PTEN expression in motor neurons transduced with scAAV9-

ssi-PTEN, scAAV9-si-PTEN or non-transduced motor neurons. These results 

suggest that the viral vector concentration reaching the motor neurons is insufficient 

for effective PTEN silencing.  

                

 
Figure 4.16 AAV9-mediated PTEN silencing in lumbar spinal cord motor 
neurons. Transverse sections of the lumbar spinal cord were analysed by double 
immunofluorescence (GFP-positive cell in green (arrows), PTEN in red, Hoechst 
nuclear stain in blue). Representative images show co-localisation of GFP with 
PTEN (arrows). Motor neurons were identified by their morphology, size and 
location. PTEN is predominantly expressed in the cytoplasm of motor neurons. 
There was no clear difference in PTEN expression in motor neurons transduced with 
scAAV9-si-PTEN and those transduced with the control vector, scAAV9-ssi-
siPTEN, indicating inefficient PTEN silencing (63x magnification, scale bar= 
20µm). N=5 mice per group.  
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4.3.4.5 Transduction of spinal cord astrocytes by AAV9 vectors in 

transgenic SOD1G93A 

AAV9 is known for its ability to transduce astrocytes in adult mice (Foust et al., 

2009). In this study, GFP-positive astrocytes were occasionally found in the lumbar 

spinal cord (<20 per animal) suggesting systemic spread of the viral particles 

(Figure 4.17). Double immunohistochemistry was used for labelling GFP (green) 

and glial-acidic fibrillary protein (GFAP) (red), an astroglial marker. Co-localisation 

of GFP with GFAP was occasionally seen, indicating transduction of astrocytes by 

AAV9 (Figure 4.15B). Despite the paucity of transduced astrocytes, there were still 

more GFP-expressing astrocytes than GFP-positive motor neurons indicating that 

systemic delivery was more efficient than retrograde axonal transport.   

 

 

             

 
 

Figure 4.17 AAV9-mediated transduction of astrocytes in the lumbar spinal 
cord of transgenic SOD1G93A. (A) Representative images of transverse sections of 
the lumbar spinal cord show GFP-positive astrocytes (green) (x63 magnification, 
scale bar=20µm). (B) Double immunofluorescence using anti-GFP (green), anti-
GFAP (red) for labelling astrocytes and Hoechst for nuclear staining shows co-
localisation of GFP with GFAP indicating transduction of astrocytes by AAV9 
vectors. (X63 magnification, scale bar= 20µm). GFAP, glial fibrillary acidic protein, 
GFP, green fluorescent protein. 
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4.4 Discussion 

 
The major findings of this study are: i) AAV6 and AAV9 transduced the GA 

muscles of WT mice with high efficiency; ii) PTEN expression was significantly 

reduced in muscles injected with AAV6 and AAV9 expressing siRNA against the 

mouse PTEN gene; iii) examination of the lumbar spinal cords however showed 

very low GFP positive cells, indicating low efficiency of retrograde transport and 

thus it was challenging to study PTEN silencing in the spinal motor neurons; iv) low 

levels of transgene expression were also observed in SOD1G93A mice injected with 

AAV9 vectors expressing PTEN siRNA, which may have contributed to the lack of 

effect on spinal cord motor neuron survival observed in mice treated with scAAV9-

si-PTEN. Taken together, these findings suggest inefficient retrograde axonal 

transport by AAV6 and AAV9 vectors in adult WT and transgenic SOD1G93A mice.  

 

4.4.1 In vitro validation of AAV9 viral vectors for the delivery of PTEN 

siRNA 

Lentiviral vectors have the ability of delivering genes to spinal cord motor neurons 

via retrograde transport (Mazarakis et al., 2001, Ralph et al., 2005c) however; AAV 

vectors have gained attraction for systemic gene delivery due to their low toxicity 

and low immunogenicity. Among the AAV viral vectors, AAV viral vector serotype 

9 (AAV9) is well known for its high transduction efficiency of motor neurons in 

vivo (Duque et al., 2009, Foust et al., 2009, Valori et al., 2010, Federici et al., 2012, 

Benkhelifa-Ziyyat et al., 2013, Foust et al., 2013). The enhanced motor neuron 

survival observed with lentiviral-mediated PTEN knockdown led to the hypothesis 

that PTEN silencing may prolong the survival of mutant SOD1G93A spinal cord 

motor neurons in vivo. Thus, AAV9 vectors expressing PTEN siRNA (scAAV9-si-
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PTEN) and scrambled-si-PTEN (scAAV9-ssi-PTEN) were generated for our gene 

transfer in vivo studies. Prior to their use for the in vivo studies, the efficiency of the 

vectors was first validated in vitro by transducing transgenic SOD1G93A motor 

neurons with two doses of each vector. The viral vectors also expressed GFP as a 

reporter gene. GFP-expressing motor neurons were visualised on day 3 post-

transduction with a fluorescent microscope and live pictures were taken using the In 

Cell analyser prior to harvesting the cells on day 5-postransduction. Although 

AAV9 has been shown to transduce cortical and hippocampal neurons with high 

efficiency (Royo et al., 2008), to our knowledge this is the first report describing 

transduction of purified motor neuron cultures with AAV9 vectors. Moreover, no 

toxicity was detected even with the highest concentration of the vectors. PTEN 

levels were reduced by 40% with MOI of 3.5x105 vg and only 20% reduction was 

observed using the lower MOI of 1.5x105vg. PTEN expression in motor neurons 

was not affected by the scAAV9-ssi-PTEN vector. These results suggest that 

scAAV9-si-PTEN could effectively knockdown PTEN in transgenic and non-

transgenic motor neurons in vitro. However, the scAAV9-mediated PTEN silencing 

was less efficient when compared to lentiviral-mediated PTEN inhibition (Ning et 

al., 2010). This may be dose-related, such that higher MOIs may achieve more 

efficient knockdown, or it may be due to the slow gene expression mediated by 

AAV vectors. These AAV9 vectors were further validated in vivo.  

 

4.4.2  AAV-mediated PTEN silencing in the hind limb muscles of wild-

type mice 

AAV6-based vectors were generated to deliver either siRNA against PTEN or 

scrambled PTEN siRNA, into the hind limb muscles of young adult WT mice. The 

AAV6 vector was chosen after studies in our laboratories revealed efficient 

retrograde transport of these vectors following i.m administration in neonatal SMA 
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mouse models, with ~40% transduction of lumbar spinal cord motor neurons (Ning 

et al., 2010). Other studies have also demonstrated efficient motor neuron 

transduction in neonatal ALS mice (Towne et al., 2011) as well as in non-human 

primates (Towne et al., 2010) following peripheral administration of AAV6 vectors. 

In this study, western blot analysis of the injected GA muscles showed strong GFP 

expression in mice injected with AAV6 vectors which is consistent with previous 

reports showing a high tropism of AAV6 for skeletal muscles (Blankinship et al., 

2004, Gregorevic et al., 2004). More importantly, a significant reduction in PTEN 

levels was found in the GA muscles of mice treated with AAV6-si-PTEN. The lack 

of significant difference between PTEN expression in mice injected with the AAV6-

ssi-PTEN and those injected with PBS suggests that the vectors did not alter the 

expression of PTEN and confirms the specific effect of AAV6-mediated PTEN 

silencing in the muscle (Figure 4.2) In addition, PTEN silencing was associated with 

increased expression of pAkt (active from) indicating activation of the PI3K/Akt 

signalling cascade. There were no significant differences between the levels of pAkt 

in mice treated with the control vector and those treated with PBS, providing more 

evidence for the specificity of the AAV6-mediated PTEN silencing. In addition GFP 

was not detected in the contralateral GA muscles indicating there was no significant 

systemic spread of the vectors. Thus, injection of AAV6-si-PTEN into the muscle 

successfully reduced PTEN expression in the muscle and activated the Akt pathway.  

 

To explore the efficiency of AAV9-mediated PTEN silencing in vivo, scAAV9-

based vectors expressing PTEN siRNA and ssi-PTEN were generated and validated 

in WT mice. The vectors were selected because of their high neuronal as well as 

skeletal muscle tropism, and to test their ability to deliver PTEN siRNA to the spinal 

cod more efficiently than AAV6. In addition, a study by Benkhelifa-Ziyyat et al. 

showed that AAV9 is capable of retrograde axonal transport, and demonstrated 

robust gene expression of spinal cord motor neurons following i.m injections both in 
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adult wild type and transgenic neonatal SMA mice (Benkhelifa-Ziyyat et al., 2013). 

In this study, western blot analysis showed GFP expression and a significant 

reduction of PTEN levels in the muscles injected with scAAV9-si-PTEN vectors. 

GFP expression was also observed in the contralateral GA muscles after injections 

of scAAV9-si-PTEN, indicating systemic spread of the vectors following i.m 

injections. In addition, PTEN silencing was associated with a significant increase in 

pAkt levels in the injected GA muscles suggesting activation of the PI3K/Akt 

pathway. There was no significant difference between PTEN and pAkt levels in 

muscles injected with either PBS or the control vector, suggesting a specific effect 

of scAAV9-mediated PTEN silencing. Hence, these findings demonstrate that i.m 

administration of scAAV9-si-PTEN successfully reduces PTEN expression in 

skeletal muscles and activates Akt similar to AAV6-mediated PTEN silencing.  

 

4.4.3  Delivery of AAV vectors to the spinal cord 

The next step was to determine whether the AAV6 vectors were efficiently 

delivered to the spinal cord motor neurons after peripheral administration. 

Unexpectedly, despite efficient muscle transduction, analysis of the lumbar segment 

of the spinal cords using double-immunofluorescence showed a very low level 

(almost negligible) of motor neuron transduction, and hence it was challenging to 

study PTEN silencing in spinal cord motor neurons. These findings are consistent 

with other studies in our laboratories that demonstrated low efficiency (<5%) of 

lower motor neuron transduction via retrograde transport in adult SOD1G93A mice 

(Nanou et al., 2013). It could be hypothesised that immaturity of the blood-brain 

barrier and the shorter motor neuron axons in neonatal mice may have enhanced 

neuronal spinal cord transduction by AAV6 observed in other studies. Since these 

vectors transduce skeletal muscles with high efficiency, they were utilised for a 

study investigating the effects of PTEN silencing on the NMJs in the SOD1G93A 

mouse model (see Chapter 5). Like AAV6, the efficiency of retrograde transport of 
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the AAV9 vectors in adult WT mice was also very low and occasional GFP-positive 

astrocytes were seen which were most likely targeted by systemic spread of the 

vectors. In line with these findings, Foust et al. (Foust et al., 2009) reported low 

transduction efficiency of spinal cord motor neurons after i.m injections of AAV9 

vectors expressing GFP in adult mice. In their study they showed that AAV9 targets 

neuronal cells in neonatal mice with high efficiency following intravenous 

administration. In contrast, Benkhelifa-Ziyyat et al. demonstrated high levels of 

gene expression through the spinal cord following a single i.m injection of AAV9 

(Benkhelifa-Ziyyat et al., 2013). It is possible that systemic spread of AAV9 could 

have contributed to the enhanced transduction; nevertheless, they showed that most 

of the ventral horn motor neurons in the lumbar spinal cord were selectively 

transduced (compared to other spinal cord regions), related to the muscles that that 

segment innervated, which would indicate retrograde transport.  

 

Although a direct comparison between this study and other reports is difficult due to 

differences in several parameters including the timing of injections and experimental 

mouse models, nevertheless, the discrepancies seen may are more likely to be due to 

differences in vector preparation and purification, vector dose and promoters used to 

drive gene expression, as these factors have been shown to affect AAV vector 

tropism (Fitzsimons et al., 2002, Klein et al., 2008, Burger et al., 2004, Choi et al., 

2005).  

 

In this study, the vectors were purified using Cesium Chloride (CsCl) ultrahigh 

speed density gradient centrifugation, a traditionally used method for the 

purification of AAV vectors, which can be used for different serotypes (Guo et al., 

2013). One of the drawbacks of this method is that impurities and cellular non-viral 

proteins may be present in the vector stocks which may cause toxicity to the cells 

and may affect the transduction efficiency (Guo et al., 2013, Klein et al., 2008). 
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Although some authors showed that neuronal transduction by AAV9 vectors was 

not particularly affected by CsCl purification (Klein et al., 2008), it is difficult to 

exclude that impurities in the vector preparations could have interfered with axonal 

uptake and retrograde transport of the vectors. Iodoxinol gradient based purification 

methods were shown to produces preparations which are less toxic and contain less 

impurities (Klein et al., 2008), and this method was used to purify vectors in 

Benkhelifa-Ziyyat et al.’s study. However, the latter group proposed that the 

enhanced spinal cord transduction observed following i.m injections of AAV9 may 

be due to “pseudo transduction” or artificial transduction, which occurs due to the 

presence of contaminants containing the transgene protein (such as GFP) in their 

viral preparations (Alexander et al., 1997, Benkhelifa-Ziyyat et al., 2013). 

Furthermore, despite the fact that Q-PCR quantifies only the particles containing 

DNA, the vector preparations may be contaminated by particles containing only 

fragments of the viral genome which may not be detected by commonly used PCR 

assays (Grimm et al., 1999). The presence of empty capsids (devoid of DNA) in the 

viral stocks may also affect the biological activity of the active viral particles 

hindering their delivery via the i.m route. In addition, some studies have shown that 

errors in Q-PCR can occur during the quantification of scAAV vectors resulting in 

unreliable viral titres (Fagone et al., 2012), which in turn may affect the injected 

viral load and the overall transduction efficiency.  

 

Other factors such as the promoters used to drive gene expression may also affect 

the transduction efficiency. While in Foust et al.’s study the chicken beta-actin 

(CBA) promoter was used to drive GFP expression (Foust et al., 2009), the CMV 

promoter was used in this study as well as in Benkhelifa-Ziyyat et al.’s study 

(Benkhelifa-Ziyyat et al., 2013). The CMV and CBA promoters are both strong 

ubiquitous promoters that mediate prolonged gene expression in the CNS although 

some studies showed that with time CMV silencing could occur (Lentz et al., 2012). 
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Some studies showed that with AAV8-based vectors, gene expression was stronger 

when driven by the CBA promoter, however no significant differences were seen 

with AAV9-based vectors (Klein et al., 2008). Further work will be needed to 

investigate these issues to determine the contribution of these factors and the overall 

quality of vectors on retrograde axonal transport.  

 

Another factor that might contribute to the low transduction efficiency is the viral 

load of AAV9 used in this study (2x1010 and 3x1010 vg per injected muscle), which 

is lower than that used in Benkhelifa-Ziyyat et al.’s study (9 × 1010 vg per injected 

muscle) (Benkhelifa-Ziyyat et al., 2013). Thus, dose response studies are required to 

determine the dose that would result in efficient AAV9 retrograde transport and 

effective AAV9-mediated PTEN silencing.   

 

4.4.4 AAV9-mediated PTEN silencing in SOD1G93A mice 

As there is limited experience on the delivery of transgenes to spinal cord motor 

neurons using AAV9 vectors through the i.m route, scAAV9-based vectors were 

used for a proof-of-principle study to investigate the therapeutic potential of PTEN 

silencing in transgenic SOD1 G93A mice. A higher dose (3 x 1010 vg per animal) was 

used to increase the transduction efficiency. As expected, analysis of spinal cord 

sections showed a significant reduction in motor neuron survival in the transgenic 

mice compared to the wild type mice indicating pathological motor neuron loss as 

result of SOD1G93A mutations. Unfortunately, there was no significant difference 

between motor neuron survivals in the transgenic mice injected with scAAV-si-

PTEN compared to those treated with the control vector. The lack of effect observed 

was attributed either to inefficient delivery of PTEN siRNA to spinal cord motor 

neurons by the AAV9 vectors or due to the fact that PTEN silencing alone may be 

insufficient to enhance motor neuron survival in vivo. To investigate this, analysis of 
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the injected GA muscle showed GFP positive staining in the injected as well as in 

the contralateral GA indicating efficient transduction of the injected muscle by 

AAV9 and systemic dissemination of the vectors. In addition, western blot analysis 

of the injected GA showed reduced PTEN expression in the muscles injected with 

scAAV9-si-PTEN associated with increased expression of pAkt and phosph-

p70S6K suggesting activation of the PI3K/Akt/mTOR signalling pathway. Of 

interest, expression of pERK was unchanged in the muscles injected with scAAV9-

si-PTEN compared to the non-injected muscles and those injected with the control 

vector. Due to a limited sample size (n=1 per experimental group), statistical 

analysis was not performed. 

 

Double immunofluorescence of lumbar spinal cord sections showed an almost 

negligible transduction of motor neurons (<5 per mouse), suggesting a low 

efficiency of retrograde transport by AAV9. Hence, the finding of very low levels of 

motor neuron transduction may explain the lack of effect on motor neuron survival, 

as the transduction efficiency was well below the threshold required to have a 

significant effect. It could be argued that a proportion of the transduced motor 

neurons `(GFP-positive) could have died as a result of the disease process in the 

transgenic mice or the possibility that retrograde transport is less efficient in 

SOD1G93A mice; however, these results are similar to the findings in WT mice, 

suggesting that the poor retrograde transport is unlikely to be related to the mouse 

models. Injected viral load, production and purification of the vectors, as discussed 

above for WT mice, are potential contributing factors to poor retrograde transport. 

Due to the low levels of gene expression, it was not possible to determine the 

silencing of PTEN in the spinal cord motor neurons.  

 

Occasional astrocytes, as well as contralateral ventral horn motor neurons, showed 

GFP-positive staining suggesting there was some systemic spread. On the other 
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hand, Foust et al. showed a predominant transduction of astrocytes in adult WT 

mice (Foust et al., 2009); thus, the scarcity of astrocyte transduction observed in this 

study may be related to the viral load injected. Since astrocytes contribute to the 

pathogenesis of ALS (Pirooznia et al., 2014), their targeting by AAV9 vectors may 

be required for other therapeutic strategies such SOD1 silencing (Foust et al., 2013); 

however, PTEN silencing in astrocytes predisposes to tumourogeneis and may lead 

to undesirable effects on the long-term (Westhoff et al., 2014). Therefore, vectors 

with neuron-specific promoters to limit the expression of PTEN siRNA in neurons 

may be required to avoid these potential complications.  

 

The low efficiency of retrograde axonal transport and transduction of spinal cord 

motor neurons observed with the AAV vectors made it difficulty to ascertain 

whether PTEN silencing is neuroprotective in the SOD1G93A mouse model. The i.m 

route of delivering genes has the advantage of being a safe and simple procedure as 

well as allowing targeting of both muscles and a specific spinal cord motor neuron 

pool, which is a practical approach for proof-of principle studies. On the other hand, 

it may not be practical for gene delivering in patients with ALS, as this will require 

multiple injections. Moreover, this study showed that i.m delivery of AAV6 and 

scAAV9-based vectors is not a reliable route for delivering siRNA against PTEN in 

young adult mice. Nevertheless, widespread and robust gene delivery of AAV9 to 

the brain and spinal cord was observed with other routes of administration such as 

intrathecal (Hirai et al., 2012, Schuster et al., 2014) and intracisternal (Hinderer et 

al., 2014) delivery and although these routes are more invasive than the i.m route, 

they could provide useful information for proof-of principle studies. 
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4.5 Conclusion 

The results of this study showed efficient transduction of GA muscles by AAV6 and 

AAV9 vectors in WT mice. AAV-mediated delivery of siRNA against PTEN 

achieved a significant reduction of PTEN expression and activation of the PI3K/Akt 

pathway in the injected muscles. However, a low efficiency of spinal motor neuron 

transduction was observed with both AAV6 and AAV9 after i.m delivery suggesting 

inefficient retrograde axonal transport. Furthermore, there was no significant effect 

of scAAV9-mediated PTEN silencing on spinal cord motor neuron survival in the 

SOD1G93A mouse model. The low levels of gene expression observed in the lumbar 

spinal cord motor neurons of the transgenic mice, for both the control vector and 

scAAV9-si-PTEN, may explain the lack of effect on motor neuron survival. 

Therefore it was difficult to determine whether PTEN silencing has neuroprotective 

effects on transgenic motor neurons in vivo. These findings suggest that the poor 

retrograde transport observed is unlikely to be related to the mouse models used. It 

is possible that vector-related factors such as production and purification, titration 

and viral dose may contribute to the low efficiency of retrograde axonal transport.  
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5. The effect of PTEN silencing on NMJ degeneration in the 

SOD1G93A  mouse model 
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5.1 Introduction 

 

5.1.1 The neuromuscular junction (NMJ) 

When a motor neuron axon reaches muscle fibres, it divides into several terminal 

branches and each branch targets a skeletal muscle fibre. This close connection 

between lower motor neurons and skeletal muscle fibres forms a highly specialised 

synapse called the neuromuscular junction (NMJ), which serves to transmit 

electrical impulses from the motor neurons to the muscles (Hughes et al., 2006). It 

consists of three major components: the presynaptic membrane which is formed by 

the motor neuron axon terminals, the synaptic cleft or synaptic basal lamina which 

consists of extracellular matrix and the post synaptic membrane formed by the 

muscle fibre membrane (Figure 5.1). In vertebrates, a mature NMJ has a pretzel-like 

appearance where the post-synaptic membrane of the muscle fibre invaginates into 

junctional folds. Within the pre-synaptic membrane, synaptic vesicles release 

neurotransmitters that bind to receptors that are highly expressed on the post-

synaptic membranes. These neurotransmitters are small molecules, which differ 

according to species. For example, in Caenorhabditis elegans there are two types of 

NMJs: one is excitatory where acetylcholine (ACh) causes muscle contraction, and 

the other is inhibitory where gamma-aminobutyric acid (GABA) causes muscle 

relaxation (Wu et al., 2010). Acetylcholine and glutamate are the excitatory 

neurotransmitters resulting in muscular contractions in vertebrates and Drosophila, 

respectively (Wu et al., 2010). Another essential component of the NMJ are the 

terminal Schwann cells, which regulate the stability and remodelling of 

neuromuscular synapses (Kang et al., 2003)(Figure 5.1).  
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Figure 5.1. The components of the neuromuscular junction (NMJ). A motor 
neuron terminal synapsing with a muscle fibre. Terminal schwann cells play a role 
in the stabilty and remodelling of the NMJ. (Adapted from Moloney et al (Moloney 
et al., 2014)). 

 
 
 

5.1.2 Signalling pathways in NMJ development and maturation 

Development of the neuromuscular junction starts as early as embryonic day 13 

(E13) in mice and continues up to the first two weeks of postnatal life (Slater, Wu et 

al., 2010). Analysis of NMJ development and maturation has shed light into 

pathogenic mechanisms that may be involved in the breakdown of neuromuscular 

synapses. Several lines of evidence suggest that the PI3K/Akt signalling pathway 

plays an essential role in NMJ development and maturation. PI3K was found to be 

highly expressed in post-synaptic membranes of skeletal muscles (Nizhynska et al., 

2007) and increased expression is essential for synapse formation and stability. 

During the development of the NMJ, the clustering of acetylcholine receptors 

(AChR) on muscle fibres is an essential step regulated by agrin, an extracellular 
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protein produced and secreted by lower motor nerve endings into the synaptic cleft 

and binds to its receptors (MUSK) on the post-synaptic membrane (Schmidt et al., 

2012). Studies in adult and cultured myotubes showed that agrin binds to receptors 

on the post-synaptic membrane activates the PI3K signalling cascade, resulting in 

inactivation of GSK3-β leading to the assembly of myotubes and clustering of 

AChR (Schmidt et al., 2012). Another study showed that blocking PI3K leads to 

inhibition of agrin-induced AChR aggregation in cultured myotubes (Nizhynska et 

al., 2007). In addition, the generation of PIP3 leads to activation of the 

Rho/GTPases, which also mediate the actions of agrin (Nizhynska et al., 2007). 

Furthermore, neurotrophins are important factors for synaptic development and 

plasticity and they mediate their actions via activation of Akt and its downstream 

effectors (Je et al., 2005). Studies in mouse models of Duchenne muscular 

dystrophy (mdx mouse) have reported that increased expression of Akt regulates the 

expression of glycoproteins that are essential for the stability of skeletal muscle 

post-synaptic membranes (Kim et al., 2011).  

 

Activation of Akt plays an essential role in muscle hypertrophy (Glass, 2003). In 

fact, dephosphorylation of Akt was found in various diseases causing muscle 

atrophy (Sandri et al., 2004). In the context of ALS, mutant SOD1G93A is associated 

with reduced expression of phosphorylated Akt and its downstream effectors 

(Dobrowolny et al., 2011). Since PTEN inhibition is associated with axonal 

regeneration of motor neurons (Ning et al., 2010), it is plausible that activation of 

the PI3K/Akt signalling pathway via PTEN silencing could be a novel therapeutic 

strategy to prevent NMJ degeneration in neuromuscular diseases such as ALS and 

SMA. To the best of our knowledge, our current study is the first to report the effect 

of PTEN silencing on neuromuscular junctions in experimental models of ALS.  
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5.1.3 ALS is a distal axonopathy 

Historically, it was believed that ALS is a disease of the motor neuron; however, 

early studies in human muscle tissue showed that neuromuscular synapses are 

affected in ALS (Tsujihata et al., 1984). It remains a matter of debate, which starts 

first, motor neuron death or NMJ degeneration. It was only after the generation of 

transgenic models that researchers were able to study the progression of 

neuromuscular damage in ALS. A large body of evidence suggests that ALS is a 

distal axonopathy where neuromuscular junction dysfunction occurs early prior to 

the onset of symptoms. Previous electrophysiological studies by Kennel et al. have 

reported loss of motor units in SOD1G93A mice at 47 days (Kennel et al., 1996). 

Consistent with these data, progressive thinning of fast-fatigable motor neuron 

axons were detected in mouse models of ALS at P30-P40 (Frey et al., 2000). Later 

studies by Fisher et al. demonstrated significant denervation of synapses at 47 days 

in SOD1G93A mice, long before motor neuron death and manifestation of clinical 

symptoms, which were detected after 80 days (Fischer et al., 2004). Moreover, 

Fisher et al. published the first pathological report of distal axonopathy in a patient 

with ALS; they described denervation of muscles where the connected motor 

neurons were unaffected (Fischer et al., 2004). Further evidence comes from studies 

that demonstrated that prolonging motor neuron survival alone does not increase the 

overall survival of transgenic SOD1 models (Kostic et al., 1997, Gould et al., 2006). 

These findings and data from other studies suggest that both functional and 

morphological changes in motor axons start distally and progress proximally early 

on the disease (Schaefer et al., 2005). The evidence from these studies led to the 

“dying –back” theory, which is now widely accepted as a cause for motor neuron 

death not only in ALS but also in other motor neuron disorders. For example, 

pathological changes in NMJs were found in SMA (Murray et al., 2010), 

progressive motoneuropathy (pmn) and the motor neuron degeneration mouse 

models (Ferri et al., 2003). Dog models of hereditary MND also show 
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presymptomatic involvement of NMJs (Rich et al., 2002). Similarly early disruption 

of neuromuscular synapses was reported in C. elegans (Wang et al., 2009) and 

Drosophila (Chai et al., 2008) models of familial ALS. What remain unclear are the 

pathogenic mechanisms of the selective vulnerability of NMJs in motor neuron 

disorders. Hence, there is a need for further studies to unravel the molecular changes 

that render neuromuscular synapses an early target for motor neuron diseases.  

 

5.1.4 Analysis of NMJ morphology 

To better understand the molecular and pathological changes that affect NMJs in 

ALS, rodent models provide an invaluable tool for detailed analysis of NMJs at 

different stages of the disease. In addition they allow candidate target molecules to 

be tested for potential use as therapeutic treatments for ALS. There are three types 

of motor neurons that supply the skeletal muscles, namely: fast fatigable (FF), fast 

resistant (FR) and slow (S) fibres. In both human and rodent models of ALS, the 

fast-fatigable fibres in the hind limb muscles are one of the earliest muscle groups to 

be affected (Marcuzzo et al., 2011). The gastrocnemius (GA) muscle is a large 

hindlimb muscle, which is easily accessible and is commonly used for studying 

NMJ morphology. However, the thickness of the muscle allows poor penetration of 

antibodies and it is difficult to mount for microscopy. The muscles will need to be 

sectioned for better staining and mounting and this would require a longer time for 

muscle preparation and may lead to disruption of the NMJ architecture causing 

artefacts that may affect the data interpretation (Sleigh et al., 2014). The deep 

lumbrical muscles are four small thin muscles found between the digits of the hind 

limbs that originate from the flexor digitorum longus (FDL). They could be easily 

dissected and whole mounted without the need for sectioning, and their small size 

allows better antibody absorption and better quality immunofluorescence staining 

allowing a more accurate analysis of NMJ morphology (Sleigh et al., 2014). 



                                                      190 

Similarly the flexor digitorum brevis (FDB) could also be dissected and whole 

mounted and are commonly used for analysis of NMJs. 

 

5.2 Aims of study 

The aim of this study is to investigate the effect of PTEN knockdown on 

neuromuscular degeneration in transgenic SOD1G93A mouse models. It was 

hypothesised that PTEN knockdown could prevent neuromuscular degeneration in 

the early pre-symptomatic stage. We propose that intramuscular (i.m) administration 

of AAV vectors expressing PTEN-siRNA might have the additional advantage of 

axonal retrograde transport leading to PTEN silencing in motor neurons, which may 

ultimately prevent motor neuron death and promote motor axon regeneration.  

 

To achieve PTEN knockdown two viral vectors, AAV6 and scAAV9 were used to 

deliver siRNA to specifically deplete the expression of PTEN mRNA and ultimately 

reduce the level of PTEN protein in the transduced muscles (si-PTEN). In both 

studies the vectors were used to express scrambled PTEN siRNA (ssi-PTEN) that 

was used as a control vector. The vectors also express GFP (green fluorescent 

protein) as a reporter gene, which was used to assess transduction efficiency. In a 

pilot study, AAV6-based vectors were injected directly into the foot muscles of 

transgenic SOD1G93A mice, whereas in a separate group of transgenic mice AAV9 

vectors were injected into the GA and tibialis anterior (TA) muscles. The mice 

received i.m injections of the viral vectors at pre-symptomatic stage (P26). Animals 

were culled and muscles tissues harvested for NMJ analysis at P100 when mice 

exhibit significant motor neuron loss and NMJ degeneration (Fischer et al., 2004). 

 

 



                                                      191 

  

5.3 RESULTS 

 

5.3.1 The morphology of NMJs in SOD1G93A mice  

The pathological changes affecting the NMJs of mutant SOD1G93A mice were 

studied using whole mounts of the tibialis anterior (TA), flexor digitorum brevis 

(FDB) and lumbrical muscles. The muscles were immunostained with anti-

neurofilament  (NF, 2H3, red) and anti-synaptic vesicle 2 (anti-SV2, red), for 

labelling presynaptic axons and nerve terminals. SV2 is a transmembrane 

glycoprotein found in all synaptic vessels (SS, 2000) . Tetramethylrhodamine 

(TRITC)-conjugated alpha-bungarotoxin (BTX, blue), which selectively binds to 

acetylcholine receptors, was used to visualise the post-synaptic motor-endplates 

(Figure 5.2).   

 

Immunofluorescence showed the presence of healthy and denervated NMJs in the 

hind muscles of the transgenic SOD1G93A mice. As shown in Figure 5.2 (A-C), a 

normally innervated NMJ has a pretzel-like structure with close association between 

the motor neuron terminal axons and the muscle fibre post-synaptic membranes (or 

motor end plates). Here the terminal axon overlies the majority (>50%) of the motor 

endplate. In addition, the characteristic features of neuromuscular degeneration were 

observed in all the muscles that were analysed. Unoccupied motor endplates 

(vacant), which have no connection with terminal axons, were seen and are 

considered pathological, indicating denervation of the muscles (Figure 5.2 D-F). 

Partially denervated NMJs were also observed where the terminal axons occupied a 

small area (<50%) of the post-synaptic membrane (Figure 5.2 D-F). In addition, 

abnormal accumulation of neurofilament in the axons, a pathological hallmark of 

sporadic and familial ALS (Al-Chalabi et al., 1999), was detected on the pre-
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synaptic axons (Figure 5.2 G-I). Finally, thinning of terminal axons was also 

observed (Figure 5.2 G-I), another feature of dying back axonopathy in ALS 

(Fischer et al., 2004). GFP expression was seen as a fluorescent green colour in the 

muscles without immunostaining indicating transduction of the muscles with the 

viral vectors (Figure 5.3). Large-scale images were used for the quantification of the 

NMJs (Figure 5.3). 
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Figure 5.2 Representative images showing immunostaining of the NMJs (scale 
bar=25µm). (A-C); (A) A merged image of B and C - an example of a fully 
occupied endplate (unaffected) NMJ, with the axonal terminal (red) overlying the 
majority (more than 50%) of the motor endplate (blue).  (B) Neurofilament and SV2 
staining showing full occupation of the motor endplate.  (C) Bungarotoxin staining 
showing the acetylcholine receptors forming the motor endplate on the muscle fiber. 
(D-F): (D) A merged image of E and F - examples of partially occupied and vacant 
motor endplates. (E) Neurofilament (2H3) and SV2 staining showing partial 
occupation of the motor endplates by the nerve terminal. (F) Bungarotoxin staining 
showing the acetylcholine receptors that makes up the motor endplate. Two 
endplates are contacted but not completely occupied by a nerve terminal these, are 
considered partially occupied. Two endplates, which are not contacted by a nerve 
terminal at all, are considered to be vacant or unoccupied, which is pathological. (G-
H): (G) A merged image of H and I showing axonal thinning and neurofilament 
accumulation (white arrows).  (H) Neurofilament and SV2 staining showing axonal 
thinning in the distal axon. (I) Bungarotoxin labelling of the motor endplate. 
SV2=synaptic vesicle protein 2. 
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Figure 5.3. Representative large-scale images from (A) the right (non-injected) 
and (B) left (injected) lumbrical of transgenic SOD1G93A mice injected with 
AAV6-ssi-PTEN (x20 magnification, scale bars=50µm). The muscles were stained 
with anti-neurofilament (2H3,red), anti-SV2 (red) for labelling the pre-synaptic 
axons and nerve terminals and IR-bungarotoxin (blue) to label the acetylcholine 
receptors on the motor endplate (n=5). GFP expression was observed as a green 
colour in the background, without immunostaining for GFP, indicating transduction 
of the muscle with the viral vector (B). These large-scale images were used for 
quantification of the NMJs. GFP= Green Fluorescent Protein, AAV6-ssi-PTEN= 
adeno associated virus type 6 expressing scrambled si-PTEN, SV2=synaptic vesicle 
protein 2.   

                                       

 

5.3.2 The effect of AAV6-mediated PTEN silencing on the lumbrical 

and FDB muscles of SOD1G93A mice 

To address the question of whether PTEN depletion may protect the NMJs from 

degeneration in SOD1G93A mice, AAV6 was used to deliver scrambled or si-PTEN 

directly into the left foot muscles of the transgenic mice. Age and sex-matched 

transgenic SOD1G93A mice (six mice in each group) were randomly recruited to two 

groups, the control group and treatment group, which received 10µl (1x1010 vector 

genomes (vg) per foot) of AAV6- ssi-PTEN and AAV6-si-PTEN, respectively. Both 

viral vectors expressed GFP as a marker for transduction. All injections were 

A B 

50 µm    

          Right (non-injected) Lumbrical               Left (injected) Lumbrical!
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performed by a blinded investigator (Dr Ke Ning) prior to the onset of symptoms at 

P26. At P100, the mice were sacrificed and the lumbrical and FDB muscles were 

dissected from the left (injected side) and the right (non-injected side) hind limbs. 

The muscles were then whole mounted and immunostained to label the NMJs as 

described above. The motor end plates were quantified and categorised into three 

groups:  a fully occupied end-plate (FO) was defined as a motor end-plate 

completely covered by the pre-synaptic axon terminal labelled with anti-

neurofilament and anti-SV2, a partially occupied end-plate was defined as a motor 

end-plate only partially covered by the axonal nerve terminal (<50%) and a vacant 

(denervated) end-plate was defined as a motor end-plate which has no contact with 

an axonal nerve terminal. For each muscle preparation, a minimum of 100 total 

endplates per mouse was counted randomly. The percentage of FO, vacant and 

partially denervated endplates in each muscle were calculated relative to the total 

number of endplates. Comparisons were made between the control and treatment 

groups and statistical analysis was performed using the Mann Whitney U test as 

shown below. 

 

5.3.2.1 The effect of AAV6-mediated PTEN silencing on the NMJs of 
the lumbrical muscles in SOD1G93A mice 
 

The effect of PTEN inhibition was studied in the lumbrical muscles. If PTEN 

silencing had a neuroprotective effect one would expect an increase in the 

percentage of FO and a decrease in the vacant and partially unoccupied endplates as 

well as attenuation of axonal thinning in the NMJs of mice injected with AAV6-si-

PTEN. Although there was an apparent increase in the percentage of FO end-plates 

of the AAV6-si-PTEN injected (left) lumbrical muscles when compared to the mice 

injected with AAV6-ssi-PTEN (Figure 5.4 A) (AAV6-si-PTEN median=25.6%, 

AAV6-ssi-PTEN median=4.3%), the difference did not reach statistical significance 

(Mann Whitney, U=17, p=0.8939, n=6 per group). Similarly, there was no 
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significant difference in the percentage of FO motor end plates of the non-injected 

(right) lumbricals when the two groups were compared (Mann Whitney, U=17, 

p=0.8939, n=6 per group) (Figure 5.4 B). As shown in Figure 5.4, there is 

considerable variability between animals, which accounts for the overall lack of 

significance between the two groups.  

 

The next question was whether PTEN depletion would reduce the quantity of 

denervated endplates (diseased) in the lumbrical muscles of SOD1G93A mice. Figure 

5.4 C-D shows that treatment with AAV6-si-PTEN had no significant effect on the 

percentage of partially denervated endplates in the injected (Mann Whitney, 

U=15.5, p=0.7381,n=6) and non-injected lumbricals (Mann Whitney, U=12, 

p=0.3874, n=6.). Unfortunately, no significant difference was found in the 

percentage of vacant endplates in either the left (Mann Whitney, U=15.5, p=0.7381, 

n=6) or right lumbricals (Mann Whitney, U=15, p=0.6753, n=6) when the treatment 

and control groups were compared (Figure 5.4 E-F).  
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Figure 5.4 Quantification of NMJs in the lumbrical muscles of transgenic 
SOD1G93A mice following AAV6-si-PTEN and AAV6-ssi-PTEN treatment.. 
Scatter plot graph showing data from mice in control and treatment groups, 
horizontal lines= medians. Comparison between mice injected with AAV6-ssi-
PTEN and AAV6-si-PTEN showed no significant difference in the percentage of 
FO endplates in the (A) injected lumbricals (p =0.8939, Mann Whitney and (B), 
non-injected (p=0.8939, Mann Whitney U test) lumbricals, no significant difference 
in the percentage of PO endplates in the (C) injected lumbricals (p=0.7381, Mann 
Whitney) and (D), non-injected (p=0.3874, Mann Whitney,) lumbricals, no 
significant difference in the percentage of vacant endplates in the (E) injected 
lumbricals (p=0.7381, Mann Whitney) and (F) and non-injected (p=0.6753, Mann 
Whitney ), no significant differences in axonal thinning in the (G) injected 
(p=0.305, Mann Whitney) and (H). non-injected (Mann Whitney, U=17, p=0.898) 
lumbricals. AAV6-ssi-PTEN= adeno-associated virus type 6 expressing scrambled 
si-PTEN, AAV6-si-PTEN=Adeno-associated-virus serotype 6 expressing PTEN si-
RNA, PO=partially occupied, ns= non significant, NMJs=neuromuscular junctions.  
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To exclude the possibility that the sex of mice may account for the variation in the 

results, separate data analysis was performed in females and males. There was more 

variation seen when the NMJs were quantified in males only, and data analysis 

showed no significant differences in the quantity of FO, PO and vacant endplates or 

percentage of axonal thinning (Figure 5.5). In the females, despite less variability in 

the results, there were no significant differences between the mice treated with 

AAV6-si-PTEN and controls (Figure 5.5).  
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 Figure 5.5 Quantification of NMJs in the left lumbrical muscles of male and 
female SOD1G93A mice injected with AAV6-si-PTEN or AAV6-ssi-PTEN. Scatter 
plot graphs showing data from left lumbricals only in both groups, horizontal 
bars=medians. (A) and (B) Quantification of FO NMJs in males (, p=0.6, Mann 
Whitney,) and females (p=0.4, Mann Whitney) showed no significant difference 
between the two groups. (C) and (D) Quantification of PO NMJs in males (p=0.7, 
Mann Whitney) and females (p=0.7, Mann Whitney) showed no significant 
difference between the two groups. (E) and (F) Quantification of vacant NMJs in 
males (p=0.7, Mann Whitney) and females (p=>0.9, Mann Whitney) showed no 
significant difference between the two groups. (G) and (H) Quantification of axonal 
thinning in males (p=0.4, Mann Whitney) and females (p=0.9, Mann Whitney) 
showed no significant difference between the two groups. AAV6-ssi-PTEN= adeno-
associated virus type 6 expressing scrambled si-PTEN, AAV6-si-PTEN=Adeno-
associated-virus type 6 expressing PTEN si-RNA, FO=Fully Occupied, 
PO=partially occupied, ns= non-significant. NMJs=neuromuscular junctions.  
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Overall, the marked variability in the data seen in both groups, particularly in male 

mice, made it difficult to conclude the effect of PTEN knockdown in the lumbricals 

of transgenic mice. However, the data from male and female mice combined (Fig 

5.4B) and female mice alone (Fig. 5.5B) suggested a marginal non-significant FO 

NMJs increase in mice treated with AAV6-si-PTEN, indicating that PTEN silencing 

may have a small neuroprotective effect on the NMJs.              

     

5.3.2.2 The effect of AAV6-mediated PTEN silencing on the NMJs of the 

FDB muscles in SOD1G93A mice 

The effect of PTEN inhibition was then examined on the NMJs of FDB muscles in 

the treatment and control groups. Among the mice treated with AAV6-si-PTEN 

(n=6), only two mice had an increase in the percentage of FO endplates in the left 

FDBs (36.4% and 29.56% respectively, median=1.963) compared to the other mice 

(range 0-2.4%) as shown in Figure 5.6 B. Interestingly, the increase in FO endplates 

was not seen in the non-injected (right) FDBs (5.29% and 13.53% respectively), nor 

in mice injected with the control vector suggesting that this is most likely an effect 

of PTEN inhibition. In addition, one of these mice had a concomitant increase in the 

FO endplates in the lumbricals (54%) suggesting a neuroprotective effect of PTEN 

silencing. The effect of PTEN inhibition observed only in two mice could be 

explained by a variation in transduction of the injected muscles with the viral 

vectors. However, due to these variations, over all there was no significant 

difference in the percentage of FO endplates in the FDBs injected with AAV6-si-

PTEN when compared to the control group (Mann Whitney, U=7, p=0.06, n=6). As 

expected, similar findings were observed in the contralateral leg (Figure 5.6 A).  

 

We next investigated whether PTEN inhibition would attenuate the pathological 

effects of the disease. The quantity of partially denervated endplates was found to be 



                                                      202 

similar in both groups (Figure 5.6 C-D) and the percentage of vacant endplates in 

the right and left FDB showed no significant differences between the treatment and 

control groups (Mann Whitney, U=14, p=0.5, n=6) (Figure 5.6 E-F). In addition, 

PTEN inhibition had no effect on axonal thinning in the injected legs (Mann 

Whitney, U=12, p=0.38, n=6) (Figure 5.6 G-H). The results were also analysed in 

males and females separately and similar to the lumbricals data, there was no 

difference in the NMJ quantification in both groups (data not shown).  
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Figure 5.6 Scatter plot graphs showing quantification of NMJs in the injected 
(left) and uninjected (right) FDB muscles of SOD1G93A mice injected with either 
AAV6-si-PTEN or AAV6-ssi-PTEN. (A) and (B) Percentage of FO NMJs in the 
injected (p=0.06, Mann Whitney) and non-injected (p=0.588, Mann Whitney) FDBs 
showed no significant difference between the two groups. (C) and (D) Percentage of 
PO NMJs in the injected (p=0.733, Mann Whitney) and non-injected (p=0.132, 
Mann Whitney) FDBs showed no significant difference between the two groups. (E) 
and (F) Percentage of vacant NMJs in the injected (p=0.192, Mann Whitney) and 
non-injected (p=0.571, Mann Whitney) FDBs showed no significant difference 
between the two groups. (G) and (H) Percentage of axonal thinning in the injected 
(p=0.387, Mann Whitney) and non-injected (p=0.474, Mann Whitney) and FDBs 
showed no significant difference between the two groups. Horizontal lines=medians.  

 
 
 

Comparisons between the left and right FDBs in the control and treated groups 

showed no significant differences in NMJ quantification. Despite the fact that there 

may be some intravascular spread of the vectors, there was no evidence of vector 

toxicity. In summary, these findings are consistent with the data obtained from the 

lumbrical muscles suggesting a limited neuroprotective effect of PTEN inhibition on 

the NMJs.      

AAV6-s
si-

PTEN

AAV6-s
i-P

TEN
0

20

40

60

80

100

%
 V

ac
an

t N
M

Js

Injected FDB

ns

AAV6-s
si-

PTEN

AAV6-s
i-P

TEN
0

20

40

60

80

100

%
 V

ac
an

t N
M

Js

Uninjected FDB

ns

AAV6-s
si-

PTEN

AAV6-s
i-P

TEN
0

20

40

60

80

100

%
 A

xo
na

l T
hi

nn
in

g

Uninjected FDB

ns

AAV6-s
si-

PTEN

AAV6-s
i-P

TEN
0

20

40

60

80

100

%
 A

xo
na

l T
hi

nn
in

g

Injected FDB

ns

E F 

G H 



                                                      204 

  

5.3.3 The effect of AAV9-mediated PTEN silencing on the NMJs of 

SOD1G93A mice 

In the previous study, the results showed a slight increase in the percentage of 

normally innervated (fully occupied) NMJs, suggesting a limited neuroprotective 

effect of PTEN inhibition; however, the results did not reach statistical significance. 

In addition, we observed poor transduction efficiency of spinal cord motor neurons 

with the AAV6 vector indicating inefficient retrograde transport of the viral vectors 

(Figure 4.4). This has prompted us to use an alternative vector, self-complementary 

AAV9 (scAAV9) to investigate the effects of PTEN depletion on NMJs in vivo . 

 

In this study transgenic SOD1G93A mice were recruited to two groups: the first group 

was treated with intramuscular injection of sc-AAV9-si-PTEN (1x1012 vg/ml), while 

the second group of animals received sc-AAV9-ssi-PTEN using the same route of 

delivery (1x1012 vg/ml). A third group of non-transgenic mice (C57BL/6J) which 

did not receive any treatment was recruited simultaneously and was used as a 

control group.. All mice were age and litter-matched when possible and a 

combination of males and females were used. The mice were injected at the 

presymptomatic stage (P26) and sacrificed at P100, at the onset of symptoms. Due 

to changes in the Home Office regulations, the mice were injected into the 

gastrocnemius and tibialis anterior (TA) muscles rather than the foot muscles. Each 

mouse received 30µl of the vector (total of 3x1010 viral particles for GA and TA 

muscles). We assumed that following transduction of TA and gastrocnemius 

muscles, the viral vector will diffuse into the surrounding muscles in addition to 

systemic spread leading to transduction of neighbouring muscles such as the 

lumbricals. A minimum of 100 plates was counted per mouse for each muscle that 

was analysed. The percentage of fully occupied, partially occupied and vacant 

endplates were quantified relative to the total NMJs counted. Quantification of 
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axonal thinning showed marked variations and was considered inappropriate for 

statistical analysis. 

 

5.3.3.1 The effects of scAAV9-mdiated PTEN silencing on the tibialis 

anterior (TA) muscles in SOD1G93A mice 

The TA muscles from the transgenic and non-transgenic mice were sectioned and 

immunostained for the NMJs as described above. In the SOD1G93A mice, 

pathological features of NMJ degeneration were observed such as the presence of 

vacant endplates, neurofilament accumulation and axonal thinning as well as 

partially innervated NMJs (Figure 5.7). In the non-transgenic group, the vast 

majority of the NMJs were fully innervated as shown in Figure 5.7. Although not 

formally analysed, there were no obvious morphological differences in the NMJs of 

mice injected with scAAV9-si-PTEN and those injected with scAAV9-ssi-PTEN or 

WT mice. 
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Figure. 5.7 NMJs analysis in the TA following scAAV9-si-PTEN treatment. 
Representative images of immunoflourescent staining of NMJs in the right (non-
injected) and left (injected) TA muscles of SOD1G93A mice injected with either 
scAAV9-ssi-PTEN or scAAV9-si-PTEN and their non-injected wild type 
littermates. Merged images (x40 magnification) show SV2 and neurofilament 
staining (red) and motor endplates (blue). In wild type mice the majority of the 
NMJs are FO, whereas in the transgenic mice, PO and vacant NMJs, neurofilament 
accumulation and axonal thinning was observed indicating NMJ degeneration. Scale 
bar=50µm. TG, transgenic, WT, wild type. 

 
 
 

To ascertain whether PTEN inhibition would increase the quantity of healthy and/or 

reduce the quantity of vacant and partially denervated (diseased) motor endplates, 

the NMJs of the TA muscles were quantified in both right and left legs in the three 

groups of mice. Although there was an apparent decrease in the percentage of FO 

NMJs in the right (non-injected) TA muscles of transgenic mice, unexpectedly there 

was no significant difference when they were compared to their wild type littermates 

(Figure 5.8 A-B). In line with these findings, there was no significant difference in 

the percentage of vacant and partially innervated endplates in the non-injected TA 

(Figure 5.8 C-F) suggesting a lack of significant NMJ degeneration. These findings 
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could be attributed to compensatory axonal regeneration (Son and Thompson, 1995, 

Love et al., 2003, Kang et al., 2003). Similarly, in the injected left TA, there were no 

significant differences in the percentage of FO, partially innervated and vacant 

NMJs, between the three groups (Figure 5.8 A-F). In particular there were no 

differences in the NMJ quantification between the transgenic mice injected with the 

control vector and those injected with scAAV9-si-PTEN.   

 

Of interest, two of the transgenic mice injected with scAAV9-si-PTEN showed a 

considerable increase in the FO endplates (100% and 84%) compared to the 

contralateral TA (0% and 27.14% respectively) and a decrease in the vacant (0% 

and 16% respectively) and partially occupied (0% and 0% respectively) endplates. 

These findings suggest that PTEN inhibition may be preventing NMJ degeneration 

in these two SOD1G93A mutant mice. Although these findings could be due to 

chance, the significant pathology found in the non-injected (right) TA of the latter 

mice suggests it is likely to be an effect of PTEN inhibition. It is important to note 

that unexpectedly we found some variations in the NMJ counts within the wild type 

group where one of the mice had 56% vacant endplates in the left TA compared to 

the rest of the group that had none (0%) and another had 100% vacant endplates in 

the right TA. These mice appeared healthy and were asymptomatic. This variability 

could account for the results not reaching statistical significance when the data was 

summarised and analysed.      
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Figure 5.8. Quantification of NMJs in the TA of transgenic SOD1G93A mice 
injected with scAAV9-ssi-PTEN or scAAV9-si-PTEN and their wild-type 
littermates. Scatter plot graphs showing data from individual mice in each group 
and their means. No significant difference was found in the percentage of FO (A 
and B), PO (C and D) and vacant (E and F) endplates when the three groups were 
compared (one-way ANOVA, Tukey’s multiple comparisons, p>0.05, wild-type 
n=5, scAAV9-ssi-PTEN n=6, scAAV9-si-PTEN n=5). Horizontal lines=means.  

 

As shown in Figure 5.9 when the right and left TA were compared in each group 

separately, there were no significant differences in the NMJ quantification. In the 

injected transgenic mice, this may implicate there was no vector-induced toxicity.   
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Figure 5.9 Scatter plot graphs showing comparisons between the right (non-
injected) and left (injected) TA in SOD1G93A mice injected with either AAV9-
ssi-PTEN or AAV9-si-PTEN and wild-type non-injected littermates. No 
significant difference was found in the percentage of FO, PO and vacant endplates 
when the right and left TA were compared in the wild type mice (A), transgenic 
mice injected with scAAV9-ssi-PTEN (B), and transgenic mice injected with 
scAAV9-si-PTEN(C). (One-way ANOVA, Tukey’s multiple comparisons, p>0.05, 
wild-type n=5, scAAV9-ssi-PTEN n=6, scAAV9-si-PTEN n=5) in each group 
separately.  
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5.3.3.2. The effects of AAV9-mdiated PTEN silencing on the NMJs of the 

lumbrical muscles in SOD1G93A mice 

The effect of PTEN inhibition was then explored in the lumbrical muscles of 

transgenic SOD1G93A mice. With intramuscular injections of the TA, one would 

expect some dissemination of the AAV9 viral vectors from the injection site into the 

neighbouring muscles such as the lumbricals (Asokan et al., 2008). Hence it was 

hypothesised that transduction of the lumbrical muscles with sc-AAV-9-si-PTEN 

would result in PTEN knockdown and prevention of neurodegeneration of NMJs. 

The percentage of FO, vacant and partially occupied endplates in the lumbricals of 

the right and left leg was quantified and the tree groups were compared. Similar to 

the findings in the TA muscles, the majority of NMJs in the wild-type mice were 

normally innervated whereas features of denervation were observed in the 

transgenic mice (Figure 5.10). There were no obvious morphological differences in 

the NMJs of mice injected with the control vector and those injected with scAAV9-

si-PTEN (Figure 5.10).  
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 Figure. 5.10.  NMJs of the right and left lumbricals. Representative images 
showing immunofluorescence analysis of NMJs in the right (non-injected) and left 
(injected) lumbrical muscles of SOD1G93A mice injected with either scAAV9-ssi-
PTEN or scAAV9-si-PTEN and their non-injected wild type littermates. Merged 
images (x40 magnification) show SV2 and neurofilament staining (red) and motor 
endplates (blue). Scale bar=50µm. TA, tibialis anterior, WT, wild-type. 

 

 

 

When the percentage of FO (healthy) endplates in the right lumbricals was 

compared between three groups there was no significant difference between the non-

transgenic group and the transgenic groups treated with scrambled si-PTEN (Figure 

5.11 A). This is consistent with the results obtained from the TA, suggesting no 

significant degeneration of the NMJs in this group of transgenic mice. On the other 

hand, there was a significant reduction in FO endplates in the si-PTEN group when 

compared to the non-transgenic mice and to those transgenic mice injected with the 

control vector (Figure 5.11 A). Consistent with these findings, there was a parallel 

significant increase in the vacant endplates in the latter group suggesting significant 

NMJ degeneration (Figure 5.11 E and F). Analysis of FO endplates in the left 
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lumbricals showed no significant difference between the three groups (Figure 5.11 

B), indicating that PTEN inhibition did not result in a significant increase in the 

quantity of normal NMJs in the injected lumbricals. Quantification of partially 

occupied endplates showed large variations in the left lumbricals of the wild-type 

mice (Figure 5.11 C and D) and there was no significant difference in the percentage 

of partially innervated motor end plates in the right and left lumbricals between the 

three groups (Figure 5.11 C and D).  

 

In the right lumbricals, there was no significant difference in the percentage of 

vacant endplates between the non-transgenic mice and the transgenic group injected 

with the control vector (scAAV9-ssi-PTEN), which provides more evidence of 

absence of significant pathology in this cohort of mice (Figure 5.11 E). However, 

there was a significant increase in the quantity of vacant endplates in the left 

lumbricals (injected side) in the scAAV9-ssi-PTEN group (Figure 5.11 F). As 

shown in Figure 5.11 E and F, transgenic mice treated with sc-AAV9-si-PTEN had 

a significant increase in the percentage of vacant endplates in the injected and non-

injected lumbricals. Together these findings suggest NMJ degeneration secondary to 

vector toxicity. Systemic spread of the scAAV9-si-PTEN vector possibly resulted in 

adverse effects on the contralateral muscles, and the observations of an increase in 

vacant endplates indicate that the PTEN knockdown vector is more toxic than the 

control vector. Comparisons of the same parameters between the injected and non-

injected lumbricals in each group separately showed no significant differences 

(Figure 5.12 A and F). 

 

It is worth mentioning, that two of the transgenic mice injected with scAAV9-si-

PTEN showed a considerable reduction in the percentage of vacant plates associated 

with an increased percentage of FO endplates in the left lumbricals. As mentioned 
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above, they showed similar findings in the left TA muscles suggesting that PTEN 

inhibition in these mice had a neuroprotective role.                 

                              

   

 

                          

Figure 5.11. Quantification of NMJs in the lumbrical muscles of transgenic 
SOD1G93A mice injected with scAAV9-ssi-PTEN or scAAV9-si-PTEN and their 
wild-type littermates. Scatter plot graphs showing data from individual mice in 
each group, horizontal lines= means. No significant difference was found in the 
percentage of FO (A and B), PO (C and D) and vacant (E and F) endplates when 
the three groups were compared (one-way ANOVA, Tukey’s multiple comparisons, 
p>0.05, wild-type n=5, scAAV9-ssi-PTEN n=6, scAAV9-si-PTEN n=5).  
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Figure 5.12. Scatter plot graphs showing comparisons between the right and 
left lumbricals in SOD1G93A mice treated with either AAV6-ssi-PTEN or AAV6-
si-PTEN and wild-type non-injected littermates. No significant difference was 
found in the percentage of FO, PO and vacant endplates when the right and left 
lumbricals were compared in the wild type mice (A), transgenic mice injected with 
scAAV9-ssi-PTEN (B), and transgenic mice injected with scAAV9-si-PTEN(C) 
(one-way ANOVA, Tukey’s multiple comparisons, p>0.05, wild-type n=5, 
scAAV9-ssi-PTEN n=6, scAAV9-si-PTEN n=5) in each group separately.  

 

 

In summary, the data from this study using the AAV9 vector showed less variability 

than the study achieved using AAV6 vector. Unexpectedly, the transgenic mice did 

not have significant pathological changes when the NMJs were analysed. The 

observations showed that the scAAV9 vector was toxic to the lumbrical muscles 
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making it difficult to assess whether PTEN inhibition can rescue NMJ degeneration 

in SOD1G93A mice.  
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5.4 Discussion 

To date, this is the first report describing the effect of AAV-mediated PTEN 

silencing on the NMJs in SOD1G93A transgenic mice. In the first study, the results 

showed a trend of increased fully occupied NMJs in mice injected with AAV6-si-

PTEN, suggesting a potential neuroprotective effect of PTEN silencing. Overall 

there was no significant difference in the NMJ quantification between mice injected 

with the control vector and those injected with AAV6-si-PTEN. In addition, the 

previous chapter demonstrated that despite efficient transduction of muscles with 

AAV6, and effective PTEN knockdown achieved with AAV6-si-PTEN, there was 

poor retrograde transport of the vectors. These findings prompted the use of an 

alternative vector, AAV9, which has a high tropism for skeletal muscles, to test our 

hypothesis. In the subsequent study, unexpectedly we found no significant NMJ 

degeneration in the transgenic SOD1G93A mice. In addition there was evidence of 

AAV9 vector-related toxicity. Unfortunately it was difficult to conclude whether 

PTEN inhibition plays a role in preventing NMJ degeneration in SOD1G93A mouse 

models.  

 

Age and litter-matched congenic SOD1G93A mice were randomly assigned to the 

experimental groups. In the second study, C57BL/6J wild-type mice were used as a 

control group. Despite no major difference between males and females in the strain 

used for this project {Wooley, 2005 #287;Heiman-Patterson, 2005 #286}, it was 

essential to study this therapeutic strategy in each gender and hence a combination 

of males and females were chosen.  

 

The majority of studies described the progression of disease in the mutant mice with 

a mixed background where NMJ denervation was reported to occur around P45-P47 
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(Fischer et al., 2004, Frey et al., 2000, Kennel et al., 1996) and more recently others 

showed it occurs as early as P25 (Vinsant et al., 2013). In contrast, the congenic 

SOD1G93A mice are known to have a delayed onset of disease and a longer survival 

compared to the mutant mice in a hybrid background (Veldink et al., 2003). 

Hayworth et al reported that in the congenic strain, muscle atrophy develops at P55 

and measurement of muscle girth provides indirect evidence of denervation 

(Hayworth and Gonzalez-Lima, 2009). As this is a proof-of principle study, the 

timing of injections at P26 was chosen before significant NMJ occurs and the mice 

were sacrificed at P100 when they start to develop symptoms (Hayworth and 

Gonzalez-Lima, 2009).  

 

5.4.1 The effect of AAV6-mediated PTEN silencing on the NMJs of 

SOD1G93A mice 

To achieve stable PTEN knock down in the hind limb muscles, the AAV6 vector 

was chosen to deliver PTEN siRNA due to its known efficiency of transducing 

skeletal muscles (Towne et al., 2010, Towne et al., 2011). In order to eliminate any 

effects that may occur secondary to vector administration, another AAV6 vector 

expressing a scrambled sequence of PTEN siRNA was used as a control vector.  

 

Consistent with previous studies, the pathological features of NMJ degeneration 

were observed in the FDB and lumbrical muscles (Vinsant et al., 2013). Axonal 

thinning, a characteristic feature of dying- back axonopathy (Frey et al., 2000), was 

detected in some of the terminal branches of motor neuron axons. It is considered a 

sign of synaptic weakening and is known to occur in the presymptomatic stage of 

SOD1 mice (Frey et al., 2000). Staining with anti-neurofilament antibodies showed 

the presence of abnormal accumulation of neurofilament in the motor axons, another 

pathological hallmark of sporadic and familial ALS (Al-Chalabi et al., 1999). 
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Furthermore, evidence of complete denervation was observed with loss of contact 

between the axons and post-synaptic motor endplates and partial detachment of 

axons from the synapses was also seen in both muscles. 

 

As expected, analysis of the FDB muscles showed that the majority of the NMJs 

were either partially innervated or denervated (vacant endplates) indicating on-going 

degeneration of the NMJs. However there was variation in the percentage of 

denervated endplates between the mice in each group suggesting that not all the 

mice had significant degeneration by the time they were sacrificed at P100. Since 

this strain of transgenic mice are known to have a uniform genetic background, 

changes in the transgene copy number may account for the variability observed in 

the muscle denervation.  

 

Interestingly, one female and one male transgenic mice injected with AAV6-si-

PTEN showed a considerable increase in the percentage of fully occupied endplates 

(29.56% and 36.43% respectively) compared to the other mice receiving the same 

treatment (0-2.4%). This was associated with a concomitant reduction in vacant 

endplates. Similar findings were found in the lumbrical muscles of the latter male 

mouse. On the other hand, these mice showed no apparent reduction in axonal 

thinning compared to the mice injected with the control vector. While these findings 

could be due to chance alone, PTEN inhibition is known to enhance axonal growth 

and regeneration. Hence, it could be hypothesised that reducing the expression of 

muscle PTEN may enhance the terminal branches to regain their connections with 

the motor endplates leading to a delayed onset of NMJ degeneration. It is also 

possible that the extent of PTEN inhibition in the injected muscles may be 

insufficient to prevent axonal thinning and synaptic weakening. The effect of PTEN 

inhibition seen in only two mice could be due to factors other than gender since 

analysis of the data in either sex separately showed no significant differences in the 
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quantification of the NMJs. These findings agree with previous studies which 

demonstrated no major differences between males and female mice in a congenic 

C57BL/6J background (Heiman-Patterson et al., 2005, Wooley et al., 2005), in 

contrast to mice in a hybrid background (C57BL/6JxSJL/J) where gender influences 

disease onset and survival (Veldink et al., 2003). However, subsequent studies by 

Hayworth et al have shown a delayed onset of symptoms in congenic SOD1G93A 

female mice (Hayworth and Gonzalez-Lima, 2009). A most likely explanation is 

variations in transduction of the injected muscles. With intramuscular injections, 

local diffusion of the vectors into the neighbouring muscles could vary from mouse 

to mouse and this may lead to variations in the extent of muscle transduction and 

PTEN inhibition. Indeed, binding of the AAV vectors to receptors on muscle cells 

may restrict their dissemination from the site of injections (Asokan et al., 2008). 

There was no evidence of vector related toxicity since comparison of the muscles 

injected with either AAV6-ssi or AAV6-si-PTEN with the contralateral muscles 

showed no significant differences in the NMJ quantification. Although silencing of 

the transgene may occur with time, it is unlikely to explain the lack of effect as 

AAV vectors are known for their stable and sustained gene expression (at least 8 

months) after i.m injections (Kessler et al., 1996, Herzog et al., 1997). Another 

plausible explanation is that prolonged reduction in PTEN expression may activate 

negative feedback mechanisms that may counter act its neuroprotective effect (Birle 

et al., 2002, Georgescu, 2010).  

 

Analysis of the NMJs in the lumbrical muscles showed an increased percentage of 

fully occupied endplates in one mouse (41.98%) as mentioned above. Otherwise 

there were large variations in the data and no significant differences were detected 

between the two groups of mice.  
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The results of this study hint towards a possible neuroprotective effect of PTEN 

silencing on the NMJs of SOD1G93A mouse models. However, the variability of the 

data and the lack of significant results make it difficult to rule out that the effect of 

PTEN silencing observed could be due to chance alone. As this study was not 

conclusive, this was a motivation to conduct a similar study using a different vector 

(scAAV9) with high tropism for skeletal muscles (Katwal et al., 2013, Bostick et al., 

2007, Inagaki et al., 2006, Pacak et al., 2006) further study the effects of PTEN 

silencing on the NMJs.  

 

5.4.2 The effect of scAAV9-mediated PTEN silencing on the NMJs of 

transgenic SOD1G93A mice 

The AAV9 vector effectively transduces skeletal muscles and preferentially 

transduces fast-twitch fibres (Bostick et al., 2007). Hence in the present study it was 

utilised for the expression of PTEN shRNA (scAAV9-si-PTEN) and a scrambled 

sequence of PTEN siRNA (scAAV9-ssi-PTEN) into the TA and gastrocnemius   

muscles. The latter vector was used as a control vector to eliminate any effects that 

may occur secondary to vector administration.  

 

In the wild-type mice, immunostaining of the TA and lumbrical muscles as expected 

showed that the majority of the NMJs were normally innervated (fully occupied) 

whereas denervated and partially denervated endplates were rarely seen. 

Surprisingly when the NMJs were quantified an increased percentage of denervated 

endplates was observed in one of the TA muscles of two wild-type mice, however 

no evidence of denervation was found in the ipsilateral lumbricals nor the 

contralateral TA or lumbricals. It is possible that these mice could have sustained a 

minor injury to the hind limbs causing this focal denervation although all mice 

appeared healthy and no evidence of trauma was seen when they were sacrificed. 
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While denervated endplates were more obvious in all the muscles analysed in the 

transgenic mice, unexpectedly quantification showed no significant differences 

when they were compared to their wild-type littermates. The lack of significant 

pathology seen in this cohort of transgenic mice could be explained by 

compensatory axonal regeneration, a process that has been observed after partial 

denervation in transgenic SOD1G93A mice (Son and Thompson, 1995, Kang et al., 

2003, Love et al., 2003, Lubischer and Thompson, 1999). Here, axons sprouting 

from intact motor neurons form new synapses with denervated motor endplates and 

can lead to a delayed phenotype. This compensatory mechanism makes it difficult to 

detect significant NMJ degeneration, however with time the disease pathogenesis 

overwhelms the regenerative capacity of neurons and clinical symptoms start to 

manifest (Hayworth and Gonzalez-Lima, 2009). In support of this hypothesis is the 

finding of grouped atrophy found in the GA muscle indicating the presence of 

denervation. Another possible explanation is an undetected drop in the copy number 

of the mutant SOD1G93A transgene in this group of mice. Previous studies 

demonstrated that with time, meiotic rearrangement of the mutant gene could lead to 

a reduction in the transgene copy number, which was associated with prolonged 

survival in transgenic SOD1 mouse models (Alexander et al., 2004).  

 

A significant increase in the quantity of denervated (vacant) NMJs was detected in 

the left lumbricals of the transgenic mice injected with scAAV9-ssi-PTEN as well as 

those injected with scAAV9-si-PTEN. It could be argued that the NMJ degeneration 

is an effect of SOD1G93A mutations, however the lack of significant degeneration in 

the contralateral lumbricals of mice injected with scAAV9-ssi-PTEN suggest that 

this is most likely secondary to vector toxicity. On the other hand, mice injected 

with scAAV9-si-PTEN had significant denervation in the contralateral (right) 

lumbricals, which may be due to viral-induced toxicity secondary to systemic spread 

of the vector. It is interesting that vector toxicity was more evident in the lumbricals 



                                                      222 

rather than the TA muscles, which were directly injected with the vector. This could 

be due to a combination of factors such as the smaller size of the lumbricals and the 

efficient transduction of skeletal muscles via intravascular AAV9 infection (Bostick 

et al., 2007) leading to high levels of transduction and vector induced toxicity. 

 

Unfortunately due to the absence of significant pathology in the muscles of 

transgenic mice in addition to vector toxicity, it was a challenge to assess any effects 

of scAAV9-mediated PTEN inhibition on the NMJs of SOD1G93A mice.  
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6. Discussion and Conclusions 
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6.1 Project outcomes 

 
Amyotrophic lateral sclerosis is a fatal disease characterised by progressive loss of 

motor neurons in the brain and spinal cord. To date, there is no cure for ALS and 

much of the research is focused on identifying the molecular pathways involved 

with motor neuron injury in an attempt to find novel therapeutic strategies. Although 

the exact underlying mechanism remains unclear, the evidence shows that a 

complex interplay between multiple pathogenic mechanisms ultimately result in 

motor neuron death. Altered signalling of the survival PI3K/Akt pathway has been 

shown in ALS post-mortem tissue (Wagey et al., 1998, Leger et al., 2006, Kirby et 

al., 2011a) as well as in animal models (Warita et al., 2001, Nagano et al., 2002, 

Carunchio et al., 2010) suggesting a role in the pathophysiology of the disease. The 

tumour suppressor gene, PTEN, is a crucial negative regulator of the PI3K/Akt 

pathway, which has a crucial role in CNS pathophysiology, and its downregulation 

promotes neuronal survival and axonal regeneration. Indeed, previous studies in our 

laboratories showed that targeting of PTEN prolongs the survival of a mouse model 

of the childhood neuromuscular disease, SMA (Little et al., 2015). Since ALS and 

SMA are both characterised by selective motor neuron vulnerability, it was thus 

hypothesised that PTEN targeting may have a neuroprotective effect in ALS.  

 

Purified motor neuron cultures from transgenic SOD1G93A embryos and their non-

transgenic littermates were used as an in vitro model to study the effects of PTEN 

silencing in ALS. In transgenic motor neurons, PTEN was found to be 

predominantly expressed in the cytoplasm and growth cones, in a similar 

distribution to that in non-transgenic motor neurons suggesting that G93A mutations 

in the SOD1 gene do not alter the distribution of PTEN at the embryonic stage.  
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To ascertain the potential neuroprotective effects of PTEN silencing in transgenic 

motor neurons, siRNA against PTEN were delivered to purified transgenic 

SOD1G93A and non-transgenic motor neurons using lentiviral vectors. This approach 

achieved a statistically significant reduction in PTEN levels in transgenic and non-

transgenic motor neurons, which was associated with a concomitant significant 

increase in the phosphorylated form of the anti-apoptotic protein, Akt (active form) 

and the pro-apoptotic BAD (inactive form) suggesting activation of the PI3K/Akt 

pathway. In addition PTEN silencing was associated with a significant increase in 

motor neuron survival, which is most likely mediated by activation of the survival 

PI3K/Akt signalling cascade. Furthermore, no significant differences in the 

expression of PTEN and its downstream effectors, pAkt and pBAD, were found 

between transgenic and non-transgenic motor neurons, suggesting that SOD1G93A 

mutations do not alter this survival pathway at the embryonic stage. However, 

earlier studies demonstrated alterations of the PI3K/Akt pathway at the 

presymptomatic and end-stage of ALS in humans as well as in transgenic models. 

For example, Kirby et al showed a reduced expression of the PTEN gene and 

evidence of activation of this survival pathway in surviving motor neurons at the 

late stages of the disease suggesting that activation of the survival pathway occurs as 

a compensatory mechanism to motor neuron injury (Kirby et al., 2011a). One could 

postulate that with progression of the disease, this adaptive mechanism becomes 

overwhelmed by the multiple pathogenic mechanisms and ultimately fails to prevent 

motor neuronal loss. Therefore, targeting PTEN in spinal motor neurons may prove 

to be an effective approach to prevent motor neuron degeneration. On the other 

hand, others have shown loss of Akt in spinal cord motor neurons in 

presymptomatic SOD1G93A mice suggesting that inhibition of the PI3K/Akt pathway 

may contribute to motor neuron death (Dewil et al., 2007a). Although the 

discrepancies between the studies may be attributed to differences in underlying 

pathogenic mechanisms of the disease in murine models and humans, the conflicting 
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results suggests tight regulation of the PI3K/Akt signalling cascade in motor 

neurons. In addition, immunocytochemistry showed increased expression of 

phospho-p70S6K in association with reduced PTEN levels, indicating mTOR 

activation. Due to the limited amount of protein extracted from purified motor 

neurons in culture, it was not possible to quantify the expression of phospho-

p70S6K and other anti-apoptotic components of the signalling cascade such as IKK. 

Furthermore, PTEN depletion did not alter the expression of pERK 1/2  in 

transgenic and non-transgenic motor neurons. Studies have shown a cross-talk 

between PTEN and the MAPK/ERK pathway (Gu et al., 1999, Chiu et al., 2005); 

nevertheless, Ning et al also showed that with PTEN suppression, the expression of 

pERK1/2 was unchanged in purified WT motor neurons (Ning et al., 2010), 

implicating that the effects of PTEN depletion on ERK may be tissue-specific. 

 

Overall, the in vitro studies demonstrated that lentiviral-mediated PTEN silencing 

activates the pro-survival PI3K/Akt signalling pathway in embryonic SOD1G93A as 

well as non-transgenic motor neurons and significantly promotes their survival.. 

These findings provide evidence that targeting PTEN may be a novel therapeutic 

strategy to prevent motor neuron degeneration in ALS.  

 

To validate the potential neuroprotective effect of PTEN silencing in vivo, wild-type 

(WT) mice were used to determine the efficiency of adeno-associated virus serotype 

6 (AAV6) and 9 (AAV9), to deliver PTEN siRNA to spinal cord motor neurons 

after intramuscular administration. Analysis of the GA muscles injected with either 

AAV6-si-PTEN or the control vector AAV6-ssi-PTEN, showed strong GFP 

expression and a significant knockdown of PTEN expression was observed in 

muscles injected with AAV6-si-PTEN. PTEN inhibition was associated with a 

significant increase in pAkt levels, suggesting activation of the PI3K/Akt pathway. 

The robust muscle transduction by the viral vectors is consistent with other studies 
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that showed AAV6 has a high tropism for skeletal muscles (Blankinship et al., 2004, 

Towne et al., 2008, Towne et al., 2011). However, in contrast to reports that 

demonstrated efficient transduction of spinal motor neurons (~40% transduced 

motor neurons) after i.m injections of AAV6 in neonatal mice (Towne et al., 2011, 

Ning et al., 2010), the number of transduced motor neurons in the lumbar spinal 

cord was very low (<10 per mouse) in this study, indicating low efficiency of 

retrograde transport. Similarly, other studies in our laboratories showed poor 

retrograde axonal transport of AAV6 in young adult SOD1G93A mice (<5% 

transduced spinal motor neurons) (Nanou et al., 2013). Together these findings 

suggest that AAV6 does not deliver transgenes efficiently via retrograde axonal 

transport to spinal cord motor neurons in adult mice. Moreover, there was no 

significant reduction in PTEN staining in motor neurons transduced with AAV6-si-

PTEN compared to the non-transduced cells, which is most likely related to a low 

number of vector particles expressing PTEN siRNA targeting the motor neurons. 

Nevertheless, these data validated the efficiency of AAV6-mediated PTEN silencing 

in skeletal muscles and hence these vectors were used for a pilot study, which 

investigated the effect of PTEN silencing on NMJs in transgenic SOD1G93A mice.  

 

Accumulating evidence demonstrates that AAV9 transduces skeletal muscles and 

neurons with high efficiency, and studies by Benkhalifa-Ziyatt showed robust 

retrograde transport of AAV9 in WT and SMA mouse models (Benkhelifa-Ziyyat et 

al., 2013). Based on this evidence, AAV9-based vectors were generated to deliver 

PTEN siRNA and scrambled-si-PTEN as a control vector. Like AAV6, the AAV9 

vectors were tested in WT mice and compared to mice treated with PBS. The mice 

that received i.m injections of scAAV9-si-PTEN showed a significant reduction of 

PTEN expression and activation of the PI3K/Akt pathway in the injected GA 

muscles when compared to those treated with the control vector or PBS. Similar to 

AAV6, transduction of spinal cord motor neuron was inefficient and occasional 
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GFP-positive-astrocytes were seen indicating vascular spread of the vectors. In 

support of these findings, GFP expression was also detected in the contralateral 

muscles. In line with these results, Foust et al observed inefficient transduction of 

spinal motor neurons after i.m injections in adult WT mice (Foust et al., 2009).  

 

The efficiency of AAV9-mediated PTEN silencing was then explored in the 

transgenic SOD1G93A mouse model. The transgenic mice received a higher viral load 

to maximise the transduction efficiency (3x1010 vg per injected muscle). There was 

no significant effect on the survival of lumber spinal cord motor neurons in mice 

treated with scAAV9-si-PTEN. The lack of effect seen was attributed to either 

inefficient motor neuron transduction or to the fact that that PTEN inhibition alone 

does not enhance motor neuron survival in vivo. Analysis of the injected muscle 

showed expression of GFP and reduced PTEN levels associated with activation of 

PI3K/Akt/mTOR pathway in muscles injected with scAAV9-si-PTEN. However, 

examination of the lumbar spinal cord using immunohistochemistry showed very 

low transduction of motor neurons indicating poor retrograde transport of AAV9, 

which may explain the lack of effect observed on motor neuron survival. In addition, 

there was no clear difference in PTEN staining in the transduced cells when 

compared to the non-transduced motor neurons, which can be due to a low 

concentration of the vectors targeting the motor neurons. Furthermore, GFP-positive 

astrocytes were observed in the spinal cord suggesting vascular spread of the 

vectors. While the non-autonomous pathogenic mechanisms in ALS may require a 

global gene delivery for therapeutic strategies, transduction of astrocytes may be an 

undesirable effect since PTEN suppression causes astrocyte proliferation in vivo and 

thus may lead to the development of brain tumours (Furnari et al., 1997, Fraser et 

al., 2004, Xu et al., 2014). Further studies are needed to elucidate the safety of 

PTEN silencing in non-neuronal cells in animal models of ALS.  
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Taken together these results showed that both AAV6 and AAV9-based vectors were 

not effectively delivered to the spinal cord via retrograde transport despite efficient 

muscle transduction. More importantly, similar findings were observed in WT mice 

as well as in the transgenic mouse models suggesting that the genetic background is 

unlikely to affect the axonal transport of the vectors. The conflicting results seen 

between the data of this study and that from other studies showing robust spinal cord 

transduction following i.m transduction could be due to several reasons. First, direct 

comparison between the studies is difficult due to differences in experimental 

designs, timing of injections and variations in vector load. More importantly, factors 

that affect the overall quality of the vectors such as methods of production, 

purification and titration may play an essential role in the transduction efficiency 

and may affect the uptake and delivery of the vectors along motor neuron axons. 

Finally, contamination of the vector stocks by the transgene proteins and impurities 

from cell lysates can result in artifactual transduction, or “pseudotransduction”  

(Alexander et al., 1997), which must be considered when AAV vectors stocks have 

been utilised. This artifactual transgene expression can be avoided by further 

purification of vector stocks (Alexander et al., 1997). 

 

Several studies have shown that enhancing motor neuron survival alone does not 

prolong the overall survival of the SOD1G93A mice. Indeed, ALS is considered as a 

distal axonopathy with degeneration of the NMJ prior to motor neuron loss (Fischer 

et al., 2004). In a pilot study, the effect of AAV6-mediated PTEN silencing on NMJ 

degeneration was investigated in the left hind limb lumbricals and FDB muscles of 

SOD1G93A mice. As expected, NMJ analysis showed abundance of denervated motor 

endplates secondary to the disease. NMJ quantification showed no statistical 

difference between the muscles injected with AAV6-si-PTEN and those injected 

with the control vector. However, a considerable increase in FO (normally 

innervated) endplates was observed in the FDB muscles of 2 mice only and in the 
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lumbricals of one mouse, which explains the lack of statistical significance. 

Although these findings may be due to chance alone they hint towards a potential 

neuroprotective effect of PTEN silencing. It is not clear why the effect was not seen 

consistently, however it is unlikely to be due to gender differences, as no statistical 

difference was found when data was analysed in each sex separately. It is possible 

that variations in muscle transduction may result in variable PTEN depletion, such 

that in some muscles PTEN expression was not effectively reduced. Another 

plausible explanation is that with prolonged PTEN silencing, triggering of negative 

feedback mechanisms may counteract its neuroprotective effect (Birle et al., 2002, 

Georgescu, 2010).  

 

Since the pilot study was inconclusive, scAAV9-based vectors were employed to 

study the potential neuroprotective effect of PTEN silencing on the NMJs of 

SOD1G93A mice. Unexpectedly, quantification of the NMJs in the TA and lumbricals 

showed no significant difference in the FO and vacant endplates when compared to 

the WT mice. The finding of grouped atrophy in the GA muscles of the transgenic 

mice indicates the presence of denervation with compensatory re-innervation from 

collaterals sprouting from neighbouring motor axons, which may explain the lack of 

significant NMJ degeneration in the transgenic mice (Son and Thompson, 1995, 

Kang et al., 2003, Love et al., 2003). A significant increase in the denervated 

(vacant) motor endplates was observed in the lumbricals of the injected hind limb 

suggesting the possibility of vector-related toxicity. Hence, due to the absence of 

significant NMJ pathology and possible vector-related toxicity it was not possible to 

conclude whether or not PTEN inhibition prevents NMJ degeneration. 

 

In conclusion,   the in vitro work of this project demonstrated that lentiviral 

mediated PTEN silencing enhances motor neuron survival of transgenic SOD1G93A 

motor neurons by activating the PI3K/Akt survival pathway. However, the i.m route 
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for AAV-mediated siRNA delivery to the spinal cord was insufficient for effective 

PTEN silencing in spinal motor neurons despite efficient transduction of skeletal 

muscles. Furthermore, due to variability in the data and possible vector toxicity, no 

significant neuroprotective effect was seen on NMJ quantification. Hence, it was not 

possible to draw conclusions on whether PTEN inhibition can prevent NMJ 

degeneration and motor neuron loss in the SOD1G93A mouse model. The multiple 

and complex molecular pathways involved in ALS pathogenesis makes it 

challenging for the development of effective therapeutic strategies. Nevertheless, 

rapid advances in the engineering of viral vectors allows the manipulation of 

neuroprotective genes and identification of essential molecular targets in 

experimental models of ALS that can potentially be taken further to the clinic. 

 

6.2 Limitations of the study 

Purified motor neuron cultures provide an excellent tool for studying motor neuron 

biology and signalling pathways; nevertheless, they do not reflect the complex 

pathophysiological in vivo environment in disease models. In contrast to cell lines, 

the low number of cultured motor neurons makes it challenging to obtain high 

protein concentrations leading to detection issues using Western blotting. 

Alternatively, protein expression could be determined using immunocytochemistry, 

however, due to time constraints this was not possible to perform for some proteins 

that were not detected by western blotting 

 

The in vivo study was mainly limited by inefficient viral delivery to spinal motor 

neurons via retrograde delivery. The i.m route has the advantage of delivering genes 

directly to the muscles and takes the advantage of retrograde axonal transport. This 

approach is beneficial when investigating therapeutic strategies in neuromuscular 

diseases since it allows studying the effects on muscles and motor neurons. 
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Although lentiviral vectors pseudotyped with rabies-G glycoprotein have the 

capacity for retrograde transport, they do not transduce skeletal muscles as 

efficiently as AAV-based vectors. Alternative routes of delivery such as intrathecal 

or intracisternal administration of the vectors may provide more efficient CNS gene 

delivery for proof-of principle studies. 

 

The NMJ study in the transgenic SOD1 G93A mice was limited by the absence of 

significant denervation found on NMJ quantification at the time the mice were 

sacrificed (P100). With disease progression, adaptive mechanisms fail to re-

innervate the muscles, and thus later time points for NMJ analysis may be needed to 

observe potential therapeutic effects. 

 

6.3 Future work 

Although the in vitro work demonstrated a potential neuroprotective effect of PTEN 

silencing on transgenic SOD1 motor neurons, it is important to determine how long 

this effect will last. A time course experiment, where protein extracts from motor 

neurons are collected at different time points, will provide a better understanding of 

PTEN signalling as well as providing insight into negative feedback mechanisms 

that may counter act its neuroprotective effect. Since PTEN inhibition has been 

shown to increase neuronal size, detailed morphological analysis of motor neurons 

may demonstrate the effects of PTEN suppression on motor neuron morphology and 

potential oncogenic effects. Furthermore, examining the subcellular localisation of 

PTEN in transgenic SOD1 motor neurons and its relationship with SOD1 may 

provide clues on whether it plays a role in SOD1 toxicity. 

 

In this project, validation of the potential neuroprotective effect of PTEN inhibition 

in vivo was limited by inefficient vector delivery. Further studies are required to 
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determine whether different methods of vector preparation, purification and titration 

affect the retrograde axonal transport of AAV6 and AAV9 in WT and transgenic 

SOD1 mice. In addition,. alternative routes of administration such as intracisternal 

or intrathecal injections may prove to be more effective in spinal cord transduction 

and it would be interesting to identify whether effective PTEN silencing can be 

achieved in motor neurons via these routes. Furthermore, systemic administration of 

PTEN siRNA would provide essential information on the safety of systemic 

administration and any potential long-term side effects.  

 

Regarding the quantification of NMJs in the SOD1 model, compensatory 

mechanisms may mask pathological denervation and hence, a time course 

experiment where NMJs are quantified at different time points after PTEN silencing 

may provide a clear picture on the effect of PTEN silencing on NMJ degeneration. 

In addition, inconsistent effects of PTEN suppression were observed in the 

experimental mice, thus a dose response experiment may be required to determine 

the viral load needed to achieve a therapeutic effect of PTEN suppression. Finally, 

advances in the genetic engineering of viral-based vectors may generate more 

efficient AAV vectors for gene delivery to the CNS through muscular injections 

providing novel therapeutic strategies that can be taken further to the clinic. 

 
 
 
 
 
 
 
 
 
 
 



                                                      234 

  
 
 
 
 
 
 
 
 
 

7. References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                      235 

ABORDO-ADESIDA, E., FOLLENZI, A., BARCIA, C., SCIASCIA, S., CASTRO, M. G., 

NALDINI, L. & LOWENSTEIN, P. R. 2005. Stability of lentiviral vector-mediated 

transgene expression in the brain in the presence of systemic antivector immune 

responses. Hum Gene Ther, 16, 741-51. 

ACKERLEY, S., GRIERSON, A. J., BANNER, S., PERKINTON, M. S., BROWNLEES, 

J., BYERS, H. L., WARD, M., THORNHILL, P., HUSSAIN, K., WABY, J. S., 

ANDERTON, B. H., COOPER, J. D., DINGWALL, C., LEIGH, P. N., SHAW, C. 

E. & MILLER, C. C. 2004. p38alpha stress-activated protein kinase phosphorylates 

neurofilaments and is associated with neurofilament pathology in amyotrophic 

lateral sclerosis. Mol Cell Neurosci, 26, 354-64. 

ACKERLEY, S., GRIERSON, A. J., BROWNLEES, J., THORNHILL, P., ANDERTON, B. 

H., LEIGH, P. N., SHAW, C. E. & MILLER, C. C. 2000. Glutamate slows axonal 

transport of neurofilaments in transfected neurons. J Cell Biol, 150, 165-76. 

ACKERLEY, S., THORNHILL, P., GRIERSON, A. J., BROWNLEES, J., ANDERTON, B. 

H., LEIGH, P. N., SHAW, C. E. & MILLER, C. C. 2003. Neurofilament heavy 

chain side arm phosphorylation regulates axonal transport of neurofilaments. J Cell 

Biol, 161, 489-95. 

ACSADI, G., ANGUELOV, R. A., YANG, H., TOTH, G., THOMAS, R., JANI, A., 

WANG, Y., IANAKOVA, E., MOHAMMAD, S., LEWIS, R. A. & SHY, M. E. 

2002. Increased survival and function of SOD1 mice after glial cell-derived 

neurotrophic factor gene therapy. Hum Gene Ther, 13, 1047-59. 

AL-CHALABI, A., ANDERSEN, P. M., NILSSON, P., CHIOZA, B., ANDERSSON, J. L., 

RUSS, C., SHAW, C. E., POWELL, J. F. & LEIGH, P. N. 1999. Deletions of the 

heavy neurofilament subunit tail in amyotrophic lateral sclerosis. Hum Mol Genet, 8, 

157-64. 

AL-SAIF, A., AL-MOHANNA, F. & BOHLEGA, S. 2011. A mutation in sigma-1 receptor 

causes juvenile amyotrophic lateral sclerosis. Ann Neurol, 70, 913-9. 

AL-SARRAJ, S., KING, A., TROAKES, C., SMITH, B., MAEKAWA, S., BODI, I., 

ROGELJ, B., AL-CHALABI, A., HORTOBAGYI, T. & SHAW, C. E. 2011. p62 

positive, TDP-43 negative, neuronal cytoplasmic and intranuclear inclusions in the 

cerebellum and hippocampus define the pathology of C9orf72-linked FTLD and 

MND/ALS. Acta Neuropathol, 122, 691-702. 

ALBAGHA, O. M., VISCONTI, M. R., ALONSO, N., LANGSTON, A. L., CUNDY, T., 

DARGIE, R., DUNLOP, M. G., FRASER, W. D., HOOPER, M. J., ISAIA, G., 

NICHOLSON, G. C., DEL PINO MONTES, J., GONZALEZ-SARMIENTO, R., DI 

STEFANO, M., TENESA, A., WALSH, J. P. & RALSTON, S. H. 2010. Genome-



                                                      236 

wide association study identifies variants at CSF1, OPTN and TNFRSF11A as 

genetic risk factors for Paget's disease of bone. Nat Genet, 42, 520-4. 

ALEXANDER, G. M., ERWIN, K. L., BYERS, N., DEITCH, J. S., AUGELLI, B. J., 

BLANKENHORN, E. P. & HEIMAN-PATTERSON, T. D. 2004. Effect of 

transgene copy number on survival in the G93A SOD1 transgenic mouse model of 

ALS. Brain Res Mol Brain Res, 130, 7-15. 

ALEXANDER, I. E., RUSSELL, D. W. & MILLER, A. D. 1997. Transfer of contaminants 

in adeno-associated virus vector stocks can mimic transduction and lead to 

artifactual results. Hum Gene Ther, 8, 1911-20. 

ALEXIANU, M. E., KOZOVSKA, M. & APPEL, S. H. 2001. Immune reactivity in a mouse 

model of familial ALS correlates with disease progression. Neurology, 57, 1282-9. 

ALLEN, S., HEATH, P. R., KIRBY, J., WHARTON, S. B., COOKSON, M. R., MENZIES, 

F. M., BANKS, R. E. & SHAW, P. J. 2003. Analysis of the cytosolic proteome in a 

cell culture model of familial amyotrophic lateral sclerosis reveals alterations to the 

proteasome, antioxidant defenses, and nitric oxide synthetic pathways. J Biol Chem, 

278, 6371-83. 

ALMER, G., TEISMANN, P., STEVIC, Z., HALASCHEK-WIENER, J., DEECKE, L., 

KOSTIC, V. & PRZEDBORSKI, S. 2002. Increased levels of the pro-inflammatory 

prostaglandin PGE2 in CSF from ALS patients. Neurology, 58, 1277-9. 

AMARILIO, R., RAMACHANDRAN, S., SABANAY, H. & LEV, S. 2005. Differential 

regulation of endoplasmic reticulum structure through VAP-Nir protein interaction. 

J Biol Chem, 280, 5934-44. 

AMOROSO, M. W., CROFT, G. F., WILLIAMS, D. J., O'KEEFFE, S., CARRASCO, M. 

A., DAVIS, A. R., ROYBON, L., OAKLEY, D. H., MANIATIS, T., 

HENDERSON, C. E. & WICHTERLE, H. 2013. Accelerated high-yield generation 

of limb-innervating motor neurons from human stem cells. J Neurosci, 33, 574-86. 

ANDERSEN, P. M. 2006. Amyotrophic lateral sclerosis associated with mutations in the 

CuZn superoxide dismutase gene. Curr Neurol Neurosci Rep, 6, 37-46. 

ANDERSEN, P. M., NILSSON, P., KERANEN, M. L., FORSGREN, L., HAGGLUND, J., 

KARLSBORG, M., RONNEVI, L. O., GREDAL, O. & MARKLUND, S. L. 1997. 

Phenotypic heterogeneity in motor neuron disease patients with CuZn-superoxide 

dismutase mutations in Scandinavia. Brain, 120 ( Pt 10), 1723-37. 

ANDERSEN, P. M., SIMS, K. B., XIN, W. W., KIELY, R., O'NEILL, G., RAVITS, J., 

PIORO, E., HARATI, Y., BROWER, R. D., LEVINE, J. S., HEINICKE, H. U., 

SELTZER, W., BOSS, M. & BROWN, R. H., JR. 2003. Sixteen novel mutations in 

the Cu/Zn superoxide dismutase gene in amyotrophic lateral sclerosis: a decade of 



                                                      237 

discoveries, defects and disputes. Amyotroph Lateral Scler Other Motor Neuron 

Disord, 4, 62-73. 

ANDREADIS, S. T., BROTT, D., FULLER, A. O. & PALSSON, B. O. 1997. Moloney 

murine leukemia virus-derived retroviral vectors decay intracellularly with a half-

life in the range of 5.5 to 7.5 hours. J Virol, 71, 7541-8. 

ANDREANSKY, S., SOROCEANU, L., FLOTTE, E. R., CHOU, J., MARKERT, J. M., 

GILLESPIE, G. Y., ROIZMAN, B. & WHITLEY, R. J. 1997. Evaluation of 

genetically engineered herpes simplex viruses as oncolytic agents for human 

malignant brain tumors. Cancer Res, 57, 1502-9. 

ANDRUS, P. K., FLECK, T. J., GURNEY, M. E. & HALL, E. D. 1998. Protein oxidative 

damage in a transgenic mouse model of familial amyotrophic lateral sclerosis. J 

Neurochem, 71, 2041-8. 

ANGENSTEIN, F., NIESSEN, H. G., GOLDSCHMIDT, J., VIELHABER, S., LUDOLPH, 

A. C. & SCHEICH, H. 2004. Age-dependent changes in MRI of motor brain stem 

nuclei in a mouse model of ALS. Neuroreport, 15, 2271-4. 

APOLONIA, L., WADDINGTON, S. N., FERNANDES, C., WARD, N. J., BOUMA, G., 

BLUNDELL, M. P., THRASHER, A. J., COLLINS, M. K. & PHILPOTT, N. J. 

2007. Stable gene transfer to muscle using non-integrating lentiviral vectors. Mol 

Ther, 15, 1947-54. 

APPEL, S. H., ZHAO, W., BEERS, D. R. & HENKEL, J. S. 2011. The microglial-

motoneuron dialogue in ALS. Acta Myol, 30, 4-8. 

ARAI, T., HASEGAWA, M., AKIYAMA, H., IKEDA, K., NONAKA, T., MORI, H., 

MANN, D., TSUCHIYA, K., YOSHIDA, M., HASHIZUME, Y. & ODA, T. 2006. 

TDP-43 is a component of ubiquitin-positive tau-negative inclusions in 

frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Biochem 

Biophys Res Commun, 351, 602-11. 

ARBETMAN, A. E., LOCHRIE, M., ZHOU, S., WELLMAN, J., SCALLAN, C., 

DOROUDCHI, M. M., RANDLEV, B., PATARROYO-WHITE, S., LIU, T., 

SMITH, P., LEHMKUHL, H., HOBBS, L. A., PIERCE, G. F. & COLOSI, P. 2005. 

Novel caprine adeno-associated virus (AAV) capsid (AAV-Go.1) is closely related 

to the primate AAV-5 and has unique tropism and neutralization properties. J Virol, 

79, 15238-45. 

AREVALO, M.-A. & RODRIGUEZ-TEBAR, A. 2006. Activation of casein kinase II and 

inhibition of phosphatase and tensin homologue deleted on chromosome 10 

phosphatase by nerve growth factor/p75NTR inhibit glycogen synthase kinase-3beta 

and stimulate axonal growth. Molecular Biology of the Cell, 17, 3369-77. 



                                                      238 

ARUNDINE, M. & TYMIANSKI, M. 2003. Molecular mechanisms of calcium-dependent 

neurodegeneration in excitotoxicity. Cell Calcium, 34, 325-37. 

ASCHAUER, D. F., KREUZ, S. & RUMPEL, S. 2013. Analysis of transduction efficiency, 

tropism and axonal transport of AAV serotypes 1, 2, 5, 6, 8 and 9 in the mouse 

brain. PLoS One, 8, e76310. 

ASOKAN, A., JOHNSON, J. S., LI, C. & SAMULSKI, R. J. 2008. Bioluminescent virion 

shells: new tools for quantitation of AAV vector dynamics in cells and live animals. 

Gene Ther, 15, 1618-22. 

ATKIN, J. D., FARG, M. A., TURNER, B. J., TOMAS, D., LYSAGHT, J. A., NUNAN, J., 

REMBACH, A., NAGLEY, P., BEART, P. M., CHEEMA, S. S. & HORNE, M. K. 

2006. Induction of the unfolded protein response in familial amyotrophic lateral 

sclerosis and association of protein-disulfide isomerase with superoxide dismutase 

1. J Biol Chem, 281, 30152-65. 

ATKIN, J. D., FARG, M. A., WALKER, A. K., MCLEAN, C., TOMAS, D. & HORNE, M. 

K. 2008. Endoplasmic reticulum stress and induction of the unfolded protein 

response in human sporadic amyotrophic lateral sclerosis. Neurobiol Dis, 30, 400-7. 

ATSUMI, T. 1981. The ultrastructure of intramuscular nerves in amyotrophic lateral 

sclerosis. Acta Neuropathol, 55, 193-8. 

AYALA, Y. M., PAGANI, F. & BARALLE, F. E. 2006. TDP43 depletion rescues aberrant 

CFTR exon 9 skipping. FEBS Lett, 580, 1339-44. 

AYALA, Y. M., PANTANO, S., D'AMBROGIO, A., BURATTI, E., BRINDISI, A., 

MARCHETTI, C., ROMANO, M. & BARALLE, F. E. 2005. Human, Drosophila, 

and C.elegans TDP43: nucleic acid binding properties and splicing regulatory 

function. J Mol Biol, 348, 575-88. 

AZZOUZ, M., HOTTINGER, A., PATERNA, J. C., ZURN, A. D., AEBISCHER, P. & 

BUELER, H. 2000. Increased motoneuron survival and improved neuromuscular 

function in transgenic ALS mice after intraspinal injection of an adeno-associated 

virus encoding Bcl-2. Hum Mol Genet, 9, 803-11. 

AZZOUZ, M., KINGSMAN, S. M. & MAZARAKIS, N. D. 2004a. Lentiviral vectors for 

treating and modeling human CNS disorders. J Gene Med, 6, 951-62. 

AZZOUZ, M., MARTIN-RENDON, E., BARBER, R. D., MITROPHANOUS, K. A., 

CARTER, E. E., ROHLL, J. B., KINGSMAN, S. M., KINGSMAN, A. J. & 

MAZARAKIS, N. D. 2002. Multicistronic lentiviral vector-mediated striatal gene 

transfer of aromatic L-amino acid decarboxylase, tyrosine hydroxylase, and GTP 

cyclohydrolase I induces sustained transgene expression, dopamine production, and 

functional improvement in a rat model of Parkinson's disease. J Neurosci, 22, 

10302-12. 



                                                      239 

AZZOUZ, M., RALPH, G. S., STORKEBAUM, E., WALMSLEY, L. E., 

MITROPHANOUS, K. A., KINGSMAN, S. M., CARMELIET, P. & 

MAZARAKIS, N. D. 2004b. VEGF delivery with retrogradely transported 

lentivector prolongs survival in a mouse ALS model. Nature, 429, 413-7. 

BACKMAN, S. A., STAMBOLIC, V., SUZUKI, A., HAIGHT, J., ELIA, A., PRETORIUS, 

J., TSAO, M. S., SHANNON, P., BOLON, B., IVY, G. O. & MAK, T. W. 2001. 

Deletion of Pten in mouse brain causes seizures, ataxia and defects in soma size 

resembling Lhermitte-Duclos disease. Nat Genet, 29, 396-403. 

BALAGGAN, K. S., BINLEY, K., ESAPA, M., IQBALL, S., ASKHAM, Z., KAN, O., 

TSCHERNUTTER, M., BAINBRIDGE, J. W., NAYLOR, S. & ALI, R. R. 2006. 

Stable and efficient intraocular gene transfer using pseudotyped EIAV lentiviral 

vectors. J Gene Med, 8, 275-85. 

BANNWARTH, S., AIT-EL-MKADEM, S., CHAUSSENOT, A., GENIN, E. C., LACAS-

GERVAIS, S., FRAGAKI, K., BERG-ALONSO, L., KAGEYAMA, Y., SERRE, 

V., MOORE, D. G., VERSCHUEREN, A., ROUZIER, C., LE BER, I., AUGE, G., 

COCHAUD, C., LESPINASSE, F., N'GUYEN, K., DE SEPTENVILLE, A., 

BRICE, A., YU-WAI-MAN, P., SESAKI, H., POUGET, J. & PAQUIS-

FLUCKLINGER, V. 2014. A mitochondrial origin for frontotemporal dementia and 

amyotrophic lateral sclerosis through CHCHD10 involvement. Brain, 137, 2329-45. 

BAR, P. R. 2000. Motor neuron disease in vitro: the use of cultured motor neurons to study 

amyotrophic lateral sclerosis. Eur J Pharmacol, 405, 285-95. 

BARBER, S. C., MEAD, R. J. & SHAW, P. J. 2006. Oxidative stress in ALS: a mechanism 

of neurodegeneration and a therapeutic target. Biochim Biophys Acta, 1762, 1051-

67. 

BARTLETT, J. S., SAMULSKI, R. J. & MCCOWN, T. J. 1998. Selective and rapid uptake 

of adeno-associated virus type 2 in brain. Hum Gene Ther, 9, 1181-6. 

BARTUS, R. T., HERZOG, C. D., BISHOP, K., OSTROVE, J. M., TUSZYNSKI, M., 

KORDOWER, J. H. & GASMI, M. 2007. Issues regarding gene therapy products 

for Parkinson's disease: the development of CERE-120 (AAV-NTN) as one 

reference point. Parkinsonism Relat Disord, 13 Suppl 3, S469-77. 

BAUER, M., KINKL, N., MEIXNER, A., KREMMER, E., RIEMENSCHNEIDER, M., 

FORSTL, H., GASSER, T. & UEFFING, M. 2009. Prevention of interferon-

stimulated gene expression using microRNA-designed hairpins. Gene Ther, 16, 142-

7. 

BAYER, M., KANTOR, B., COCKRELL, A., MA, H., ZEITHAML, B., LI, X., 

MCCOWN, T. & KAFRI, T. 2008. A large U3 deletion causes increased in vivo 

expression from a nonintegrating lentiviral vector. Mol Ther, 16, 1968-76. 



                                                      240 

BEAULIEU, J. M., NGUYEN, M. D. & JULIEN, J. P. 1999. Late onset of motor neurons in 

mice overexpressing wild-type peripherin. J Cell Biol, 147, 531-44. 

BECK, J., POULTER, M., HENSMAN, D., ROHRER, J. D., MAHONEY, C. J., 

ADAMSON, G., CAMPBELL, T., UPHILL, J., BORG, A., FRATTA, P., 

ORRELL, R. W., MALASPINA, A., ROWE, J., BROWN, J., HODGES, J., SIDLE, 

K., POLKE, J. M., HOULDEN, H., SCHOTT, J. M., FOX, N. C., ROSSOR, M. N., 

TABRIZI, S. J., ISAACS, A. M., HARDY, J., WARREN, J. D., COLLINGE, J. & 

MEAD, S. 2013. Large C9orf72 hexanucleotide repeat expansions are seen in 

multiple neurodegenerative syndromes and are more frequent than expected in the 

UK population. Am J Hum Genet, 92, 345-53. 

BEERS, D. R., HENKEL, J. S., ZHAO, W., WANG, J. & APPEL, S. H. 2008. CD4+ T cells 

support glial neuroprotection, slow disease progression, and modify glial 

morphology in an animal model of inherited ALS. Proc Natl Acad Sci U S A, 105, 

15558-63. 

BELL, C. L., GURDA, B. L., VAN VLIET, K., AGBANDJE-MCKENNA, M. & WILSON, 

J. M. 2012. Identification of the galactose binding domain of the adeno-associated 

virus serotype 9 capsid. J Virol, 86, 7326-33. 

BELL, C. L., VANDENBERGHE, L. H., BELL, P., LIMBERIS, M. P., GAO, G. P., VAN 

VLIET, K., AGBANDJE-MCKENNA, M. & WILSON, J. M. 2011. The AAV9 

receptor and its modification to improve in vivo lung gene transfer in mice. J Clin 

Invest, 121, 2427-35. 

BELL, P., WANG, L., LEBHERZ, C., FLIEDER, D. B., BOVE, M. S., WU, D., GAO, G. 

P., WILSON, J. M. & WIVEL, N. A. 2005. No evidence for tumorigenesis of AAV 

vectors in a large-scale study in mice. Mol Ther, 12, 299-306. 

BENATAR, M. 2007. Lost in translation: treatment trials in the SOD1 mouse and in human 

ALS. Neurobiol Dis, 26, 1-13. 

BENDOTTI, C., MARINO, M., CHERONI, C., FONTANA, E., CRIPPA, V., POLETTI, A. 

& DE BIASI, S. 2012. Dysfunction of constitutive and inducible ubiquitin-

proteasome system in amyotrophic lateral sclerosis: implication for protein 

aggregation and immune response. Prog Neurobiol, 97, 101-26. 

BENKHELIFA-ZIYYAT, S., BESSE, A., RODA, M., DUQUE, S., ASTORD, S., 

CARCENAC, R., MARAIS, T. & BARKATS, M. 2013. Intramuscular scAAV9-

SMN injection mediates widespread gene delivery to the spinal cord and decreases 

disease severity in SMA mice. Mol Ther, 21, 282-90. 

BERGMANN, F. & KELLER, B. U. 2004. Impact of mitochondrial inhibition on 

excitability and cytosolic Ca2+ levels in brainstem motoneurones from mouse. J 

Physiol, 555, 45-59. 



                                                      241 

BERNARDI, P. 1999. Mitochondrial transport of cations: channels, exchangers, and 

permeability transition. Physiol Rev, 79, 1127-55. 

BESSIS, N., GARCIACOZAR, F. J. & BOISSIER, M. C. 2004. Immune responses to gene 

therapy vectors: influence on vector function and effector mechanisms. Gene Ther, 

11 Suppl 1, S10-7. 

BILSLAND, L. G., SAHAI, E., KELLY, G., GOLDING, M., GREENSMITH, L. & 

SCHIAVO, G. 2010. Deficits in axonal transport precede ALS symptoms in vivo. 

Proc Natl Acad Sci U S A, 107, 20523-8. 

BIRLE, D., BOTTINI, N., WILLIAMS, S., HUYNH, H., DEBELLE, I., ADAMSON, E. & 

MUSTELIN, T. 2002. Negative feedback regulation of the tumor suppressor PTEN 

by phosphoinositide-induced serine phosphorylation. J Immunol, 169, 286-91. 

BISCHOF, D. & CORNETTA, K. 2010. Flexibility in cell targeting by pseudotyping 

lentiviral vectors. Methods Mol Biol, 614, 53-68. 

BISHOP, K. M., HOFER, E. K., MEHTA, A., RAMIREZ, A., SUN, L., TUSZYNSKI, M. 

& BARTUS, R. T. 2008. Therapeutic potential of CERE-110 (AAV2-NGF): 

targeted, stable, and sustained NGF delivery and trophic activity on rodent basal 

forebrain cholinergic neurons. Exp Neurol, 211, 574-84. 

BLACKBURN, D., SARGSYAN, S., MONK, P. N. & SHAW, P. J. 2009. Astrocyte 

function and role in motor neuron disease: a future therapeutic target? Glia, 57, 

1251-64. 

BLANKINSHIP, M. J., GREGOREVIC, P., ALLEN, J. M., HARPER, S. Q., HARPER, H., 

HALBERT, C. L., MILLER, A. D. & CHAMBERLAIN, J. S. 2004. Efficient 

transduction of skeletal muscle using vectors based on adeno-associated virus 

serotype 6. Mol Ther, 10, 671-8. 

BLOMER, U., NALDINI, L., KAFRI, T., TRONO, D., VERMA, I. M. & GAGE, F. H. 

1997. Highly efficient and sustained gene transfer in adult neurons with a lentivirus 

vector. J Virol, 71, 6641-9. 

BLOMER, U., NALDINI, L., VERMA, I. M., TRONO, D. & GAGE, F. H. 1996. 

Applications of gene therapy to the CNS. Hum Mol Genet, 5 Spec No, 1397-404. 

BOILLEE, S., YAMANAKA, K., LOBSIGER, C. S., COPELAND, N. G., JENKINS, N. 

A., KASSIOTIS, G., KOLLIAS, G. & CLEVELAND, D. W. 2006. Onset and 

progression in inherited ALS determined by motor neurons and microglia. Science, 

312, 1389-92. 

BOKHOVEN, M., STEPHEN, S. L., KNIGHT, S., GEVERS, E. F., ROBINSON, I. C., 

TAKEUCHI, Y. & COLLINS, M. K. 2009. Insertional gene activation by lentiviral 

and gammaretroviral vectors. J Virol, 83, 283-94. 



                                                      242 

BORDET, T., LESBORDES, J. C., ROUHANI, S., CASTELNAU-PTAKHINE, L., 

SCHMALBRUCH, H., HAASE, G. & KAHN, A. 2001. Protective effects of 

cardiotrophin-1 adenoviral gene transfer on neuromuscular degeneration in 

transgenic ALS mice. Hum Mol Genet, 10, 1925-33. 

BOSCO, D. A., MORFINI, G., KARABACAK, N. M., SONG, Y., GROS-LOUIS, F., 

PASINELLI, P., GOOLSBY, H., FONTAINE, B. A., LEMAY, N., MCKENNA-

YASEK, D., FROSCH, M. P., AGAR, J. N., JULIEN, J. P., BRADY, S. T. & 

BROWN, R. H., JR. 2010. Wild-type and mutant SOD1 share an aberrant 

conformation and a common pathogenic pathway in ALS. Nat Neurosci, 13, 1396-

403. 

BOSTICK, B., GHOSH, A., YUE, Y., LONG, C. & DUAN, D. 2007. Systemic AAV-9 

transduction in mice is influenced by animal age but not by the route of 

administration. Gene Ther, 14, 1605-9. 

BOSTON-HOWES, W., GIBB, S. L., WILLIAMS, E. O., PASINELLI, P., BROWN, R. H., 

JR. & TROTTI, D. 2006. Caspase-3 cleaves and inactivates the glutamate 

transporter EAAT2. J Biol Chem, 281, 14076-84. 

BOUDREAU, R. L., RODRIGUEZ-LEBRON, E. & DAVIDSON, B. L. 2011. RNAi 

medicine for the brain: progresses and challenges. Hum Mol Genet, 20, R21-7. 

BOULIS, N. M., NOORDMANS, A. J., SONG, D. K., IMPERIALE, M. J., RUBIN, A., 

LEONE, P., DURING, M. & FELDMAN, E. L. 2003. Adeno-associated viral vector 

gene expression in the adult rat spinal cord following remote vector delivery. 

Neurobiol Dis, 14, 535-41. 

BOULIS, N. M., TURNER, D. E., DICE, J. A., BHATIA, V. & FELDMAN, E. L. 1999. 

Characterization of adenoviral gene expression in spinal cord after remote vector 

delivery. Neurosurgery, 45, 131-7; discussion 137-8. 

BOULIS, N. M., TURNER, D. E., IMPERIALE, M. J. & FELDMAN, E. L. 2002. Neuronal 

survival following remote adenovirus gene delivery. J Neurosurg, 96, 212-9. 

BRADY, O. A., MENG, P., ZHENG, Y., MAO, Y. & HU, F. 2011. Regulation of TDP-43 

aggregation by phosphorylation and p62/SQSTM1. J Neurochem, 116, 248-59. 

BRECKPOT, K., ESCORS, D., ARCE, F., LOPES, L., KARWACZ, K., VAN LINT, S., 

KEYAERTS, M. & COLLINS, M. 2010. HIV-1 lentiviral vector immunogenicity is 

mediated by Toll-like receptor 3 (TLR3) and TLR7. J Virol, 84, 5627-36. 

BRETTSCHNEIDER, J., VAN DEERLIN, V. M., ROBINSON, J. L., KWONG, L., LEE, E. 

B., ALI, Y. O., SAFREN, N., MONTEIRO, M. J., TOLEDO, J. B., ELMAN, L., 

MCCLUSKEY, L., IRWIN, D. J., GROSSMAN, M., MOLINA-PORCEL, L., LEE, 

V. M. & TROJANOWSKI, J. Q. 2012. Pattern of ubiquilin pathology in ALS and 



                                                      243 

FTLD indicates presence of C9ORF72 hexanucleotide expansion. Acta 

Neuropathol, 123, 825-39. 

BROCKINGTON, A., NING, K., HEATH, P. R., WOOD, E., KIRBY, J., FUSI, N., 

LAWRENCE, N., WHARTON, S. B., INCE, P. G. & SHAW, P. J. 2013. 

Unravelling the enigma of selective vulnerability in neurodegeneration: motor 

neurons resistant to degeneration in ALS show distinct gene expression 

characteristics and decreased susceptibility to excitotoxicity. Acta Neuropathol, 125, 

95-109. 

BROOKS, B. R., MILLER, R. G., SWASH, M., MUNSAT, T. L. & WORLD 

FEDERATION OF NEUROLOGY RESEARCH GROUP ON MOTOR NEURON, 

D. 2000. El Escorial revisited: revised criteria for the diagnosis of amyotrophic 

lateral sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord, 1, 293-9. 

BROWNLEES, J., YATES, A., BAJAJ, N. P., DAVIS, D., ANDERTON, B. H., LEIGH, P. 

N., SHAW, C. E. & MILLER, C. C. 2000. Phosphorylation of neurofilament heavy 

chain side-arms by stress activated protein kinase-1b/Jun N-terminal kinase-3. J Cell 

Sci, 113 ( Pt 3), 401-7. 

BRUIJN, L. I., HOUSEWEART, M. K., KATO, S., ANDERSON, K. L., ANDERSON, S. 

D., OHAMA, E., REAUME, A. G., SCOTT, R. W. & CLEVELAND, D. W. 1998. 

Aggregation and motor neuron toxicity of an ALS-linked SOD1 mutant independent 

from wild-type SOD1. Science, 281, 1851-4. 

BRUNET, A., DATTA, S. R. & GREENBERG, M. E. 2001. Transcription-dependent and -

independent control of neuronal survival by the PI3K-Akt signaling pathway. Curr 

Opin Neurobiol, 11, 297-305. 

BURGER, C., GORBATYUK, O. S., VELARDO, M. J., PEDEN, C. S., WILLIAMS, P., 

ZOLOTUKHIN, S., REIER, P. J., MANDEL, R. J. & MUZYCZKA, N. 2004. 

Recombinant AAV viral vectors pseudotyped with viral capsids from serotypes 1, 2, 

and 5 display differential efficiency and cell tropism after delivery to different 

regions of the central nervous system. Mol Ther, 10, 302-17. 

BURNS, J. C., FRIEDMANN, T., DRIEVER, W., BURRASCANO, M. & YEE, J. K. 1993. 

Vesicular stomatitis virus G glycoprotein pseudotyped retroviral vectors: 

concentration to very high titer and efficient gene transfer into mammalian and 

nonmammalian cells. Proc Natl Acad Sci U S A, 90, 8033-7. 

BYRNE, S., WALSH, C., LYNCH, C., BEDE, P., ELAMIN, M., KENNA, K., 

MCLAUGHLIN, R. & HARDIMAN, O. 2011. Rate of familial amyotrophic lateral 

sclerosis: a systematic review and meta-analysis. J Neurol Neurosurg Psychiatry, 

82, 623-7. 



                                                      244 

CAMU, W. & HENDERSON, C. E. 1992. Purification of embryonic rat motoneurons by 

panning on a monoclonal antibody to the low-affinity NGF receptor. J Neurosci 

Methods, 44, 59-70. 

CANDOLFI, M., CURTIN, J. F., XIONG, W. D., KROEGER, K. M., LIU, C., 

RENTSENDORJ, A., AGADJANIAN, H., MEDINA-KAUWE, L., PALMER, D., 

NG, P., LOWENSTEIN, P. R. & CASTRO, M. G. 2006. Effective high-capacity 

gutless adenoviral vectors mediate transgene expression in human glioma cells. Mol 

Ther, 14, 371-81. 

CANDOLFI, M., PLUHAR, G. E., KROEGER, K., PUNTEL, M., CURTIN, J., BARCIA, 

C., MUHAMMAD, A. K., XIONG, W., LIU, C., MONDKAR, S., KUOY, W., 

KANG, T., MCNEIL, E. A., FREESE, A. B., OHLFEST, J. R., MOORE, P., 

PALMER, D., NG, P., YOUNG, J. D., LOWENSTEIN, P. R. & CASTRO, M. G. 

2007. Optimization of adenoviral vector-mediated transgene expression in the 

canine brain in vivo, and in canine glioma cells in vitro. Neuro Oncol, 9, 245-58. 

CANTLEY, L. C. 2002. The phosphoinositide 3-kinase pathway. Science, 296, 1655-7. 

CAO, O., DOBRZYNSKI, E., WANG, L., NAYAK, S., MINGLE, B., TERHORST, C. & 

HERZOG, R. W. 2007. Induction and role of regulatory CD4+CD25+ T cells in 

tolerance to the transgene product following hepatic in vivo gene transfer. Blood, 

110, 1132-40. 

CARDONE, M. H., ROY, N., STENNICKE, H. R., SALVESEN, G. S., FRANKE, T. F., 

STANBRIDGE, E., FRISCH, S. & REED, J. C. 1998. Regulation of cell death 

protease caspase-9 by phosphorylation. Science, 282, 1318-21. 

CARPENTIER, D. C., VEVIS, K., TRABALZA, A., GEORGIADIS, C., ELLISON, S. M., 

ASFAHANI, R. I. & MAZARAKIS, N. D. 2012. Enhanced pseudotyping efficiency 

of HIV-1 lentiviral vectors by a rabies/vesicular stomatitis virus chimeric envelope 

glycoprotein. Gene Ther, 19, 761-74. 

CARRA, S., CRIPPA, V., RUSMINI, P., BONCORAGLIO, A., MINOIA, M., 

GIORGETTI, E., KAMPINGA, H. H. & POLETTI, A. 2012. Alteration of protein 

folding and degradation in motor neuron diseases: Implications and protective 

functions of small heat shock proteins. Prog Neurobiol, 97, 83-100. 

CARRI, M. T., FERRI, A., BATTISTONI, A., FAMHY, L., GABBIANELLI, R., POCCIA, 

F. & ROTILIO, G. 1997. Expression of a Cu,Zn superoxide dismutase typical of 

familial amyotrophic lateral sclerosis induces mitochondrial alteration and increase 

of cytosolic Ca2+ concentration in transfected neuroblastoma SH-SY5Y cells. FEBS 

Lett, 414, 365-8. 



                                                      245 

CARRI, M. T., FERRI, A., COZZOLINO, M., CALABRESE, L. & ROTILIO, G. 2003. 

Neurodegeneration in amyotrophic lateral sclerosis: the role of oxidative stress and 

altered homeostasis of metals. Brain Res Bull, 61, 365-74. 

CARRI, M. T., VALLE, C., BOZZO, F. & COZZOLINO, M. 2015. Oxidative stress and 

mitochondrial damage: importance in non-SOD1 ALS. Front Cell Neurosci, 9, 41. 

CARUNCHIO, I., CURCIO, L., PIERI, M., PICA, F., CAIOLI, S., VISCOMI, M. T., 

MOLINARI, M., CANU, N., BERNARDI, G. & ZONA, C. 2010. Increased levels 

of p70S6 phosphorylation in the G93A mouse model of Amyotrophic Lateral 

Sclerosis and in valine-exposed cortical neurons in culture. Exp Neurol, 226, 218-

30. 

CEREDA, C., BAIOCCHI, C., BONGIOANNI, P., COVA, E., GUARESCHI, S., 

METELLI, M. R., ROSSI, B., SBALSI, I., CUCCIA, M. C. & CERONI, M. 2008. 

TNF and sTNFR1/2 plasma levels in ALS patients. J Neuroimmunol, 194, 123-31. 

CHAI, A., WITHERS, J., KOH, Y. H., PARRY, K., BAO, H., ZHANG, B., BUDNIK, V. & 

PENNETTA, G. 2008. hVAPB, the causative gene of a heterogeneous group of 

motor neuron diseases in humans, is functionally interchangeable with its 

Drosophila homologue DVAP-33A at the neuromuscular junction. Human 

Molecular Genetics, 17, 266-80. 

CHANCE, P. F., RABIN, B. A., RYAN, S. G., DING, Y., SCAVINA, M., CRAIN, B., 

GRIFFIN, J. W. & CORNBLATH, D. R. 1998. Linkage of the gene for an 

autosomal dominant form of juvenile amyotrophic lateral sclerosis to chromosome 

9q34. Am J Hum Genet, 62, 633-40. 

CHANG, Y., KONG, Q., SHAN, X., TIAN, G., ILIEVA, H., CLEVELAND, D. W., 

ROTHSTEIN, J. D., BORCHELT, D. R., WONG, P. C. & LIN, C. L. 2008. 

Messenger RNA oxidation occurs early in disease pathogenesis and promotes motor 

neuron degeneration in ALS. PLoS One, 3, e2849. 

CHAO, H., LIU, Y., RABINOWITZ, J., LI, C., SAMULSKI, R. J. & WALSH, C. E. 2000. 

Several log increase in therapeutic transgene delivery by distinct adeno-associated 

viral serotype vectors. Mol Ther, 2, 619-23. 

CHATTOPADHYAY, D. & SENGUPTA, S. 2014. First evidence of pathogenicity of 

V234I mutation of hVAPB found in Amyotrophic Lateral Sclerosis. Biochem 

Biophys Res Commun, 448, 108-13. 

CHEAH, B. C., VUCIC, S., KRISHNAN, A. V. & KIERNAN, M. C. 2010. Riluzole, 

neuroprotection and amyotrophic lateral sclerosis. Curr Med Chem, 17, 1942-199. 

CHEN, H., QIAN, K., DU, Z., CAO, J., PETERSEN, A., LIU, H., BLACKBOURN, L. W. 

T., HUANG, C. L., ERRIGO, A., YIN, Y., LU, J., AYALA, M. & ZHANG, S. C. 



                                                      246 

2014. Modeling ALS with iPSCs reveals that mutant SOD1 misregulates 

neurofilament balance in motor neurons. Cell Stem Cell, 14, 796-809. 

CHEN, H., XIANG, Z. Q., LI, Y., KURUPATI, R. K., JIA, B., BIAN, A., ZHOU, D. M., 

HUTNICK, N., YUAN, S., GRAY, C., SERWANGA, J., AUMA, B., KALEEBU, 

P., ZHOU, X., BETTS, M. R. & ERTL, H. C. 2010a. Adenovirus-based vaccines: 

comparison of vectors from three species of adenoviridae. J Virol, 84, 10522-32. 

CHEN, H. J., ANAGNOSTOU, G., CHAI, A., WITHERS, J., MORRIS, A., ADHIKAREE, 

J., PENNETTA, G. & DE BELLEROCHE, J. S. 2010b. Characterization of the 

properties of a novel mutation in VAPB in familial amyotrophic lateral sclerosis. J 

Biol Chem, 285, 40266-81. 

CHEN, S., SAYANA, P., ZHANG, X. & LE, W. 2013. Genetics of amyotrophic lateral 

sclerosis: an update. Mol Neurodegener, 8, 28. 

CHEN, S. T., IIDA, A., GUO, L., FRIEDMANN, T. & YEE, J. K. 1996. Generation of 

packaging cell lines for pseudotyped retroviral vectors of the G protein of vesicular 

stomatitis virus by using a modified tetracycline inducible system. Proc Natl Acad 

Sci U S A, 93, 10057-62. 

CHEN, Y. Z., BENNETT, C. L., HUYNH, H. M., BLAIR, I. P., PULS, I., IROBI, J., 

DIERICK, I., ABEL, A., KENNERSON, M. L., RABIN, B. A., NICHOLSON, G. 

A., AUER-GRUMBACH, M., WAGNER, K., DE JONGHE, P., GRIFFIN, J. W., 

FISCHBECK, K. H., TIMMERMAN, V., CORNBLATH, D. R. & CHANCE, P. F. 

2004. DNA/RNA helicase gene mutations in a form of juvenile amyotrophic lateral 

sclerosis (ALS4). Am J Hum Genet, 74, 1128-35. 

CHERONI, C., PEVIANI, M., CASCIO, P., DEBIASI, S., MONTI, C. & BENDOTTI, C. 

2005. Accumulation of human SOD1 and ubiquitinated deposits in the spinal cord 

of SOD1G93A mice during motor neuron disease progression correlates with a 

decrease of proteasome. Neurobiol Dis, 18, 509-22. 

CHEUNG, N. S., CHOY, M. S., HALLIWELL, B., TEO, T. S., BAY, B. H., LEE, A. Y., 

QI, R. Z., KOH, V. H., WHITEMAN, M., KOAY, E. S., CHIU, L. L., ZHU, H. J., 

WONG, K. P., BEART, P. M. & CHENG, H. C. 2004a. Lactacystin-induced 

apoptosis of cultured mouse cortical neurons is associated with accumulation of 

PTEN in the detergent-resistant membrane fraction. Cell Mol Life Sci, 61, 1926-34. 

CHEUNG, N. S., CHOY, M. S., HALLIWELL, B., TEO, T. S., BAY, B. H., LEE, A. Y. 

W., QI, R. Z., KOH, V. H., WHITEMAN, M., KOAY, E. S. C., CHIU, L. L., ZHU, 

H. J., WONG, K. P., BEART, P. M. & CHENG, H. C. 2004c. Lactacystin-induced 

apoptosis of cultured mouse cortical neurons is associated with accumulation of 

PTEN in the detergent-resistant membrane fraction. Cellular & Molecular Life 

Sciences, 61, 1926-34. 



                                                      247 

CHIANG, P. M., LING, J., JEONG, Y. H., PRICE, D. L., AJA, S. M. & WONG, P. C. 

2010. Deletion of TDP-43 down-regulates Tbc1d1, a gene linked to obesity, and 

alters body fat metabolism. Proc Natl Acad Sci U S A, 107, 16320-4. 

CHIO, A., TRAYNOR, B. J., LOMBARDO, F., FIMOGNARI, M., CALVO, A., 

GHIGLIONE, P., MUTANI, R. & RESTAGNO, G. 2008. Prevalence of SOD1 

mutations in the Italian ALS population. Neurology, 70, 533-7. 

CHIRMULE, N., PROPERT, K., MAGOSIN, S., QIAN, Y., QIAN, R. & WILSON, J. 1999. 

Immune responses to adenovirus and adeno-associated virus in humans. Gene Ther, 

6, 1574-83. 

CHIU, D., MA, K., SCOTT, A. & DURONIO, V. 2005. Acute activation of Erk1/Erk2 and 

protein kinase B/akt proceed by independent pathways in multiple cell types. FEBS 

Journal, 272, 4372-84. 

CHOI, V. W., MCCARTY, D. M. & SAMULSKI, R. J. 2005. AAV hybrid serotypes: 

improved vectors for gene delivery. Curr Gene Ther, 5, 299-310. 

CHOW, C. Y., LANDERS, J. E., BERGREN, S. K., SAPP, P. C., GRANT, A. E., JONES, 

J. M., EVERETT, L., LENK, G. M., MCKENNA-YASEK, D. M., WEISMAN, L. 

S., FIGLEWICZ, D., BROWN, R. H. & MEISLER, M. H. 2009. Deleterious 

variants of FIG4, a phosphoinositide phosphatase, in patients with ALS. Am J Hum 

Genet, 84, 85-8. 

CHOW, C. Y., ZHANG, Y., DOWLING, J. J., JIN, N., ADAMSKA, M., SHIGA, K., 

SZIGETI, K., SHY, M. E., LI, J., ZHANG, X., LUPSKI, J. R., WEISMAN, L. S. & 

MEISLER, M. H. 2007. Mutation of FIG4 causes neurodegeneration in the pale 

tremor mouse and patients with CMT4J. Nature, 448, 68-72. 

CHOY, M. S., BAY, B. H., CHENG, H.-C. & CHEUNG, N. S. 2006a. PTEN is recruited to 

specific microdomains of the plasma membrane during lactacystin-induced neuronal 

apoptosis. Neuroscience Letters, 405, 120-5. 

CHOY, M. S., BAY, B. H., CHENG, H. C. & CHEUNG, N. S. 2006b. PTEN is recruited to 

specific microdomains of the plasma membrane during lactacystin-induced neuronal 

apoptosis. Neurosci Lett, 405, 120-5. 

CHRISTIE, K. J., WEBBER, C. A., MARTINEZ, J. A., SINGH, B. & ZOCHODNE, D. W. 

2010. PTEN inhibition to facilitate intrinsic regenerative outgrowth of adult 

peripheral axons. J Neurosci, 30, 9306-15. 

CHRISTIE, K. J. & ZOCHODNE, D. 2013. Peripheral axon regrowth: new molecular 

approaches. Neuroscience, 240, 310-24. 

CIECHANOVER, A. & BRUNDIN, P. 2003. The ubiquitin proteasome system in 

neurodegenerative diseases: sometimes the chicken, sometimes the egg. Neuron, 40, 

427-46. 



                                                      248 

CIECHANOVER, A. & SCHWARTZ, A. L. 1994. The ubiquitin-mediated proteolytic 

pathway: mechanisms of recognition of the proteolytic substrate and involvement in 

the degradation of native cellular proteins. FASEB J, 8, 182-91. 

CLEMENT, A. M., NGUYEN, M. D., ROBERTS, E. A., GARCIA, M. L., BOILLEE, S., 

RULE, M., MCMAHON, A. P., DOUCETTE, W., SIWEK, D., FERRANTE, R. J., 

BROWN, R. H., JR., JULIEN, J. P., GOLDSTEIN, L. S. & CLEVELAND, D. W. 

2003. Wild-type nonneuronal cells extend survival of SOD1 mutant motor neurons 

in ALS mice. Science, 302, 113-7. 

CLEVELAND, J. L. 2003. A new piece of the ALS puzzle. Nat Genet, 34, 357-8. 

COOKSON, M. R., MENZIES, F. M., MANNING, P., EGGETT, C. J., FIGLEWICZ, D. 

A., MCNEIL, C. J. & SHAW, P. J. 2002. Cu/Zn superoxide dismutase (SOD1) 

mutations associated with familial amyotrophic lateral sclerosis (ALS) affect 

cellular free radical release in the presence of oxidative stress. Amyotroph Lateral 

Scler Other Motor Neuron Disord, 3, 75-85. 

COOPER-KNOCK, J., SHAW, P. J. & KIRBY, J. 2014a. The widening spectrum of 

C9ORF72-related disease; genotype/phenotype correlations and potential modifiers 

of clinical phenotype. Acta Neuropathol, 127, 333-45. 

COOPER-KNOCK, J., WALSH, M. J., HIGGINBOTTOM, A., ROBIN HIGHLEY, J., 

DICKMAN, M. J., EDBAUER, D., INCE, P. G., WHARTON, S. B., WILSON, S. 

A., KIRBY, J., HAUTBERGUE, G. M. & SHAW, P. J. 2014b. Sequestration of 

multiple RNA recognition motif-containing proteins by C9orf72 repeat expansions. 

Brain, 137, 2040-51. 

CORCIA, P., VALDMANIS, P., MILLECAMPS, S., LIONNET, C., BLASCO, H., 

MOUZAT, K., DAOUD, H., BELZIL, V., MORALES, R., PAGEOT, N., DANEL-

BRUNAUD, V., VANDENBERGHE, N., PRADAT, P. F., COURATIER, P., 

SALACHAS, F., LUMBROSO, S., ROULEAU, G. A., MEININGER, V. & 

CAMU, W. 2012. Phenotype and genotype analysis in amyotrophic lateral sclerosis 

with TARDBP gene mutations. Neurology, 78, 1519-26. 

CORNU, T. I. & CATHOMEN, T. 2007. Targeted genome modifications using integrase-

deficient lentiviral vectors. Mol Ther, 15, 2107-13. 

COTE, F., COLLARD, J. F. & JULIEN, J. P. 1993. Progressive neuronopathy in transgenic 

mice expressing the human neurofilament heavy gene: a mouse model of 

amyotrophic lateral sclerosis. Cell, 73, 35-46. 

COUILLARD-DESPRES, S., ZHU, Q., WONG, P. C., PRICE, D. L., CLEVELAND, D. W. 

& JULIEN, J. P. 1998. Protective effect of neurofilament heavy gene 

overexpression in motor neuron disease induced by mutant superoxide dismutase. 

Proc Natl Acad Sci U S A, 95, 9626-30. 



                                                      249 

COYLE, J. T. & PUTTFARCKEN, P. 1993. Oxidative stress, glutamate, and 

neurodegenerative disorders. Science, 262, 689-95. 

CRIPPA, V., SAU, D., RUSMINI, P., BONCORAGLIO, A., ONESTO, E., BOLZONI, E., 

GALBIATI, M., FONTANA, E., MARINO, M., CARRA, S., BENDOTTI, C., DE 

BIASI, S. & POLETTI, A. 2010. The small heat shock protein B8 (HspB8) 

promotes autophagic removal of misfolded proteins involved in amyotrophic lateral 

sclerosis (ALS). Hum Mol Genet, 19, 3440-56. 

CUDKOWICZ, M., BOZIK, M. E., INGERSOLL, E. W., MILLER, R., MITSUMOTO, H., 

SHEFNER, J., MOORE, D. H., SCHOENFELD, D., MATHER, J. L., 

ARCHIBALD, D., SULLIVAN, M., AMBURGEY, C., MORITZ, J. & 

GRIBKOFF, V. K. 2011. The effects of dexpramipexole (KNS-760704) in 

individuals with amyotrophic lateral sclerosis. Nat Med, 17, 1652-6. 

CUDKOWICZ, M. E., MCKENNA-YASEK, D., SAPP, P. E., CHIN, W., GELLER, B., 

HAYDEN, D. L., SCHOENFELD, D. A., HOSLER, B. A., HORVITZ, H. R. & 

BROWN, R. H. 1997. Epidemiology of mutations in superoxide dismutase in 

amyotrophic lateral sclerosis. Ann Neurol, 41, 210-21. 

CUDKOWICZ, M. E., VAN DEN BERG, L. H., SHEFNER, J. M., MITSUMOTO, H., 

MORA, J. S., LUDOLPH, A., HARDIMAN, O., BOZIK, M. E., INGERSOLL, E. 

W., ARCHIBALD, D., MEYERS, A. L., DONG, Y., FARWELL, W. R., KERR, D. 

A. & INVESTIGATORS, E. 2013. Dexpramipexole versus placebo for patients with 

amyotrophic lateral sclerosis (EMPOWER): a randomised, double-blind, phase 3 

trial. Lancet Neurol, 12, 1059-67. 

D'ERRICO, P., BOIDO, M., PIRAS, A., VALSECCHI, V., DE AMICIS, E., LOCATELLI, 

D., CAPRA, S., VAGNI, F., VERCELLI, A. & BATTAGLIA, G. 2013. Selective 

vulnerability of spinal and cortical motor neuron subpopulations in delta7 SMA 

mice. PLoS One, 8, e82654. 

DADON-NACHUM, M., MELAMED, E. & OFFEN, D. 2011. The "dying-back" 

phenomenon of motor neurons in ALS. J Mol Neurosci, 43, 470-7. 

DAL CANTO, M. C. & GURNEY, M. E. 1994. Development of central nervous system 

pathology in a murine transgenic model of human amyotrophic lateral sclerosis. Am 

J Pathol, 145, 1271-9. 

DAL CANTO, M. C. & GURNEY, M. E. 1995. Neuropathological changes in two lines of 

mice carrying a transgene for mutant human Cu,Zn SOD, and in mice 

overexpressing wild type human SOD: a model of familial amyotrophic lateral 

sclerosis (FALS). Brain Res, 676, 25-40. 

DAMIANO, M., STARKOV, A. A., PETRI, S., KIPIANI, K., KIAEI, M., MATTIAZZI, 

M., FLINT BEAL, M. & MANFREDI, G. 2006. Neural mitochondrial Ca2+ 



                                                      250 

capacity impairment precedes the onset of motor symptoms in G93A Cu/Zn-

superoxide dismutase mutant mice. J Neurochem, 96, 1349-61. 

DAOUD, H., VALDMANIS, P. N., GROS-LOUIS, F., BELZIL, V., SPIEGELMAN, D., 

HENRION, E., DIALLO, O., DESJARLAIS, A., GAUTHIER, J., CAMU, W., 

DION, P. A. & ROULEAU, G. A. 2011. Resequencing of 29 candidate genes in 

patients with familial and sporadic amyotrophic lateral sclerosis. Arch Neurol, 68, 

587-93. 

DATTA, S. R., BRUNET, A. & GREENBERG, M. E. 1999. Cellular survival: a play in 

three Akts. Genes & Development, 13, 2905-27. 

DATTA, S. R., DUDEK, H., TAO, X., MASTERS, S., FU, H., GOTOH, Y. & 

GREENBERG, M. E. 1997. Akt phosphorylation of BAD couples survival signals 

to the cell-intrinsic death machinery. Cell, 91, 231-41. 

DAVIDSON, B. L. & BOUDREAU, R. L. 2007. RNA interference: a tool for querying 

nervous system function and an emerging therapy. Neuron, 53, 781-8. 

DAVIDSON, B. L., STEIN, C. S., HETH, J. A., MARTINS, I., KOTIN, R. M., DERKSEN, 

T. A., ZABNER, J., GHODSI, A. & CHIORINI, J. A. 2000. Recombinant adeno-

associated virus type 2, 4, and 5 vectors: transduction of variant cell types and 

regions in the mammalian central nervous system. Proc Natl Acad Sci U S A, 97, 

3428-32. 

DE VOS, K. J., CHAPMAN, A. L., TENNANT, M. E., MANSER, C., TUDOR, E. L., 

LAU, K. F., BROWNLEES, J., ACKERLEY, S., SHAW, P. J., MCLOUGHLIN, D. 

M., SHAW, C. E., LEIGH, P. N., MILLER, C. C. & GRIERSON, A. J. 2007. 

Familial amyotrophic lateral sclerosis-linked SOD1 mutants perturb fast axonal 

transport to reduce axonal mitochondria content. Hum Mol Genet, 16, 2720-8. 

DE VOS, K. J., GRIERSON, A. J., ACKERLEY, S. & MILLER, C. C. 2008. Role of axonal 

transport in neurodegenerative diseases. Annu Rev Neurosci, 31, 151-73. 

DEGLON, N., TSENG, J. L., BENSADOUN, J. C., ZURN, A. D., ARSENIJEVIC, Y., 

PEREIRA DE ALMEIDA, L., ZUFFEREY, R., TRONO, D. & AEBISCHER, P. 

2000. Self-inactivating lentiviral vectors with enhanced transgene expression as 

potential gene transfer system in Parkinson's disease. Hum Gene Ther, 11, 179-90. 

DEJESUS-HERNANDEZ, M., MACKENZIE, I. R., BOEVE, B. F., BOXER, A. L., 

BAKER, M., RUTHERFORD, N. J., NICHOLSON, A. M., FINCH, N. A., 

FLYNN, H., ADAMSON, J., KOURI, N., WOJTAS, A., SENGDY, P., HSIUNG, 

G. Y., KARYDAS, A., SEELEY, W. W., JOSEPHS, K. A., COPPOLA, G., 

GESCHWIND, D. H., WSZOLEK, Z. K., FELDMAN, H., KNOPMAN, D. S., 

PETERSEN, R. C., MILLER, B. L., DICKSON, D. W., BOYLAN, K. B., GRAFF-

RADFORD, N. R. & RADEMAKERS, R. 2011. Expanded GGGGCC 



                                                      251 

hexanucleotide repeat in noncoding region of C9ORF72 causes chromosome 9p-

linked FTD and ALS. Neuron, 72, 245-56. 

DEKKERS, M. P., NIKOLETOPOULOU, V. & BARDE, Y. A. 2013. Cell biology in 

neuroscience: Death of developing neurons: new insights and implications for 

connectivity. J Cell Biol, 203, 385-93. 

DELGADO-ESTEBAN, M., MARTIN-ZANCA, D., ANDRES-MARTIN, L., ALMEIDA, 

A. & BOLANOS, J. P. 2007. Inhibition of PTEN by peroxynitrite activates the 

phosphoinositide-3-kinase/Akt neuroprotective signaling pathway. J Neurochem, 

102, 194-205. 

DENG, H. X., BIGIO, E. H., ZHAI, H., FECTO, F., AJROUD, K., SHI, Y., YAN, J., 

MISHRA, M., AJROUD-DRISS, S., HELLER, S., SUFIT, R., SIDDIQUE, N., 

MUGNAINI, E. & SIDDIQUE, T. 2011a. Differential involvement of optineurin in 

amyotrophic lateral sclerosis with or without SOD1 mutations. Arch Neurol, 68, 

1057-61. 

DENG, H. X., CHEN, W., HONG, S. T., BOYCOTT, K. M., GORRIE, G. H., SIDDIQUE, 

N., YANG, Y., FECTO, F., SHI, Y., ZHAI, H., JIANG, H., HIRANO, M., 

RAMPERSAUD, E., JANSEN, G. H., DONKERVOORT, S., BIGIO, E. H., 

BROOKS, B. R., AJROUD, K., SUFIT, R. L., HAINES, J. L., MUGNAINI, E., 

PERICAK-VANCE, M. A. & SIDDIQUE, T. 2011c. Mutations in UBQLN2 cause 

dominant X-linked juvenile and adult-onset ALS and ALS/dementia. Nature, 477, 

211-5. 

DEWIL, M., LAMBRECHTS, D., SCIOT, R., SHAW, P. J., INCE, P. G., ROBBERECHT, 

W. & VAN DEN BOSCH, L. 2007a. Vascular endothelial growth factor counteracts 

the loss of phospho-Akt preceding motor neurone degeneration in amyotrophic 

lateral sclerosis. Neuropathol Appl Neurobiol, 33, 499-509. 

DEWIL, M., LAMBRECHTS, D., SCIOT, R., SHAW, P. J., INCE, P. G., ROBBERECHT, 

W. & VAN DEN BOSCH, L. 2007c. Vascular endothelial growth factor counteracts 

the loss of phospho-Akt preceding motor neurone degeneration in amyotrophic 

lateral sclerosis. Neuropathology & Applied Neurobiology, 33, 499-509. 

DI CRISTOFANO, A., PESCE, B., CORDON-CARDO, C. & PANDOLFI, P. P. 1998. Pten 

is essential for embryonic development and tumour suppression. Nat Genet, 19, 348-

55. 

DI GIORGIO, F. P., BOULTING, G. L., BOBROWICZ, S. & EGGAN, K. C. 2008. Human 

embryonic stem cell-derived motor neurons are sensitive to the toxic effect of glial 

cells carrying an ALS-causing mutation. Cell Stem Cell, 3, 637-48. 

DIAZ-RUIZ, O., ZAPATA, A., SHAN, L., ZHANG, Y., TOMAC, A. C., MALIK, N., DE 

LA CRUZ, F. & BACKMAN, C. M. 2009. Selective deletion of PTEN in dopamine 



                                                      252 

neurons leads to trophic effects and adaptation of striatal medium spiny projecting 

neurons. PLoS One, 4, e7027. 

DIMOS, J. T., RODOLFA, K. T., NIAKAN, K. K., WEISENTHAL, L. M., MITSUMOTO, 

H., CHUNG, W., CROFT, G. F., SAPHIER, G., LEIBEL, R., GOLAND, R., 

WICHTERLE, H., HENDERSON, C. E. & EGGAN, K. 2008. Induced pluripotent 

stem cells generated from patients with ALS can be differentiated into motor 

neurons. Science, 321, 1218-21. 

DOBLE, A. 1996. The pharmacology and mechanism of action of riluzole. Neurology, 47, 

S233-41. 

DOBROWOLNY, G., AUCELLO, M. & MUSARO, A. 2011. Muscle atrophy induced by 

SOD1G93A expression does not involve the activation of caspase in the absence of 

denervation. Skelet Muscle, 1, 3. 

DODGE, J. C., HAIDET, A. M., YANG, W., PASSINI, M. A., HESTER, M., CLARKE, J., 

ROSKELLEY, E. M., TRELEAVEN, C. M., RIZO, L., MARTIN, H., KIM, S. H., 

KASPAR, R., TAKSIR, T. V., GRIFFITHS, D. A., CHENG, S. H., 

SHIHABUDDIN, L. S. & KASPAR, B. K. 2008. Delivery of AAV-IGF-1 to the 

CNS extends survival in ALS mice through modification of aberrant glial cell 

activity. Mol Ther, 16, 1056-64. 

DODGE, J. C., TRELEAVEN, C. M., FIDLER, J. A., HESTER, M., HAIDET, A., 

HANDY, C., RAO, M., EAGLE, A., MATTHEWS, J. C., TAKSIR, T. V., CHENG, 

S. H., SHIHABUDDIN, L. S. & KASPAR, B. K. 2010. AAV4-mediated expression 

of IGF-1 and VEGF within cellular components of the ventricular system improves 

survival outcome in familial ALS mice. Mol Ther, 18, 2075-84. 

DOMANSKYI, A., GEISSLER, C., VINNIKOV, I. A., ALTER, H., SCHOBER, A., 

VOGT, M. A., GASS, P., PARLATO, R. & SCHUTZ, G. 2011. Pten ablation in 

adult dopaminergic neurons is neuroprotective in Parkinson's disease models. 

FASEB J, 25, 2898-910. 

DONNELLY, C. J., ZHANG, P. W., PHAM, J. T., HAEUSLER, A. R., MISTRY, N. A., 

VIDENSKY, S., DALEY, E. L., POTH, E. M., HOOVER, B., FINES, D. M., 

MARAGAKIS, N., TIENARI, P. J., PETRUCELLI, L., TRAYNOR, B. J., WANG, 

J., RIGO, F., BENNETT, C. F., BLACKSHAW, S., SATTLER, R. & ROTHSTEIN, 

J. D. 2013. RNA toxicity from the ALS/FTD C9ORF72 expansion is mitigated by 

antisense intervention. Neuron, 80, 415-28. 

DONSANTE, A., MILLER, D. G., LI, Y., VOGLER, C., BRUNT, E. M., RUSSELL, D. W. 

& SANDS, M. S. 2007. AAV vector integration sites in mouse hepatocellular 

carcinoma. Science, 317, 477. 



                                                      253 

DREYER, J. L. 2011. Lentiviral vector-mediated gene transfer and RNA silencing 

technology in neuronal dysfunctions. Mol Biotechnol, 47, 169-87. 

DUAN, D., YUE, Y. & ENGELHARDT, J. F. 2001. Expanding AAV packaging capacity 

with trans-splicing or overlapping vectors: a quantitative comparison. Mol Ther, 4, 

383-91. 

DUAN, W., LI, X., SHI, J., GUO, Y., LI, Z. & LI, C. 2010. Mutant TAR DNA-binding 

protein-43 induces oxidative injury in motor neuron-like cell. Neuroscience, 169, 

1621-9. 

DUEX, J. E., NAU, J. J., KAUFFMAN, E. J. & WEISMAN, L. S. 2006. Phosphoinositide 

5-phosphatase Fig 4p is required for both acute rise and subsequent fall in stress-

induced phosphatidylinositol 3,5-bisphosphate levels. Eukaryot Cell, 5, 723-31. 

DUFFY, L. M., CHAPMAN, A. L., SHAW, P. J. & GRIERSON, A. J. 2011. Review: The 

role of mitochondria in the pathogenesis of amyotrophic lateral sclerosis. 

Neuropathol Appl Neurobiol, 37, 336-52. 

DULL, T., ZUFFEREY, R., KELLY, M., MANDEL, R. J., NGUYEN, M., TRONO, D. & 

NALDINI, L. 1998. A third-generation lentivirus vector with a conditional 

packaging system. J Virol, 72, 8463-71. 

DUQUE, S., JOUSSEMET, B., RIVIERE, C., MARAIS, T., DUBREIL, L., DOUAR, A. 

M., FYFE, J., MOULLIER, P., COLLE, M. A. & BARKATS, M. 2009. Intravenous 

administration of self-complementary AAV9 enables transgene delivery to adult 

motor neurons. Mol Ther, 17, 1187-96. 

EGAWA, N., KITAOKA, S., TSUKITA, K., NAITOH, M., TAKAHASHI, K., 

YAMAMOTO, T., ADACHI, F., KONDO, T., OKITA, K., ASAKA, I., AOI, T., 

WATANABE, A., YAMADA, Y., MORIZANE, A., TAKAHASHI, J., AYAKI, T., 

ITO, H., YOSHIKAWA, K., YAMAWAKI, S., SUZUKI, S., WATANABE, D., 

HIOKI, H., KANEKO, T., MAKIOKA, K., OKAMOTO, K., TAKUMA, H., 

TAMAOKA, A., HASEGAWA, K., NONAKA, T., HASEGAWA, M., KAWATA, 

A., YOSHIDA, M., NAKAHATA, T., TAKAHASHI, R., MARCHETTO, M. C., 

GAGE, F. H., YAMANAKA, S. & INOUE, H. 2012. Drug screening for ALS using 

patient-specific induced pluripotent stem cells. Sci Transl Med, 4, 145ra104. 

EISEN, A. & WEBER, M. 2001. The motor cortex and amyotrophic lateral sclerosis. 

Muscle Nerve, 24, 564-73. 

EKEGREN, T., GRUNDSTROM, E., LINDHOLM, D. & AQUILONIUS, S. M. 1999. 

Upregulation of Bax protein and increased DNA degradation in ALS spinal cord 

motor neurons. Acta Neurol Scand, 100, 317-21. 

ELDEN, A. C., KIM, H. J., HART, M. P., CHEN-PLOTKIN, A. S., JOHNSON, B. S., 

FANG, X., ARMAKOLA, M., GESER, F., GREENE, R., LU, M. M., 



                                                      254 

PADMANABHAN, A., CLAY-FALCONE, D., MCCLUSKEY, L., ELMAN, L., 

JUHR, D., GRUBER, P. J., RUB, U., AUBURGER, G., TROJANOWSKI, J. Q., 

LEE, V. M., VAN DEERLIN, V. M., BONINI, N. M. & GITLER, A. D. 2010. 

Ataxin-2 intermediate-length polyglutamine expansions are associated with 

increased risk for ALS. Nature, 466, 1069-75. 

ELLIOTT, J. L. 2001. Cytokine upregulation in a murine model of familial amyotrophic 

lateral sclerosis. Brain Res Mol Brain Res, 95, 172-8. 

EMARA, M. M., IVANOV, P., HICKMAN, T., DAWRA, N., TISDALE, S., KEDERSHA, 

N., HU, G. F. & ANDERSON, P. 2010. Angiogenin-induced tRNA-derived stress-

induced RNAs promote stress-induced stress granule assembly. J Biol Chem, 285, 

10959-68. 

ENDERSBY, R. & BAKER, S. J. 2008. PTEN signaling in brain: neuropathology and 

tumorigenesis. Oncogene, 27, 5416-30. 

EPSTEIN, A. L. 2009. HSV-1-derived amplicon vectors: recent technological improvements 

and remaining difficulties--a review. Mem Inst Oswaldo Cruz, 104, 399-410. 

ESCORS, D. & BRECKPOT, K. 2010. Lentiviral vectors in gene therapy: their current 

status and future potential. Arch Immunol Ther Exp (Warsz), 58, 107-19. 

FAGONE, P., WRIGHT, J. F., NATHWANI, A. C., NIENHUIS, A. W., DAVIDOFF, A. 

M. & GRAY, J. T. 2012. Systemic errors in quantitative polymerase chain reaction 

titration of self-complementary adeno-associated viral vectors and improved 

alternative methods. Hum Gene Ther Methods, 23, 1-7. 

FALLINI, C., BASSELL, G. J. & ROSSOLL, W. 2010. High-efficiency transfection of 

cultured primary motor neurons to study protein localization, trafficking, and 

function. Mol Neurodegener, 5, 17. 

FECTO, F., YAN, J., VEMULA, S. P., LIU, E., YANG, Y., CHEN, W., ZHENG, J. G., 

SHI, Y., SIDDIQUE, N., ARRAT, H., DONKERVOORT, S., AJROUD-DRISS, S., 

SUFIT, R. L., HELLER, S. L., DENG, H. X. & SIDDIQUE, T. 2011. SQSTM1 

mutations in familial and sporadic amyotrophic lateral sclerosis. Arch Neurol, 68, 

1440-6. 

FEDERICI, T., TAUB, J. S., BAUM, G. R., GRAY, S. J., GRIEGER, J. C., MATTHEWS, 

K. A., HANDY, C. R., PASSINI, M. A., SAMULSKI, R. J. & BOULIS, N. M. 

2012. Robust spinal motor neuron transduction following intrathecal delivery of 

AAV9 in pigs. Gene Ther, 19, 852-9. 

FERGUSON, C. J., LENK, G. M. & MEISLER, M. H. 2009. Defective autophagy in 

neurons and astrocytes from mice deficient in PI(3,5)P2. Hum Mol Genet, 18, 4868-

78. 



                                                      255 

FERRAIUOLO, L., HEATH, P. R., HOLDEN, H., KASHER, P., KIRBY, J. & SHAW, P. J. 

2007. Microarray analysis of the cellular pathways involved in the adaptation to and 

progression of motor neuron injury in the SOD1 G93A mouse model of familial 

ALS. J Neurosci, 27, 9201-19. 

FERRAIUOLO, L., HIGGINBOTTOM, A., HEATH, P. R., BARBER, S., GREENALD, D., 

KIRBY, J. & SHAW, P. J. 2011a. Dysregulation of astrocyte-motoneuron cross-talk 

in mutant superoxide dismutase 1-related amyotrophic lateral sclerosis. Brain, 134, 

2627-41. 

FERRAIUOLO, L., KIRBY, J., GRIERSON, A. J., SENDTNER, M. & SHAW, P. J. 2011e. 

Molecular pathways of motor neuron injury in amyotrophic lateral sclerosis. Nat 

Rev Neurol, 7, 616-30. 

FERRARI, F. K., SAMULSKI, T., SHENK, T. & SAMULSKI, R. J. 1996. Second-strand 

synthesis is a rate-limiting step for efficient transduction by recombinant adeno-

associated virus vectors. J Virol, 70, 3227-34. 

FERRI, A., SANES, J. R., COLEMAN, M. P., CUNNINGHAM, J. M. & KATO, A. C. 

2003. Inhibiting axon degeneration and synapse loss attenuates apoptosis and 

disease progression in a mouse model of motoneuron disease. Current Biology, 13, 

669-73. 

FIALA, M., CHATTOPADHAY, M., LA CAVA, A., TSE, E., LIU, G., LOURENCO, E., 

ESKIN, A., LIU, P. T., MAGPANTAY, L., TSE, S., MAHANIAN, M., 

WEITZMAN, R., TONG, J., NGUYEN, C., CHO, T., KOO, P., SAYRE, J., 

MARTINEZ-MAZA, O., ROSENTHAL, M. J. & WIEDAU-PAZOS, M. 2010. IL-

17A is increased in the serum and in spinal cord CD8 and mast cells of ALS 

patients. J Neuroinflammation, 7, 76. 

FIRE, A., XU, S., MONTGOMERY, M. K., KOSTAS, S. A., DRIVER, S. E. & MELLO, C. 

C. 1998. Potent and specific genetic interference by double-stranded RNA in 

Caenorhabditis elegans. Nature, 391, 806-11. 

FISCHER, L. R., CULVER, D. G., TENNANT, P., DAVIS, A. A., WANG, M., 

CASTELLANO-SANCHEZ, A., KHAN, J., POLAK, M. A. & GLASS, J. D. 2004. 

Amyotrophic lateral sclerosis is a distal axonopathy: evidence in mice and man. Exp 

Neurol, 185, 232-40. 

FITZMAURICE, P. S., SHAW, I. C., KLEINER, H. E., MILLER, R. T., MONKS, T. J., 

LAU, S. S., MITCHELL, J. D. & LYNCH, P. G. 1996. Evidence for DNA damage 

in amyotrophic lateral sclerosis. Muscle Nerve, 19, 797-8. 

FITZSIMONS, H. L., BLAND, R. J. & DURING, M. J. 2002. Promoters and regulatory 

elements that improve adeno-associated virus transgene expression in the brain. 

Methods, 28, 227-36. 



                                                      256 

FLOTO, R. A., SARKAR, S., PERLSTEIN, E. O., KAMPMANN, B., SCHREIBER, S. L. 

& RUBINSZTEIN, D. C. 2007. Small molecule enhancers of rapamycin-induced 

TOR inhibition promote autophagy, reduce toxicity in Huntington's disease models 

and enhance killing of mycobacteria by macrophages. Autophagy, 3, 620-2. 

FORAN, E. & TROTTI, D. 2009. Glutamate transporters and the excitotoxic path to motor 

neuron degeneration in amyotrophic lateral sclerosis. Antioxid Redox Signal, 11, 

1587-602. 

FOUST, K. D., NURRE, E., MONTGOMERY, C. L., HERNANDEZ, A., CHAN, C. M. & 

KASPAR, B. K. 2009. Intravascular AAV9 preferentially targets neonatal neurons 

and adult astrocytes. Nat Biotechnol, 27, 59-65. 

FOUST, K. D., SALAZAR, D. L., LIKHITE, S., FERRAIUOLO, L., DITSWORTH, D., 

ILIEVA, H., MEYER, K., SCHMELZER, L., BRAUN, L., CLEVELAND, D. W. & 

KASPAR, B. K. 2013. Therapeutic AAV9-mediated suppression of mutant SOD1 

slows disease progression and extends survival in models of inherited ALS. Mol 

Ther, 21, 2148-59. 

FRANCO, L. M., SUN, B., YANG, X., BIRD, A., ZHANG, H., SCHNEIDER, A., 

BROWN, T., YOUNG, S. P., CLAY, T. M., AMALFITANO, A., CHEN, Y. T. & 

KOEBERL, D. D. 2005. Evasion of immune responses to introduced human acid 

alpha-glucosidase by liver-restricted expression in glycogen storage disease type II. 

Mol Ther, 12, 876-84. 

FRANZ, C. K., FEDERICI, T., YANG, J., BACKUS, C., OH, S. S., TENG, Q., CARLTON, 

E., BISHOP, K. M., GASMI, M., BARTUS, R. T., FELDMAN, E. L. & BOULIS, 

N. M. 2009. Intraspinal cord delivery of IGF-I mediated by adeno-associated virus 2 

is neuroprotective in a rat model of familial ALS. Neurobiol Dis, 33, 473-81. 

FRASER, M. M., BAYAZITOV, I. T., ZAKHARENKO, S. S. & BAKER, S. J. 2008. 

Phosphatase and tensin homolog, deleted on chromosome 10 deficiency in brain 

causes defects in synaptic structure, transmission and plasticity, and myelination 

abnormalities. Neuroscience, 151, 476-88. 

FRASER, M. M., ZHU, X., KWON, C. H., UHLMANN, E. J., GUTMANN, D. H. & 

BAKER, S. J. 2004. Pten loss causes hypertrophy and increased proliferation of 

astrocytes in vivo. Cancer Res, 64, 7773-9. 

FRAY, A. E., INCE, P. G., BANNER, S. J., MILTON, I. D., USHER, P. A., COOKSON, 

M. R. & SHAW, P. J. 1998. The expression of the glial glutamate transporter 

protein EAAT2 in motor neuron disease: an immunohistochemical study. Eur J 

Neurosci, 10, 2481-9. 

FREED, E. O. 2001. HIV-1 replication. Somat Cell Mol Genet, 26, 13-33. 



                                                      257 

FREY, D., SCHNEIDER, C., XU, L., BORG, J., SPOOREN, W. & CARONI, P. 2000. 

Early and selective loss of neuromuscular synapse subtypes with low sprouting 

competence in motoneuron diseases. J Neurosci, 20, 2534-42. 

FU, H., FENG, J., LIU, Q., SUN, F., TIE, Y., ZHU, J., XING, R., SUN, Z. & ZHENG, X. 

2009. Stress induces tRNA cleavage by angiogenin in mammalian cells. FEBS Lett, 

583, 437-42. 

FURNARI, F. B., LIN, H., HUANG, H. S. & CAVENEE, W. K. 1997. Growth suppression 

of glioma cells by PTEN requires a functional phosphatase catalytic domain. Proc 

Natl Acad Sci U S A, 94, 12479-84. 

GAL, J., STROM, A. L., KWINTER, D. M., KILTY, R., ZHANG, J., SHI, P., FU, W., 

WOOTEN, M. W. & ZHU, H. 2009. Sequestosome 1/p62 links familial ALS mutant 

SOD1 to LC3 via an ubiquitin-independent mechanism. J Neurochem, 111, 1062-

73. 

GARBUZOVA-DAVIS, S., SAPORTA, S., HALLER, E., KOLOMEY, I., BENNETT, S. 

P., POTTER, H. & SANBERG, P. R. 2007. Evidence of compromised blood-spinal 

cord barrier in early and late symptomatic SOD1 mice modeling ALS. PLoS One, 2, 

e1205. 

GARY, D. S. & MATTSON, M. P. 2002. PTEN regulates Akt kinase activity in 

hippocampal neurons and increases their sensitivity to glutamate and apoptosis. 

Neuromolecular Med, 2, 261-9. 

GENDRON, T. F., BELZIL, V. V., ZHANG, Y. J. & PETRUCELLI, L. 2014. Mechanisms 

of toxicity in C9FTLD/ALS. Acta Neuropathol, 127, 359-76. 

GEORGESCU, M. M. 2010. PTEN Tumor Suppressor Network in PI3K-Akt Pathway 

Control. Genes Cancer, 1, 1170-7. 

GEORGESCU, M. M., KIRSCH, K. H., AKAGI, T., SHISHIDO, T. & HANAFUSA, H. 

1999. The tumor-suppressor activity of PTEN is regulated by its carboxyl-terminal 

region. Proceedings of the National Academy of Sciences of the United States of 

America, 96, 10182-7. 

GHADGE, G. D., LEE, J. P., BINDOKAS, V. P., JORDAN, J., MA, L., MILLER, R. J. & 

ROOS, R. P. 1997. Mutant superoxide dismutase-1-linked familial amyotrophic 

lateral sclerosis: molecular mechanisms of neuronal death and protection. J 

Neurosci, 17, 8756-66. 

GHAVAMI, S., SHOJAEI, S., YEGANEH, B., ANDE, S. R., JANGAMREDDY, J. R., 

MEHRPOUR, M., CHRISTOFFERSSON, J., CHAABANE, W., MOGHADAM, A. 

R., KASHANI, H. H., HASHEMI, M., OWJI, A. A. & LOS, M. J. 2014. Autophagy 

and apoptosis dysfunction in neurodegenerative disorders. Prog Neurobiol, 112, 24-

49. 



                                                      258 

GIACCA, M. & ZACCHIGNA, S. 2012. Virus-mediated gene delivery for human gene 

therapy. J Control Release, 161, 377-88. 

GIJSBERS, R., RONEN, K., VETS, S., MALANI, N., DE RIJCK, J., MCNEELY, M., 

BUSHMAN, F. D. & DEBYSER, Z. 2010. LEDGF hybrids efficiently retarget 

lentiviral integration into heterochromatin. Mol Ther, 18, 552-60. 

GIMENEZ Y RIBOTTA, M., REVAH, F., PRADIER, L., LOQUET, I., MALLET, J. & 

PRIVAT, A. 1997. Prevention of motoneuron death by adenovirus-mediated 

neurotrophic factors. J Neurosci Res, 48, 281-5. 

GINN, S. L., FLEMING, J., ROWE, P. B. & ALEXANDER, I. E. 2003. Promoter 

interference mediated by the U3 region in early-generation HIV-1-derived lentivirus 

vectors can influence detection of transgene expression in a cell-type and species-

specific manner. Hum Gene Ther, 14, 1127-37. 

GIORDANA, M. T., PICCININI, M., GRIFONI, S., DE MARCO, G., VERCELLINO, M., 

MAGISTRELLO, M., PELLERINO, A., BUCCINNA, B., LUPINO, E. & 

RINAUDO, M. T. 2010. TDP-43 redistribution is an early event in sporadic 

amyotrophic lateral sclerosis. Brain Pathol, 20, 351-60. 

GITCHO, M. A., BALOH, R. H., CHAKRAVERTY, S., MAYO, K., NORTON, J. B., 

LEVITCH, D., HATANPAA, K. J., WHITE, C. L., 3RD, BIGIO, E. H., CASELLI, 

R., BAKER, M., AL-LOZI, M. T., MORRIS, J. C., PESTRONK, A., 

RADEMAKERS, R., GOATE, A. M. & CAIRNS, N. J. 2008. TDP-43 A315T 

mutation in familial motor neuron disease. Ann Neurol, 63, 535-8. 

GLASS, D. J. 2003. Signalling pathways that mediate skeletal muscle hypertrophy and 

atrophy. Nat Cell Biol, 5, 87-90. 

GOH, C. P., PUTZ, U., HOWITT, J., LOW, L. H., GUNNERSEN, J., BYE, N., 

MORGANTI-KOSSMANN, C. & TAN, S. S. 2014. Nuclear trafficking of Pten 

after brain injury leads to neuron survival not death. Experimental Neurology, 252, 

37-46. 

GOMEZ-PINEDO, U., YANEZ, M., MATIAS-GUIU, J., GALAN, L., GUERRERO-

SOLA, A., BENITO-MARTIN, M. S., VELA, A., ARRANZ-TAGARRO, J. A. & 

GARCIA, A. G. 2014. Cellular changes in motor neuron cell culture produced by 

cytotoxic cerebrospinal fluid from patients with amyotrophic lateral sclerosis. 

Neurologia, 29, 346-52. 

GONG, Y. H., PARSADANIAN, A. S., ANDREEVA, A., SNIDER, W. D. & ELLIOTT, J. 

L. 2000. Restricted expression of G86R Cu/Zn superoxide dismutase in astrocytes 

results in astrocytosis but does not cause motoneuron degeneration. J Neurosci, 20, 

660-5. 



                                                      259 

GONZALEZ-ALEGRE, P. 2007. Therapeutic RNA interference for neurodegenerative 

diseases: From promise to progress. Pharmacol Ther, 114, 34-55. 

GORDON, P. H. 2013. Amyotrophic Lateral Sclerosis: An update for 2013 Clinical 

Features, Pathophysiology, Management and Therapeutic Trials. Aging Dis, 4, 295-

310. 

GORDON, P. H., DELGADILLO, D., PIQUARD, A., BRUNETEAU, G., PRADAT, P. F., 

SALACHAS, F., PAYAN, C., MEININGER, V. & LACOMBLEZ, L. 2011. The 

range and clinical impact of cognitive impairment in French patients with ALS: a 

cross-sectional study of neuropsychological test performance. Amyotroph Lateral 

Scler, 12, 372-8. 

GOSWAMI, R., SINGH, D., PHILLIPS, G., KILKUS, J. & DAWSON, G. 2005. Ceramide 

regulation of the tumor suppressor phosphatase PTEN in rafts isolated from 

neurotumor cell lines. J Neurosci Res, 81, 541-50. 

GOULD, T. W., BUSS, R. R., VINSANT, S., PREVETTE, D., SUN, W., KNUDSON, C. 

M., MILLIGAN, C. E. & OPPENHEIM, R. W. 2006. Complete dissociation of 

motor neuron death from motor dysfunction by Bax deletion in a mouse model of 

ALS. Journal of Neuroscience, 26, 8774-86. 

GRABER, D. J. & HARRIS, B. T. 2013. Purification and culture of spinal motor neurons 

from rat embryos. Cold Spring Harb Protoc, 2013, 319-26. 

GRAY, S. J., CHOI, V. W., ASOKAN, A., HABERMAN, R. A., MCCOWN, T. J. & 

SAMULSKI, R. J. 2011a. Production of recombinant adeno-associated viral vectors 

and use in in vitro and in vivo administration. Curr Protoc Neurosci, Chapter 4, 

Unit 4 17. 

GRAY, S. J., MATAGNE, V., BACHABOINA, L., YADAV, S., OJEDA, S. R. & 

SAMULSKI, R. J. 2011b. Preclinical differences of intravascular AAV9 delivery to 

neurons and glia: a comparative study of adult mice and nonhuman primates. Mol 

Ther, 19, 1058-69. 

GREENWAY, M. J., ALEXANDER, M. D., ENNIS, S., TRAYNOR, B. J., CORR, B., 

FROST, E., GREEN, A. & HARDIMAN, O. 2004. A novel candidate region for 

ALS on chromosome 14q11.2. Neurology, 63, 1936-8. 

GREENWAY, M. J., ANDERSEN, P. M., RUSS, C., ENNIS, S., CASHMAN, S., 

DONAGHY, C., PATTERSON, V., SWINGLER, R., KIERAN, D., PREHN, J., 

MORRISON, K. E., GREEN, A., ACHARYA, K. R., BROWN, R. H., JR. & 

HARDIMAN, O. 2006. ANG mutations segregate with familial and 'sporadic' 

amyotrophic lateral sclerosis. Nat Genet, 38, 411-3. 

GREGOREVIC, P., BLANKINSHIP, M. J., ALLEN, J. M., CRAWFORD, R. W., MEUSE, 

L., MILLER, D. G., RUSSELL, D. W. & CHAMBERLAIN, J. S. 2004. Systemic 



                                                      260 

delivery of genes to striated muscles using adeno-associated viral vectors. Nat Med, 

10, 828-34. 

GRIFFIN, R. J., MOLONEY, A., KELLIHER, M., JOHNSTON, J. A., RAVID, R., 

DOCKERY, P., O'CONNOR, R. & O'NEILL, C. 2005. Activation of Akt/PKB, 

increased phosphorylation of Akt substrates and loss and altered distribution of Akt 

and PTEN are features of Alzheimer's disease pathology. J Neurochem, 93, 105-17. 

GRIMM, D., KERN, A., PAWLITA, M., FERRARI, F., SAMULSKI, R. & 

KLEINSCHMIDT, J. 1999. Titration of AAV-2 particles via a novel capsid ELISA: 

packaging of genomes can limit production of recombinant AAV-2. Gene Ther, 6, 

1322-30. 

GRIMM, D., ZHOU, S., NAKAI, H., THOMAS, C. E., STORM, T. A., FUESS, S., 

MATSUSHITA, T., ALLEN, J., SUROSKY, R., LOCHRIE, M., MEUSE, L., 

MCCLELLAND, A., COLOSI, P. & KAY, M. A. 2003. Preclinical in vivo 

evaluation of pseudotyped adeno-associated virus vectors for liver gene therapy. 

Blood, 102, 2412-9. 

GROS-LOUIS, F., LARIVIERE, R., GOWING, G., LAURENT, S., CAMU, W., 

BOUCHARD, J. P., MEININGER, V., ROULEAU, G. A. & JULIEN, J. P. 2004. A 

frameshift deletion in peripherin gene associated with amyotrophic lateral sclerosis. 

J Biol Chem, 279, 45951-6. 

GROSSKREUTZ, J., VAN DEN BOSCH, L. & KELLER, B. U. 2010. Calcium 

dysregulation in amyotrophic lateral sclerosis. Cell Calcium, 47, 165-74. 

GROSZER, M., ERICKSON, R., SCRIPTURE-ADAMS, D. D., LESCHE, R., TRUMPP, 

A., ZACK, J. A., KORNBLUM, H. I., LIU, X. & WU, H. 2001. Negative regulation 

of neural stem/progenitor cell proliferation by the Pten tumor suppressor gene in 

vivo. Science, 294, 2186-9. 

GU, J., TAMURA, M., PANKOV, R., DANEN, E. H., TAKINO, T., MATSUMOTO, K. & 

YAMADA, K. M. 1999. Shc and FAK differentially regulate cell motility and 

directionality modulated by PTEN. J Cell Biol, 146, 389-403. 

GU, J., TAMURA, M. & YAMADA, K. M. 1998. Tumor suppressor PTEN inhibits 

integrin- and growth factor-mediated mitogen-activated protein (MAP) kinase 

signaling pathways. J Cell Biol, 143, 1375-83. 

GUEGAN, C. & PRZEDBORSKI, S. 2003. Programmed cell death in amyotrophic lateral 

sclerosis. J Clin Invest, 111, 153-61. 

GUIDATO, S., BAJAJ, N. P. & MILLER, C. C. 1996. Cellular phosphorylation of 

neurofilament heavy-chain by cyclin-dependent kinase-5 masks the epitope for 

monoclonal antibody N52. Neurosci Lett, 217, 157-60. 



                                                      261 

GUO, P., XIAO, X., EL-GOHARY, Y., PAREDES, J., PRASADAN, K., SHIOTA, C., 

WIERSCH, J., WELSH, C. & GITTES, G. K. 2013. A simplified purification 

method for AAV variant by polyethylene glycol aqueous two-phase partitioning. 

Bioengineered, 4, 103-6. 

GURNEY, M. E., PU, H., CHIU, A. Y., DAL CANTO, M. C., POLCHOW, C. Y., 

ALEXANDER, D. D., CALIENDO, J., HENTATI, A., KWON, Y. W., DENG, H. 

X. & ET AL. 1994. Motor neuron degeneration in mice that express a human Cu,Zn 

superoxide dismutase mutation. Science, 264, 1772-5. 

GUY, J., QI, X., MUZYCZKA, N. & HAUSWIRTH, W. W. 1999. Reporter expression 

persists 1 year after adeno-associated virus-mediated gene transfer to the optic 

nerve. Arch Ophthalmol, 117, 929-37. 

HAASE, G., PETTMANN, B., BORDET, T., VILLA, P., VIGNE, E., SCHMALBRUCH, 

H. & KAHN, A. 1999. Therapeutic benefit of ciliary neurotrophic factor in 

progressive motor neuronopathy depends on the route of delivery. Ann Neurol, 45, 

296-304. 

HACEIN-BEY-ABINA, S., DE SAINT BASILE, G. & CAVAZZANA-CALVO, M. 2003. 

Gene therapy of X-linked severe combined immunodeficiency. Methods Mol Biol, 

215, 247-59. 

HADANO, S., BENN, S. C., KAKUTA, S., OTOMO, A., SUDO, K., KUNITA, R., 

SUZUKI-UTSUNOMIYA, K., MIZUMURA, H., SHEFNER, J. M., COX, G. A., 

IWAKURA, Y., BROWN, R. H., JR. & IKEDA, J. E. 2006. Mice deficient in the 

Rab5 guanine nucleotide exchange factor ALS2/alsin exhibit age-dependent 

neurological deficits and altered endosome trafficking. Hum Mol Genet, 15, 233-50. 

HADANO, S., HAND, C. K., OSUGA, H., YANAGISAWA, Y., OTOMO, A., DEVON, R. 

S., MIYAMOTO, N., SHOWGUCHI-MIYATA, J., OKADA, Y., SINGARAJA, R., 

FIGLEWICZ, D. A., KWIATKOWSKI, T., HOSLER, B. A., SAGIE, T., SKAUG, 

J., NASIR, J., BROWN, R. H., JR., SCHERER, S. W., ROULEAU, G. A., 

HAYDEN, M. R. & IKEDA, J. E. 2001. A gene encoding a putative GTPase 

regulator is mutated in familial amyotrophic lateral sclerosis 2. Nat Genet, 29, 166-

73. 

HADANO, S., OTOMO, A., KUNITA, R., SUZUKI-UTSUNOMIYA, K., AKATSUKA, 

A., KOIKE, M., AOKI, M., UCHIYAMA, Y., ITOYAMA, Y. & IKEDA, J. E. 

2010. Loss of ALS2/Alsin exacerbates motor dysfunction in a SOD1-expressing 

mouse ALS model by disturbing endolysosomal trafficking. PLoS One, 5, e9805. 

HAIDET-PHILLIPS, A. M., GROSS, S. K., WILLIAMS, T., TUTEJA, A., SHERMAN, A., 

KO, M., JEONG, Y. H., WONG, P. C. & MARAGAKIS, N. J. 2013. Altered 



                                                      262 

astrocytic expression of TDP-43 does not influence motor neuron survival. Exp 

Neurol, 250, 250-9. 

HAIDET-PHILLIPS, A. M., HESTER, M. E., MIRANDA, C. J., MEYER, K., BRAUN, L., 

FRAKES, A., SONG, S., LIKHITE, S., MURTHA, M. J., FOUST, K. D., RAO, M., 

EAGLE, A., KAMMESHEIDT, A., CHRISTENSEN, A., MENDELL, J. R., 

BURGHES, A. H. & KASPAR, B. K. 2011. Astrocytes from familial and sporadic 

ALS patients are toxic to motor neurons. Nat Biotechnol, 29, 824-8. 

HALAWANI, D. & LATTERICH, M. 2006. p97: The cell's molecular purgatory? Mol Cell, 

22, 713-7. 

HALBERT, C. L., RUTLEDGE, E. A., ALLEN, J. M., RUSSELL, D. W. & MILLER, A. 

D. 2000. Repeat transduction in the mouse lung by using adeno-associated virus 

vectors with different serotypes. J Virol, 74, 1524-32. 

HALL, E. D., OOSTVEEN, J. A. & GURNEY, M. E. 1998. Relationship of microglial and 

astrocytic activation to disease onset and progression in a transgenic model of 

familial ALS. Glia, 23, 249-56. 

HAND, C. K., KHORIS, J., SALACHAS, F., GROS-LOUIS, F., LOPES, A. A., MAYEUX-

PORTAS, V., BREWER, C. G., BROWN, R. H., JR., MEININGER, V., CAMU, 

W. & ROULEAU, G. A. 2002. A novel locus for familial amyotrophic lateral 

sclerosis, on chromosome 18q. Am J Hum Genet, 70, 251-6. 

HARRAZ, M. M., MARDEN, J. J., ZHOU, W., ZHANG, Y., WILLIAMS, A., SHAROV, 

V. S., NELSON, K., LUO, M., PAULSON, H., SCHONEICH, C. & 

ENGELHARDT, J. F. 2008. SOD1 mutations disrupt redox-sensitive Rac regulation 

of NADPH oxidase in a familial ALS model. J Clin Invest, 118, 659-70. 

HARRINGTON, E. P., ZHAO, C., FANCY, S. P., KAING, S., FRANKLIN, R. J. & 

ROWITCH, D. H. 2010. Oligodendrocyte PTEN is required for myelin and axonal 

integrity, not remyelination. Ann Neurol, 68, 703-16. 

HASHIMOTO, K., HAYASHI, Y., WATABE, K., INUZUKA, T. & HOZUMI, I. 2011. 

Metallothionein-III prevents neuronal death and prolongs life span in amyotrophic 

lateral sclerosis model mice. Neuroscience, 189, 293-8. 

HAYWORTH, C. R. & GONZALEZ-LIMA, F. 2009. Pre-symptomatic detection of chronic 

motor deficits and genotype prediction in congenic B6.SOD1(G93A) ALS mouse 

model. Neuroscience, 164, 975-85. 

HE, B. P. & STRONG, M. J. 2000. Motor neuronal death in sporadic amyotrophic lateral 

sclerosis (ALS) is not apoptotic. A comparative study of ALS and chronic 

aluminium chloride neurotoxicity in New Zealand white rabbits. Neuropathol Appl 

Neurobiol, 26, 150-60. 



                                                      263 

HEIMAN-PATTERSON, T. D., DEITCH, J. S., BLANKENHORN, E. P., ERWIN, K. L., 

PERREAULT, M. J., ALEXANDER, B. K., BYERS, N., TOMAN, I. & 

ALEXANDER, G. M. 2005. Background and gender effects on survival in the 

TgN(SOD1-G93A)1Gur mouse model of ALS. J Neurol Sci, 236, 1-7. 

HEMATTI, P., HONG, B. K., FERGUSON, C., ADLER, R., HANAWA, H., SELLERS, S., 

HOLT, I. E., ECKFELDT, C. E., SHARMA, Y., SCHMIDT, M., VON KALLE, C., 

PERSONS, D. A., BILLINGS, E. M., VERFAILLIE, C. M., NIENHUIS, A. W., 

WOLFSBERG, T. G., DUNBAR, C. E. & CALMELS, B. 2004. Distinct genomic 

integration of MLV and SIV vectors in primate hematopoietic stem and progenitor 

cells. PLoS Biol, 2, e423. 

HENKEL, J. S., BEERS, D. R., SIKLOS, L. & APPEL, S. H. 2006. The chemokine MCP-1 

and the dendritic and myeloid cells it attracts are increased in the mSOD1 mouse 

model of ALS. Mol Cell Neurosci, 31, 427-37. 

HENKEL, J. S., ENGELHARDT, J. I., SIKLOS, L., SIMPSON, E. P., KIM, S. H., PAN, T., 

GOODMAN, J. C., SIDDIQUE, T., BEERS, D. R. & APPEL, S. H. 2004. Presence 

of dendritic cells, MCP-1, and activated microglia/macrophages in amyotrophic 

lateral sclerosis spinal cord tissue. Ann Neurol, 55, 221-35. 

HENRIQUES, A., PITZER, C., DITTGEN, T., KLUGMANN, M., DUPUIS, L. & 

SCHNEIDER, A. 2011. CNS-targeted viral delivery of G-CSF in an animal model 

for ALS: improved efficacy and preservation of the neuromuscular unit. Mol Ther, 

19, 284-92. 

HENSLEY, K., ABDEL-MOATY, H., HUNTER, J., MHATRE, M., MOU, S., NGUYEN, 

K., POTAPOVA, T., PYE, Q. N., QI, M., RICE, H., STEWART, C., STROUKOFF, 

K. & WEST, M. 2006. Primary glia expressing the G93A-SOD1 mutation present a 

neuroinflammatory phenotype and provide a cellular system for studies of glial 

inflammation. J Neuroinflammation, 3, 2. 

HENSLEY, K., FEDYNYSHYN, J., FERRELL, S., FLOYD, R. A., GORDON, B., 

GRAMMAS, P., HAMDHEYDARI, L., MHATRE, M., MOU, S., PYE, Q. N., 

STEWART, C., WEST, M., WEST, S. & WILLIAMSON, K. S. 2003. Message and 

protein-level elevation of tumor necrosis factor alpha (TNF alpha) and TNF alpha-

modulating cytokines in spinal cords of the G93A-SOD1 mouse model for 

amyotrophic lateral sclerosis. Neurobiol Dis, 14, 74-80. 

HENSMAN MOSS, D. J., POULTER, M., BECK, J., HEHIR, J., POLKE, J. M., 

CAMPBELL, T., ADAMSON, G., MUDANOHWO, E., MCCOLGAN, P., 

HAWORTH, A., WILD, E. J., SWEENEY, M. G., HOULDEN, H., MEAD, S. & 

TABRIZI, S. J. 2014. C9orf72 expansions are the most common genetic cause of 

Huntington disease phenocopies. Neurology, 82, 292-9. 



                                                      264 

HERZOG, R. W., HAGSTROM, J. N., KUNG, S. H., TAI, S. J., WILSON, J. M., FISHER, 

K. J. & HIGH, K. A. 1997. Stable gene transfer and expression of human blood 

coagulation factor IX after intramuscular injection of recombinant adeno-associated 

virus. Proc Natl Acad Sci U S A, 94, 5804-9. 

HIGGINS, C. M., JUNG, C., DING, H. & XU, Z. 2002. Mutant Cu, Zn superoxide 

dismutase that causes motoneuron degeneration is present in mitochondria in the 

CNS. J Neurosci, 22, RC215. 

HIGGINS, C. M., JUNG, C. & XU, Z. 2003. ALS-associated mutant SOD1G93A causes 

mitochondrial vacuolation by expansion of the intermembrane space and by 

involvement of SOD1 aggregation and peroxisomes. BMC Neurosci, 4, 16. 

HIGHLEY, J. R., HEATH .P., JANSWEIJER. J. A, MILO. M., INCE. P. G.  SHAW. P. J. 

2010. TARDBP mutations, amyotrophic lateral sclerosis and alternative splicing in 

human fibroblasts. Brain Pathology, 20(Suppl.1). 

HIGHLEY, J. R., KIRBY, J., JANSWEIJER, J. A., WEBB, P. S., HEWAMADDUMA, C. 

A., HEATH, P. R., HIGGINBOTTOM, A., RAMAN, R., FERRAIUOLO, L., 

COOPER-KNOCK, J., MCDERMOTT, C. J., WHARTON, S. B., SHAW, P. J. & 

INCE, P. G. 2014. Loss of nuclear TDP-43 in amyotrophic lateral sclerosis (ALS) 

causes altered expression of splicing machinery and widespread dysregulation of 

RNA splicing in motor neurones. Neuropathol Appl Neurobiol, 40, 670-85. 

HILLGENBERG, M., SCHNIEDERS, F., LOSER, P. & STRAUSS, M. 2001. System for 

efficient helper-dependent minimal adenovirus construction and rescue. Hum Gene 

Ther, 12, 643-57. 

HINDERER, C., BELL, P., VITE, C. H., LOUBOUTIN, J. P., GRANT, R., BOTE, E., YU, 

H., PUKENAS, B., HURST, R. & WILSON, J. M. 2014. Widespread gene transfer 

in the central nervous system of cynomolgus macaques following delivery of AAV9 

into the cisterna magna. Mol Ther Methods Clin Dev, 1, 14051. 

HIRAI, T., ENOMOTO, M., MACHIDA, A., YAMAMOTO, M., KUWAHARA, H., 

TAJIRI, M., HIRAI, Y., SOTOME, S., MIZUSAWA, H., SHINOMIYA, K., 

OKAWA, A. & YOKOTA, T. 2012. Intrathecal shRNA-AAV9 inhibits target 

protein expression in the spinal cord and dorsal root ganglia of adult mice. Hum 

Gene Ther Methods, 23, 119-27. 

HIRANO, A., NAKANO, I., KURLAND, L. T., MULDER, D. W., HOLLEY, P. W. & 

SACCOMANNO, G. 1984. Fine structural study of neurofibrillary changes in a 

family with amyotrophic lateral sclerosis. J Neuropathol Exp Neurol, 43, 471-80. 

HIRSCH, M. L., AGBANDJE-MCKENNA, M. & SAMULSKI, R. J. 2010. Little vector, 

big gene transduction: fragmented genome reassembly of adeno-associated virus. 

Mol Ther, 18, 6-8. 



                                                      265 

HIRSCH, M. L., STORICI, F., LI, C., CHOI, V. W. & SAMULSKI, R. J. 2009. AAV 

recombineering with single strand oligonucleotides. PLoS One, 4, e7705. 

HITOMI, J., KATAYAMA, T., EGUCHI, Y., KUDO, T., TANIGUCHI, M., KOYAMA, 

Y., MANABE, T., YAMAGISHI, S., BANDO, Y., IMAIZUMI, K., TSUJIMOTO, 

Y. & TOHYAMA, M. 2004. Involvement of caspase-4 in endoplasmic reticulum 

stress-induced apoptosis and Abeta-induced cell death. J Cell Biol, 165, 347-56. 

HOLLIS, E. R., 2ND, KADOYA, K., HIRSCH, M., SAMULSKI, R. J. & TUSZYNSKI, M. 

H. 2008. Efficient retrograde neuronal transduction utilizing self-complementary 

AAV1. Mol Ther, 16, 296-301. 

HOLZBAUR, E. L. 2004. Motor neurons rely on motor proteins. Trends Cell Biol, 14, 233-

40. 

HORNER, P. J. & GAGE, F. H. 2000. Regenerating the damaged central nervous system. 

Nature, 407, 963-70. 

HOSLER, B. A., SIDDIQUE, T., SAPP, P. C., SAILOR, W., HUANG, M. C., HOSSAIN, 

A., DAUBE, J. R., NANCE, M., FAN, C., KAPLAN, J., HUNG, W. Y., 

MCKENNA-YASEK, D., HAINES, J. L., PERICAK-VANCE, M. A., HORVITZ, 

H. R. & BROWN, R. H., JR. 2000. Linkage of familial amyotrophic lateral sclerosis 

with frontotemporal dementia to chromosome 9q21-q22. JAMA, 284, 1664-9. 

HOSLI, L., HOSLI, E. & ANDRES, P. F. 1973. Light microscopic and electrophysiological 

studies of cultured human central nervous tissue. Eur Neurol, 9, 121-30. 

HOWARD, D. B., POWERS, K., WANG, Y. & HARVEY, B. K. 2008. Tropism and 

toxicity of adeno-associated viral vector serotypes 1, 2, 5, 6, 7, 8, and 9 in rat 

neurons and glia in vitro. Virology, 372, 24-34. 

HOWITT, J., LACKOVIC, J., LOW, L. H., NAGUIB, A., MACINTYRE, A., GOH, C. P., 

CALLAWAY, J. K., HAMMOND, V., THOMAS, T., DIXON, M., PUTZ, U., 

SILKE, J., BARTLETT, P., YANG, B., KUMAR, S., TROTMAN, L. C. & TAN, S. 

S. 2012. Ndfip1 regulates nuclear Pten import in vivo to promote neuronal survival 

following cerebral ischemia. J Cell Biol, 196, 29-36. 

HUGHES, B. W., KUSNER, L. L. & KAMINSKI, H. J. 2006. Molecular architecture of the 

neuromuscular junction. Muscle & Nerve, 33, 445-61. 

HUTSON, T. H., FOSTER, E., DAWES, J. M., HINDGES, R., YANEZ-MUNOZ, R. J. & 

MOON, L. D. 2012a. Lentiviral vectors encoding short hairpin RNAs efficiently 

transduce and knockdown LINGO-1 but induce an interferon response and 

cytotoxicity in central nervous system neurones. J Gene Med, 14, 299-315. 

HUTSON, T. H., FOSTER, E., MOON, L. D. & YANEZ-MUNOZ, R. J. 2014. Lentiviral 

vector-mediated RNA silencing in the central nervous system. Hum Gene Ther 

Methods, 25, 14-32. 



                                                      266 

HUTSON, T. H., VERHAAGEN, J., YANEZ-MUNOZ, R. J. & MOON, L. D. 2012b. 

Corticospinal tract transduction: a comparison of seven adeno-associated viral 

vector serotypes and a non-integrating lentiviral vector. Gene Ther, 19, 49-60. 

HUTTON, M., LENDON, C. L., RIZZU, P., BAKER, M., FROELICH, S., HOULDEN, H., 

PICKERING-BROWN, S., CHAKRAVERTY, S., ISAACS, A., GROVER, A., 

HACKETT, J., ADAMSON, J., LINCOLN, S., DICKSON, D., DAVIES, P., 

PETERSEN, R. C., STEVENS, M., DE GRAAFF, E., WAUTERS, E., VAN 

BAREN, J., HILLEBRAND, M., JOOSSE, M., KWON, J. M., NOWOTNY, P., 

CHE, L. K., NORTON, J., MORRIS, J. C., REED, L. A., TROJANOWSKI, J., 

BASUN, H., LANNFELT, L., NEYSTAT, M., FAHN, S., DARK, F., 

TANNENBERG, T., DODD, P. R., HAYWARD, N., KWOK, J. B., SCHOFIELD, 

P. R., ANDREADIS, A., SNOWDEN, J., CRAUFURD, D., NEARY, D., OWEN, 

F., OOSTRA, B. A., HARDY, J., GOATE, A., VAN SWIETEN, J., MANN, D., 

LYNCH, T. & HEUTINK, P. 1998. Association of missense and 5'-splice-site 

mutations in tau with the inherited dementia FTDP-17. Nature, 393, 702-5. 

HYUN, D. H., LEE, M. H., HALLIWELL, B. & JENNER, P. 2002. Proteasomal 

dysfunction induced by 4-hydroxy-2,3-trans-nonenal, an end-product of lipid 

peroxidation: a mechanism contributing to neurodegeneration? J Neurochem, 83, 

360-70. 

IGAZ, L. M., KWONG, L. K., LEE, E. B., CHEN-PLOTKIN, A., SWANSON, E., UNGER, 

T., MALUNDA, J., XU, Y., WINTON, M. J., TROJANOWSKI, J. Q. & LEE, V. 

M. 2011. Dysregulation of the ALS-associated gene TDP-43 leads to neuronal death 

and degeneration in mice. J Clin Invest, 121, 726-38. 

ILIEVA, E. V., AYALA, V., JOVE, M., DALFO, E., CACABELOS, D., POVEDANO, M., 

BELLMUNT, M. J., FERRER, I., PAMPLONA, R. & PORTERO-OTIN, M. 2007. 

Oxidative and endoplasmic reticulum stress interplay in sporadic amyotrophic 

lateral sclerosis. Brain, 130, 3111-23. 

ILZECKA, J. 2012. Serum caspase-9 levels are increased in patients with amyotrophic 

lateral sclerosis. Neurol Sci, 33, 825-9. 

INAGAKI, K., FUESS, S., STORM, T. A., GIBSON, G. A., MCTIERNAN, C. F., KAY, M. 

A. & NAKAI, H. 2006. Robust systemic transduction with AAV9 vectors in mice: 

efficient global cardiac gene transfer superior to that of AAV8. Mol Ther, 14, 45-53. 

INCE, P., STOUT, N., SHAW, P., SLADE, J., HUNZIKER, W., HEIZMANN, C. W. & 

BAIMBRIDGE, K. G. 1993. Parvalbumin and calbindin D-28k in the human motor 

system and in motor neuron disease. Neuropathol Appl Neurobiol, 19, 291-9. 

INCE, P. G., HIGHLEY, J. R., KIRBY, J., WHARTON, S. B., TAKAHASHI, H., 

STRONG, M. J. & SHAW, P. J. 2011. Molecular pathology and genetic advances in 



                                                      267 

amyotrophic lateral sclerosis: an emerging molecular pathway and the significance 

of glial pathology. Acta Neuropathol, 122, 657-71. 

ITO, Y., SAKAGAMI, H. & KONDO, H. 1996. Enhanced gene expression for 

phosphatidylinositol 3-kinase in the hypoglossal motoneurons following axonal 

crush. Brain Research Molecular Brain Research, 37, 329-32. 

IVANOV, P., EMARA, M. M., VILLEN, J., GYGI, S. P. & ANDERSON, P. 2011. 

Angiogenin-induced tRNA fragments inhibit translation initiation. Mol Cell, 43, 

613-23. 

JAARSMA, D., TEULING, E., HAASDIJK, E. D., DE ZEEUW, C. I. & HOOGENRAAD, 

C. C. 2008. Neuron-specific expression of mutant superoxide dismutase is sufficient 

to induce amyotrophic lateral sclerosis in transgenic mice. J Neurosci, 28, 2075-88. 

JAKOBSSON, J. & LUNDBERG, C. 2006. Lentiviral vectors for use in the central nervous 

system. Mol Ther, 13, 484-93. 

JARRAYA, B., BOULET, S., RALPH, G. S., JAN, C., BONVENTO, G., AZZOUZ, M., 

MISKIN, J. E., SHIN, M., DELZESCAUX, T., DROUOT, X., HERARD, A. S., 

DAY, D. M., BROUILLET, E., KINGSMAN, S. M., HANTRAYE, P., 

MITROPHANOUS, K. A., MAZARAKIS, N. D. & PALFI, S. 2009. Dopamine 

gene therapy for Parkinson's disease in a nonhuman primate without associated 

dyskinesia. Sci Transl Med, 1, 2ra4. 

JE, H. S., ZHOU, J., YANG, F. & LU, B. 2005. Distinct mechanisms for neurotrophin-3-

induced acute and long-term synaptic potentiation. J Neurosci, 25, 11719-29. 

JIANG, H., GUO, W., LIANG, X. & RAO, Y. 2005. Both the establishment and the 

maintenance of neuronal polarity require active mechanisms: critical roles of GSK-

3beta and its upstream regulators. Cell, 120, 123-35. 

JOHNSON, J. O., MANDRIOLI, J., BENATAR, M., ABRAMZON, Y., VAN DEERLIN, 

V. M., TROJANOWSKI, J. Q., GIBBS, J. R., BRUNETTI, M., GRONKA, S., 

WUU, J., DING, J., MCCLUSKEY, L., MARTINEZ-LAGE, M., FALCONE, D., 

HERNANDEZ, D. G., AREPALLI, S., CHONG, S., SCHYMICK, J. C., 

ROTHSTEIN, J., LANDI, F., WANG, Y. D., CALVO, A., MORA, G., 

SABATELLI, M., MONSURRO, M. R., BATTISTINI, S., SALVI, F., SPATARO, 

R., SOLA, P., BORGHERO, G., CONSORTIUM, I., GALASSI, G., SCHOLZ, S. 

W., TAYLOR, J. P., RESTAGNO, G., CHIO, A. & TRAYNOR, B. J. 2010. Exome 

sequencing reveals VCP mutations as a cause of familial ALS. Neuron, 68, 857-64. 

JOHNSON, J. O., PIORO, E. P., BOEHRINGER, A., CHIA, R., FEIT, H., RENTON, A. E., 

PLINER, H. A., ABRAMZON, Y., MARANGI, G., WINBORN, B. J., GIBBS, J. 

R., NALLS, M. A., MORGAN, S., SHOAI, M., HARDY, J., PITTMAN, A., 

ORRELL, R. W., MALASPINA, A., SIDLE, K. C., FRATTA, P., HARMS, M. B., 



                                                      268 

BALOH, R. H., PESTRONK, A., WEIHL, C. C., ROGAEVA, E., ZINMAN, L., 

DRORY, V. E., BORGHERO, G., MORA, G., CALVO, A., ROTHSTEIN, J. D., 

CONSORTIUM, I., DREPPER, C., SENDTNER, M., SINGLETON, A. B., 

TAYLOR, J. P., COOKSON, M. R., RESTAGNO, G., SABATELLI, M., 

BOWSER, R., CHIO, A. & TRAYNOR, B. J. 2014. Mutations in the Matrin 3 gene 

cause familial amyotrophic lateral sclerosis. Nat Neurosci, 17, 664-6. 

JOHNSTON, J. A., DALTON, M. J., GURNEY, M. E. & KOPITO, R. R. 2000. Formation 

of high molecular weight complexes of mutant Cu, Zn-superoxide dismutase in a 

mouse model for familial amyotrophic lateral sclerosis. Proc Natl Acad Sci U S A, 

97, 12571-6. 

JONSSON, P. A., GRAFFMO, K. S., ANDERSEN, P. M., BRANNSTROM, T., 

LINDBERG, M., OLIVEBERG, M. & MARKLUND, S. L. 2006. Disulphide-

reduced superoxide dismutase-1 in CNS of transgenic amyotrophic lateral sclerosis 

models. Brain, 129, 451-64. 

JU, J. S., FUENTEALBA, R. A., MILLER, S. E., JACKSON, E., PIWNICA-WORMS, D., 

BALOH, R. H. & WEIHL, C. C. 2009. Valosin-containing protein (VCP) is 

required for autophagy and is disrupted in VCP disease. J Cell Biol, 187, 875-88. 

JULIEN, J. P. & MUSHYNSKI, W. E. 1998. Neurofilaments in health and disease. Prog 

Nucleic Acid Res Mol Biol, 61, 1-23. 

KABASHI, E., AGAR, J. N., TAYLOR, D. M., MINOTTI, S. & DURHAM, H. D. 2004. 

Focal dysfunction of the proteasome: a pathogenic factor in a mouse model of 

amyotrophic lateral sclerosis. J Neurochem, 89, 1325-35. 

KABASHI, E. & DURHAM, H. D. 2006. Failure of protein quality control in amyotrophic 

lateral sclerosis. Biochim Biophys Acta, 1762, 1038-50. 

KABASHI, E., VALDMANIS, P. N., DION, P., SPIEGELMAN, D., MCCONKEY, B. J., 

VANDE VELDE, C., BOUCHARD, J. P., LACOMBLEZ, L., POCHIGAEVA, K., 

SALACHAS, F., PRADAT, P. F., CAMU, W., MEININGER, V., DUPRE, N. & 

ROULEAU, G. A. 2008. TARDBP mutations in individuals with sporadic and 

familial amyotrophic lateral sclerosis. Nat Genet, 40, 572-4. 

KALMAR, B., LU, C. H. & GREENSMITH, L. 2014. The role of heat shock proteins in 

Amyotrophic Lateral Sclerosis: The therapeutic potential of Arimoclomol. 

Pharmacol Ther, 141, 40-54. 

KALMAR, B., NOVOSELOV, S., GRAY, A., CHEETHAM, M. E., MARGULIS, B. & 

GREENSMITH, L. 2008. Late stage treatment with arimoclomol delays disease 

progression and prevents protein aggregation in the SOD1 mouse model of ALS. J 

Neurochem, 107, 339-50. 



                                                      269 

KANE, L. P., SHAPIRO, V. S., STOKOE, D. & WEISS, A. 1999. Induction of NF-kappaB 

by the Akt/PKB kinase. Current Biology, 9, 601-4. 

KANEKURA, K., HASHIMOTO, Y., NIIKURA, T., AISO, S., MATSUOKA, M. & 

NISHIMOTO, I. 2004. Alsin, the product of ALS2 gene, suppresses SOD1 mutant 

neurotoxicity through RhoGEF domain by interacting with SOD1 mutants. J Biol 

Chem, 279, 19247-56. 

KANEKURA, K., NISHIMOTO, I., AISO, S. & MATSUOKA, M. 2006. Characterization 

of amyotrophic lateral sclerosis-linked P56S mutation of vesicle-associated 

membrane protein-associated protein B (VAPB/ALS8). J Biol Chem, 281, 30223-

33. 

KANEKURA, K., SUZUKI, H., AISO, S. & MATSUOKA, M. 2009. ER stress and 

unfolded protein response in amyotrophic lateral sclerosis. Mol Neurobiol, 39, 81-9. 

KANG, H., TIAN, L. & THOMPSON, W. 2003. Terminal Schwann cells guide the 

reinnervation of muscle after nerve injury. J Neurocytol, 32, 975-85. 

KANTOR, B., BAYER, M., MA, H., SAMULSKI, J., LI, C., MCCOWN, T. & KAFRI, T. 

2011. Notable reduction in illegitimate integration mediated by a PPT-deleted, 

nonintegrating lentiviral vector. Mol Ther, 19, 547-56. 

KAPLITT, M. G., LEONE, P., SAMULSKI, R. J., XIAO, X., PFAFF, D. W., O'MALLEY, 

K. L. & DURING, M. J. 1994. Long-term gene expression and phenotypic 

correction using adeno-associated virus vectors in the mammalian brain. Nat Genet, 

8, 148-54. 

KASPAR, B. K., LLADO, J., SHERKAT, N., ROTHSTEIN, J. D. & GAGE, F. H. 2003. 

Retrograde viral delivery of IGF-1 prolongs survival in a mouse ALS model. 

Science, 301, 839-42. 

KATO, A. C. & LINDSAY, R. M. 1994. Overlapping and additive effects of neurotrophins 

and CNTF on cultured human spinal cord neurons. Exp Neurol, 130, 196-201. 

KATO, A. C., TOUZEAU, G., BERTRAND, D. & BADER, C. R. 1985. Human spinal cord 

neurons in dissociated monolayer cultures: morphological, biochemical, and 

electrophysiological properties. J Neurosci, 5, 2750-61. 

KATSO, R., OKKENHAUG, K., AHMADI, K., WHITE, S., TIMMS, J. & WATERFIELD, 

M. D. 2001. Cellular function of phosphoinositide 3-kinases: implications for 

development, homeostasis, and cancer. Annu Rev Cell Dev Biol, 17, 615-75. 

KATWAL, A. B., KONKALMATT, P. R., PIRAS, B. A., HAZARIKA, S., LI, S. S., JOHN 

LYE, R., SANDERS, J. M., FERRANTE, E. A., YAN, Z., ANNEX, B. H. & 

FRENCH, B. A. 2013. Adeno-associated virus serotype 9 efficiently targets 

ischemic skeletal muscle following systemic delivery. Gene Ther, 20, 930-8. 



                                                      270 

KAUFMAN, R. J. 2002. Orchestrating the unfolded protein response in health and disease. J 

Clin Invest, 110, 1389-98. 

KAWATA, A., KATO, S., HAYASHI, H. & HIRAI, S. 1997. Prominent sensory and 

autonomic disturbances in familial amyotrophic lateral sclerosis with a Gly93Ser 

mutation in the SOD1 gene. J Neurol Sci, 153, 82-5. 

KAY, M. A., LIU, D. & HOOGERBRUGGE, P. M. 1997. Gene therapy. Proc Natl Acad Sci 

U S A, 94, 12744-6. 

KAY, M. A., MANNO, C. S., RAGNI, M. V., LARSON, P. J., COUTO, L. B., 

MCCLELLAND, A., GLADER, B., CHEW, A. J., TAI, S. J., HERZOG, R. W., 

ARRUDA, V., JOHNSON, F., SCALLAN, C., SKARSGARD, E., FLAKE, A. W. 

& HIGH, K. A. 2000. Evidence for gene transfer and expression of factor IX in 

haemophilia B patients treated with an AAV vector. Nat Genet, 24, 257-61. 

KENNEL, P. F., FINIELS, F., REVAH, F. & MALLET, J. 1996. Neuromuscular function 

impairment is not caused by motor neurone loss in FALS mice: an 

electromyographic study. Neuroreport, 7, 1427-31. 

KESSLER, P. D., PODSAKOFF, G. M., CHEN, X., MCQUISTON, S. A., COLOSI, P. C., 

MATELIS, L. A., KURTZMAN, G. J. & BYRNE, B. J. 1996. Gene delivery to 

skeletal muscle results in sustained expression and systemic delivery of a therapeutic 

protein. Proc Natl Acad Sci U S A, 93, 14082-7. 

KIAEI, M., KIPIANI, K., CALINGASAN, N. Y., WILLE, E., CHEN, J., HEISSIG, B., 

RAFII, S., LORENZL, S. & BEAL, M. F. 2007. Matrix metalloproteinase-9 

regulates TNF-alpha and FasL expression in neuronal, glial cells and its absence 

extends life in a transgenic mouse model of amyotrophic lateral sclerosis. Exp 

Neurol, 205, 74-81. 

KIERAN, D., KALMAR, B., DICK, J. R., RIDDOCH-CONTRERAS, J., BURNSTOCK, 

G. & GREENSMITH, L. 2004. Treatment with arimoclomol, a coinducer of heat 

shock proteins, delays disease progression in ALS mice. Nat Med, 10, 402-5. 

KIERAN, D., SEBASTIA, J., GREENWAY, M. J., KING, M. A., CONNAUGHTON, D., 

CONCANNON, C. G., FENNER, B., HARDIMAN, O. & PREHN, J. H. 2008. 

Control of motoneuron survival by angiogenin. J Neurosci, 28, 14056-61. 

KIERNAN, M. C., VUCIC, S., CHEAH, B. C., TURNER, M. R., EISEN, A., HARDIMAN, 

O., BURRELL, J. R. & ZOING, M. C. 2011. Amyotrophic lateral sclerosis. Lancet, 

377, 942-55. 

KIM, M. H., KAY, D. I., RUDRA, R. T., CHEN, B. M., HSU, N., IZUMIYA, Y., 

MARTINEZ, L., SPENCER, M. J., WALSH, K., GRINNELL, A. D. & CROSBIE, 

R. H. 2011. Myogenic Akt signaling attenuates muscular degeneration, promotes 



                                                      271 

myofiber regeneration and improves muscle function in dystrophin-deficient mdx 

mice. Human Molecular Genetics, 20, 1324-38. 

KIM, R. H., PETERS, M., JANG, Y., SHI, W., PINTILIE, M., FLETCHER, G. C., 

DELUCA, C., LIEPA, J., ZHOU, L., SNOW, B., BINARI, R. C., MANOUKIAN, 

A. S., BRAY, M. R., LIU, F. F., TSAO, M. S. & MAK, T. W. 2005. DJ-1, a novel 

regulator of the tumor suppressor PTEN. Cancer Cell, 7, 263-73. 

KING, A., MAEKAWA, S., BODI, I., TROAKES, C. & AL-SARRAJ, S. 2011. 

Ubiquitinated, p62 immunopositive cerebellar cortical neuronal inclusions are 

evident across the spectrum of TDP-43 proteinopathies but are only rarely 

additionally immunopositive for phosphorylation-dependent TDP-43. 

Neuropathology, 31, 239-49. 

KIPNIS, J., AVIDAN, H., CASPI, R. R. & SCHWARTZ, M. 2004. Dual effect of 

CD4+CD25+ regulatory T cells in neurodegeneration: a dialogue with microglia. 

Proc Natl Acad Sci U S A, 101 Suppl 2, 14663-9. 

KIRBY, J., HALLIGAN, E., BAPTISTA, M. J., ALLEN, S., HEATH, P. R., HOLDEN, H., 

BARBER, S. C., LOYNES, C. A., WOOD-ALLUM, C. A., LUNEC, J. & SHAW, 

P. J. 2005. Mutant SOD1 alters the motor neuronal transcriptome: implications for 

familial ALS. Brain, 128, 1686-706. 

KIRBY, J., NING, K., FERRAIUOLO, L., HEATH, P. R., ISMAIL, A., KUO, S.-W., 

VALORI, C. F., COX, L., SHARRACK, B., WHARTON, S. B., INCE, P. G., 

SHAW, P. J. & AZZOUZ, M. 2011a. Phosphatase and tensin homologue/protein 

kinase B pathway linked to motor neuron survival in human superoxide dismutase 

1-related amyotrophic lateral sclerosis. Brain, 134, 506-17. 

KIRBY, J., NING, K., FERRAIUOLO, L., HEATH, P. R., ISMAIL, A., KUO, S. W., 

VALORI, C. F., COX, L., SHARRACK, B., WHARTON, S. B., INCE, P. G., 

SHAW, P. J. & AZZOUZ, M. 2011f. Phosphatase and tensin homologue/protein 

kinase B pathway linked to motor neuron survival in human superoxide dismutase 

1-related amyotrophic lateral sclerosis. Brain, 134, 506-17. 

KIRYU, S., MORITA, N., OHNO, K., MAENO, H. & KIYAMA, H. 1995. Regulation of 

mRNA expression involved in Ras and PKA signal pathways during rat hypoglossal 

nerve regeneration. Brain Research Molecular Brain Research, 29, 147-56. 

KLEIN, R. L., DAYTON, R. D., TATOM, J. B., HENDERSON, K. M. & HENNING, P. P. 

2008. AAV8, 9, Rh10, Rh43 vector gene transfer in the rat brain: effects of 

serotype, promoter and purification method. Mol Ther, 16, 89-96. 

KLEIN, R. L., MUIR, D., KING, M. A., PEEL, A. L., ZOLOTUKHIN, S., MOLLER, J. C., 

KRUTTGEN, A., HEYMACH, J. V., JR., MUZYCZKA, N. & MEYER, E. M. 

1999. Long-term actions of vector-derived nerve growth factor or brain-derived 



                                                      272 

neurotrophic factor on choline acetyltransferase and Trk receptor levels in the adult 

rat basal forebrain. Neuroscience, 90, 815-21. 

KOH, S. H., KWON, H., KIM, K. S., KIM, J., KIM, M. H., YU, H. J., KIM, M., LEE, K. 

W., DO, B. R., JUNG, H. K., YANG, K. W., APPEL, S. H. & KIM, S. H. 2004. 

Epigallocatechin gallate prevents oxidative-stress-induced death of mutant Cu/Zn-

superoxide dismutase (G93A) motoneuron cells by alteration of cell survival and 

death signals. Toxicology, 202, 213-25. 

KOIKE, M., YUTOKU, Y. & KOIKE, A. 2013. Ku80 attentuates cytotoxicity induced by 

green fluorescent protein transduction independently of non-homologous end 

joining. FEBS Open Bio, 3, 46-50. 

KONG, J. & XU, Z. 1998. Massive mitochondrial degeneration in motor neurons triggers 

the onset of amyotrophic lateral sclerosis in mice expressing a mutant SOD1. J 

Neurosci, 18, 3241-50. 

KOPS, G. J. & BURGERING, B. M. 1999. Forkhead transcription factors: new insights into 

protein kinase B (c-akt) signaling. Journal of Molecular Medicine, 77, 656-65. 

KORDOWER, J. H., EMBORG, M. E., BLOCH, J., MA, S. Y., CHU, Y., LEVENTHAL, 

L., MCBRIDE, J., CHEN, E. Y., PALFI, S., ROITBERG, B. Z., BROWN, W. D., 

HOLDEN, J. E., PYZALSKI, R., TAYLOR, M. D., CARVEY, P., LING, Z., 

TRONO, D., HANTRAYE, P., DEGLON, N. & AEBISCHER, P. 2000. 

Neurodegeneration prevented by lentiviral vector delivery of GDNF in primate 

models of Parkinson's disease. Science, 290, 767-73. 

KOSTIC, V., JACKSON-LEWIS, V., DE BILBAO, F., DUBOIS-DAUPHIN, M. & 

PRZEDBORSKI, S. 1997. Bcl-2: prolonging life in a transgenic mouse model of 

familial amyotrophic lateral sclerosis. Science, 277, 559-62. 

KREIS, P., LEONDARITIS, G., LIEBERAM, I. & EICKHOLT, B. J. 2014. Subcellular 

targeting and dynamic regulation of PTEN: implications for neuronal cells and 

neurological disorders. Front Mol Neurosci, 7, 23. 

KRISKY, D. M., WOLFE, D., GOINS, W. F., MARCONI, P. C., RAMAKRISHNAN, R., 

MATA, M., ROUSE, R. J., FINK, D. J. & GLORIOSO, J. C. 1998. Deletion of 

multiple immediate-early genes from herpes simplex virus reduces cytotoxicity and 

permits long-term gene expression in neurons. Gene Ther, 5, 1593-603. 

KRUMAN, II, PEDERSEN, W. A., SPRINGER, J. E. & MATTSON, M. P. 1999. ALS-

linked Cu/Zn-SOD mutation increases vulnerability of motor neurons to 

excitotoxicity by a mechanism involving increased oxidative stress and perturbed 

calcium homeostasis. Exp Neurol, 160, 28-39. 



                                                      273 

KUHLE, J., LINDBERG, R. L., REGENITER, A., MEHLING, M., STECK, A. J., 

KAPPOS, L. & CZAPLINSKI, A. 2009. Increased levels of inflammatory 

chemokines in amyotrophic lateral sclerosis. Eur J Neurol, 16, 771-4. 

KUNITA, R., OTOMO, A., MIZUMURA, H., SUZUKI, K., SHOWGUCHI-MIYATA, J., 

YANAGISAWA, Y., HADANO, S. & IKEDA, J. E. 2004. Homo-oligomerization 

of ALS2 through its unique carboxyl-terminal regions is essential for the ALS2-

associated Rab5 guanine nucleotide exchange activity and its regulatory function on 

endosome trafficking. J Biol Chem, 279, 38626-35. 

KWAK, S., HIDEYAMA, T., YAMASHITA, T. & AIZAWA, H. 2010. AMPA receptor-

mediated neuronal death in sporadic ALS. Neuropathology, 30, 182-8. 

KWIATKOWSKI, T. J., JR., BOSCO, D. A., LECLERC, A. L., TAMRAZIAN, E., 

VANDERBURG, C. R., RUSS, C., DAVIS, A., GILCHRIST, J., KASARSKIS, E. 

J., MUNSAT, T., VALDMANIS, P., ROULEAU, G. A., HOSLER, B. A., 

CORTELLI, P., DE JONG, P. J., YOSHINAGA, Y., HAINES, J. L., PERICAK-

VANCE, M. A., YAN, J., TICOZZI, N., SIDDIQUE, T., MCKENNA-YASEK, D., 

SAPP, P. C., HORVITZ, H. R., LANDERS, J. E. & BROWN, R. H., JR. 2009. 

Mutations in the FUS/TLS gene on chromosome 16 cause familial amyotrophic 

lateral sclerosis. Science, 323, 1205-8. 

KWOK, C. T., MORRIS, A. G., FRAMPTON, J., SMITH, B., SHAW, C. E. & DE 

BELLEROCHE, J. 2013. Association studies indicate that protein disulfide 

isomerase is a risk factor in amyotrophic lateral sclerosis. Free Radic Biol Med, 58, 

81-6. 

KWON, C. H., ZHU, X., ZHANG, J. & BAKER, S. J. 2003. mTor is required for 

hypertrophy of Pten-deficient neuronal soma in vivo. Proc Natl Acad Sci U S A, 

100, 12923-8. 

KWON, C. H., ZHU, X., ZHANG, J., KNOOP, L. L., THARP, R., SMEYNE, R. J., 

EBERHART, C. G., BURGER, P. C. & BAKER, S. J. 2001. Pten regulates neuronal 

soma size: a mouse model of Lhermitte-Duclos disease. Nat Genet, 29, 404-11. 

KYRYLENKO, S., ROSCHIER, M., KORHONEN, P. & SALMINEN, A. 1999. Regulation 

of PTEN expression in neuronal apoptosis. Brain Res Mol Brain Res, 73, 198-202. 

LACHYANKAR, M. B., SULTANA, N., SCHONHOFF, C. M., MITRA, P., POLUHA, W., 

LAMBERT, S., QUESENBERRY, P. J., LITOFSKY, N. S., RECHT, L. D., NABI, 

R., MILLER, S. J., OHTA, S., NEEL, B. G. & ROSS, A. H. 2000. A role for 

nuclear PTEN in neuronal differentiation. Journal of Neuroscience, 20, 1404-13. 

LAI, T. W., ZHANG, S. & WANG, Y. T. 2014. Excitotoxicity and stroke: identifying novel 

targets for neuroprotection. Prog Neurobiol, 115, 157-88. 



                                                      274 

LAI, Z. & BRADY, R. O. 2002. Gene transfer into the central nervous system in vivo using 

a recombinanat lentivirus vector. J Neurosci Res, 67, 363-71. 

LAMBRECHTS, D., STORKEBAUM, E. & CARMELIET, P. 2004. VEGF: necessary to 

prevent motoneuron degeneration, sufficient to treat ALS? Trends Mol Med, 10, 

275-82. 

LARIVIERE, R. C., BEAULIEU, J. M., NGUYEN, M. D. & JULIEN, J. P. 2003. 

Peripherin is not a contributing factor to motor neuron disease in a mouse model of 

amyotrophic lateral sclerosis caused by mutant superoxide dismutase. Neurobiol 

Dis, 13, 158-66. 

LATTANTE, S., CIURA, S., ROULEAU, G. A. & KABASHI, E. 2015. Defining the 

genetic connection linking amyotrophic lateral sclerosis (ALS) with frontotemporal 

dementia (FTD). Trends Genet, 31, 263-73. 

LAUTENSCHLAEGER, J., PRELL, T. & GROSSKREUTZ, J. 2012. Endoplasmic 

reticulum stress and the ER mitochondrial calcium cycle in amyotrophic lateral 

sclerosis. Amyotroph Lateral Scler, 13, 166-77. 

LAWLOR, P. A., BLAND, R. J., MOURAVLEV, A., YOUNG, D. & DURING, M. J. 2009. 

Efficient gene delivery and selective transduction of glial cells in the mammalian 

brain by AAV serotypes isolated from nonhuman primates. Mol Ther, 17, 1692-702. 

LE DOUX, J. M., DAVIS, H. E., MORGAN, J. R. & YARMUSH, M. L. 1999. Kinetics of 

retrovirus production and decay. Biotechnol Bioeng, 63, 654-62. 

LEE, J. O., YANG, H., GEORGESCU, M. M., DI CRISTOFANO, A., MAEHAMA, T., 

SHI, Y., DIXON, J. E., PANDOLFI, P. & PAVLETICH, N. P. 1999. Crystal 

structure of the PTEN tumor suppressor: implications for its phosphoinositide 

phosphatase activity and membrane association. Cell, 99, 323-34. 

LEE, M. K., MARSZALEK, J. R. & CLEVELAND, D. W. 1994. A mutant neurofilament 

subunit causes massive, selective motor neuron death: implications for the 

pathogenesis of human motor neuron disease. Neuron, 13, 975-88. 

LEE, Y. B., CHEN, H. J., PERES, J. N., GOMEZ-DEZA, J., ATTIG, J., STALEKAR, M., 

TROAKES, C., NISHIMURA, A. L., SCOTTER, E. L., VANCE, C., ADACHI, Y., 

SARDONE, V., MILLER, J. W., SMITH, B. N., GALLO, J. M., ULE, J., HIRTH, 

F., ROGELJ, B., HOUART, C. & SHAW, C. E. 2013. Hexanucleotide repeats in 

ALS/FTD form length-dependent RNA foci, sequester RNA binding proteins, and 

are neurotoxic. Cell Rep, 5, 1178-86. 

LEGER, B., VERGANI, L., SORARU, G., HESPEL, P., DERAVE, W., GOBELET, C., 

D'ASCENZIO, C., ANGELINI, C. & RUSSELL, A. P. 2006. Human skeletal 

muscle atrophy in amyotrophic lateral sclerosis reveals a reduction in Akt and an 

increase in atrogin-1. FASEB J, 20, 583-5. 



                                                      275 

LEIBINGER M AA, F. D. 2012. Role of mTOR in neuroprotection and axon regeneration 

after inflammatory stimulation. Neurobiol Dis. 

LEIGH, P. N., WHITWELL, H., GAROFALO, O., BULLER, J., SWASH, M., MARTIN, J. 

E., GALLO, J. M., WELLER, R. O. & ANDERTON, B. H. 1991. Ubiquitin-

immunoreactive intraneuronal inclusions in amyotrophic lateral sclerosis. 

Morphology, distribution, and specificity. Brain, 114 ( Pt 2), 775-88. 

LEIS, J., BALTIMORE, D., BISHOP, J. M., COFFIN, J., FLEISSNER, E., GOFF, S. P., 

OROSZLAN, S., ROBINSON, H., SKALKA, A. M., TEMIN, H. M. & ET AL. 

1988. Standardized and simplified nomenclature for proteins common to all 

retroviruses. J Virol, 62, 1808-9. 

LENAZ, G. 1998. Role of mitochondria in oxidative stress and ageing. Biochim Biophys 

Acta, 1366, 53-67. 

LENTZ, T. B., GRAY, S. J. & SAMULSKI, R. J. 2012. Viral vectors for gene delivery to 

the central nervous system. Neurobiol Dis, 48, 179-88. 

LEPORE, A. C., HAENGGELI, C., GASMI, M., BISHOP, K. M., BARTUS, R. T., 

MARAGAKIS, N. J. & ROTHSTEIN, J. D. 2007. Intraparenchymal spinal cord 

delivery of adeno-associated virus IGF-1 is protective in the SOD1G93A model of 

ALS. Brain Res, 1185, 256-65. 

LESAGE, S., LE BER, I., CONDROYER, C., BROUSSOLLE, E., GABELLE, A., 

THOBOIS, S., PASQUIER, F., MONDON, K., DION, P. A., ROCHEFORT, D., 

ROULEAU, G. A., DURR, A., BRICE, A. & FRENCH PARKINSON'S DISEASE 

GENETICS STUDY, G. 2013. C9orf72 repeat expansions are a rare genetic cause 

of parkinsonism. Brain, 136, 385-91. 

LEUNG, C. L., HE, C. Z., KAUFMANN, P., CHIN, S. S., NAINI, A., LIEM, R. K., 

MITSUMOTO, H. & HAYS, A. P. 2004. A pathogenic peripherin gene mutation in 

a patient with amyotrophic lateral sclerosis. Brain Pathol, 14, 290-6. 

LEV, S., BEN HALEVY, D., PERETTI, D. & DAHAN, N. 2008. The VAP protein family: 

from cellular functions to motor neuron disease. Trends Cell Biol, 18, 282-90. 

LEVINE, T. P., DANIELS, R. D., GATTA, A. T., WONG, L. H. & HAYES, M. J. 2013. 

The product of C9orf72, a gene strongly implicated in neurodegeneration, is 

structurally related to DENN Rab-GEFs. Bioinformatics, 29, 499-503. 

LEWIS, P. F. & EMERMAN, M. 1994. Passage through mitosis is required for 

oncoretroviruses but not for the human immunodeficiency virus. J Virol, 68, 510-6. 

LEWITT, P. A., REZAI, A. R., LEEHEY, M. A., OJEMANN, S. G., FLAHERTY, A. W., 

ESKANDAR, E. N., KOSTYK, S. K., THOMAS, K., SARKAR, A., SIDDIQUI, M. 

S., TATTER, S. B., SCHWALB, J. M., POSTON, K. L., HENDERSON, J. M., 

KURLAN, R. M., RICHARD, I. H., VAN METER, L., SAPAN, C. V., DURING, 



                                                      276 

M. J., KAPLITT, M. G. & FEIGIN, A. 2011. AAV2-GAD gene therapy for 

advanced Parkinson's disease: a double-blind, sham-surgery controlled, randomised 

trial. Lancet Neurol, 10, 309-19. 

LI, B., XU, W., LUO, C., GOZAL, D. & LIU, R. 2003. VEGF-induced activation of the 

PI3-K/Akt pathway reduces mutant SOD1-mediated motor neuron cell death. Brain 

Res Mol Brain Res, 111, 155-64. 

LI, D. M. & SUN, H. 1997. TEP1, encoded by a candidate tumor suppressor locus, is a 

novel protein tyrosine phosphatase regulated by transforming growth factor beta. 

Cancer Research, 57, 2124-9. 

LI, H., MALANI, N., HAMILTON, S. R., SCHLACHTERMAN, A., BUSSADORI, G., 

EDMONSON, S. E., SHAH, R., ARRUDA, V. R., MINGOZZI, F., WRIGHT, J. F., 

BUSHMAN, F. D. & HIGH, K. A. 2011. Assessing the potential for AAV vector 

genotoxicity in a murine model. Blood, 117, 3311-9. 

LI, M., ONA, V. O., GUEGAN, C., CHEN, M., JACKSON-LEWIS, V., ANDREWS, L. J., 

OLSZEWSKI, A. J., STIEG, P. E., LEE, J. P., PRZEDBORSKI, S. & 

FRIEDLANDER, R. M. 2000. Functional role of caspase-1 and caspase-3 in an 

ALS transgenic mouse model. Science, 288, 335-9. 

LI, Z. J. & WANG, R. Z. 2008. rAAV vector-mediated gene therapy for experimental 

ischemic stroke. Neurol India, 56, 116-21. 

LIAW, D., MARSH, D. J., LI, J., DAHIA, P. L., WANG, S. I., ZHENG, Z., BOSE, S., 

CALL, K. M., TSOU, H. C., PEACOCKE, M., ENG, C. & PARSONS, R. 1997. 

Germline mutations of the PTEN gene in Cowden disease, an inherited breast and 

thyroid cancer syndrome. Nature Genetics, 16, 64-7. 

LIGON, L. A., LAMONTE, B. H., WALLACE, K. E., WEBER, N., KALB, R. G. & 

HOLZBAUR, E. L. 2005. Mutant superoxide dismutase disrupts cytoplasmic dynein 

in motor neurons. Neuroreport, 16, 533-6. 

LIM, E., LEE, S., LI, E., KIM, Y. & PARK, S. 2011. Ghrelin protects spinal cord 

motoneurons against chronic glutamate-induced excitotoxicity via ERK1/2 and 

phosphatidylinositol-3-kinase/Akt/glycogen synthase kinase-3beta pathways. 

Experimental Neurology, 230, 114-22. 

LIN, J., CALCEDO, R., VANDENBERGHE, L. H., FIGUEREDO, J. M. & WILSON, J. M. 

2008. Impact of preexisting vector immunity on the efficacy of adeno-associated 

virus-based HIV-1 Gag vaccines. Hum Gene Ther, 19, 663-9. 

LINCECUM, J. M., VIEIRA, F. G., WANG, M. Z., THOMPSON, K., DE ZUTTER, G. S., 

KIDD, J., MORENO, A., SANCHEZ, R., CARRION, I. J., LEVINE, B. A., AL-

NAKHALA, B. M., SULLIVAN, S. M., GILL, A. & PERRIN, S. 2010. From 



                                                      277 

transcriptome analysis to therapeutic anti-CD40L treatment in the SOD1 model of 

amyotrophic lateral sclerosis. Nat Genet, 42, 392-9. 

LING, S. C., ALBUQUERQUE, C. P., HAN, J. S., LAGIER-TOURENNE, C., 

TOKUNAGA, S., ZHOU, H. & CLEVELAND, D. W. 2010. ALS-associated 

mutations in TDP-43 increase its stability and promote TDP-43 complexes with 

FUS/TLS. Proc Natl Acad Sci U S A, 107, 13318-23. 

LINO, M. M., SCHNEIDER, C. & CARONI, P. 2002. Accumulation of SOD1 mutants in 

postnatal motoneurons does not cause motoneuron pathology or motoneuron 

disease. J Neurosci, 22, 4825-32. 

LITTLE, D., VALORI, C. F., MUTSAERS, C. A., BENNETT, E. J., WYLES, M., 

SHARRACK, B., SHAW, P. J., GILLINGWATER, T. H., AZZOUZ, M. & NING, 

K. 2015. PTEN Depletion Decreases Disease Severity and Modestly Prolongs 

Survival in a Mouse Model of Spinal Muscular Atrophy. Mol Ther, 23, 270-7. 

LIU, H. N., SANELLI, T., HORNE, P., PIORO, E. P., STRONG, M. J., ROGAEVA, E., 

BILBAO, J., ZINMAN, L. & ROBERTSON, J. 2009. Lack of evidence of 

monomer/misfolded superoxide dismutase-1 in sporadic amyotrophic lateral 

sclerosis. Ann Neurol, 66, 75-80. 

LIU, J., LILLO, C., JONSSON, P. A., VANDE VELDE, C., WARD, C. M., MILLER, T. 

M., SUBRAMANIAM, J. R., ROTHSTEIN, J. D., MARKLUND, S., ANDERSEN, 

P. M., BRANNSTROM, T., GREDAL, O., WONG, P. C., WILLIAMS, D. S. & 

CLEVELAND, D. W. 2004. Toxicity of familial ALS-linked SOD1 mutants from 

selective recruitment to spinal mitochondria. Neuron, 43, 5-17. 

LIU, K., LU, Y., LEE, J. K., SAMARA, R., WILLENBERG, R., SEARS-KRAXBERGER, 

I., TEDESCHI, A., PARK, K. K., JIN, D., CAI, B., XU, B., CONNOLLY, L., 

STEWARD, O., ZHENG, B. & HE, Z. 2010. PTEN deletion enhances the 

regenerative ability of adult corticospinal neurons. Nature Neuroscience, 13, 1075-

81. 

LIU, Y. L., WAGNER, K., ROBINSON, N., SABATINO, D., MARGARITIS, P., XIAO, 

W. & HERZOG, R. W. 2003. Optimized production of high-titer recombinant 

adeno-associated virus in roller bottles. Biotechniques, 34, 184-9. 

LIU, Z. J., LI, H. F., TAN, G. H., TAO, Q. Q., NI, W., CHENG, X. W., XIONG, Z. Q. & 

WU, Z. Y. 2014. Identify mutation in amyotrophic lateral sclerosis cases using 

HaloPlex target enrichment system. Neurobiol Aging, 35, 2881 e11-5. 

LOBSIGER, C. S., BOILLEE, S. & CLEVELAND, D. W. 2007. Toxicity from different 

SOD1 mutants dysregulates the complement system and the neuronal regenerative 

response in ALS motor neurons. Proc Natl Acad Sci U S A, 104, 7319-26. 



                                                      278 

LOCATELLI, F., CORTI, S., PAPADIMITRIOU, D., FORTUNATO, F., DEL BO, R., 

DONADONI, C., NIZZARDO, M., NARDINI, M., SALANI, S., GHEZZI, S., 

STRAZZER, S., BRESOLIN, N. & COMI, G. P. 2007. Fas small interfering RNA 

reduces motoneuron death in amyotrophic lateral sclerosis mice. Ann Neurol, 62, 

81-92. 

LOMEN-HOERTH, C., MURPHY, J., LANGMORE, S., KRAMER, J. H., OLNEY, R. K. 

& MILLER, B. 2003. Are amyotrophic lateral sclerosis patients cognitively normal? 

Neurology, 60, 1094-7. 

LOU, E. 2003. Oncolytic herpes viruses as a potential mechanism for cancer therapy. Acta 

Oncol, 42, 660-71. 

LOVE, F. M., SON, Y. J. & THOMPSON, W. J. 2003. Activity alters muscle reinnervation 

and terminal sprouting by reducing the number of Schwann cell pathways that grow 

to link synaptic sites. J Neurobiol, 54, 566-76. 

LOVEJOY, D. B. & GUILLEMIN, G. J. 2014. The potential for transition metal-mediated 

neurodegeneration in amyotrophic lateral sclerosis. Front Aging Neurosci, 6, 173. 

LOW, K., AEBISCHER, P. & SCHNEIDER, B. L. 2013. Direct and retrograde transduction 

of nigral neurons with AAV6, 8, and 9 and intraneuronal persistence of viral 

particles. Hum Gene Ther, 24, 613-29. 

LUBISCHER, J. L. & THOMPSON, W. J. 1999. Neonatal partial denervation results in 

nodal but not terminal sprouting and a decrease in efficacy of remaining 

neuromuscular junctions in rat soleus muscle. J Neurosci, 19, 8931-44. 

LUGO, J. N., SMITH, G. D., ARBUCKLE, E. P., WHITE, J., HOLLEY, A. J., FLORUTA, 

C. M., AHMED, N., GOMEZ, M. C. & OKONKWO, O. 2014. Deletion of PTEN 

produces autism-like behavioral deficits and alterations in synaptic proteins. Front 

Mol Neurosci, 7, 27. 

LUNDBERG, C., BJORKLUND, T., CARLSSON, T., JAKOBSSON, J., HANTRAYE, P., 

DEGLON, N. & KIRIK, D. 2008. Applications of lentiviral vectors for biology and 

gene therapy of neurological disorders. Curr Gene Ther, 8, 461-73. 

LUNN, J. S., SAKOWSKI, S. A., KIM, B., ROSENBERG, A. A. & FELDMAN, E. L. 

2009. Vascular endothelial growth factor prevents G93A-SOD1-induced motor 

neuron degeneration. Developmental Neurobiology, 69, 871-84. 

LUTY, A. A., KWOK, J. B., DOBSON-STONE, C., LOY, C. T., COUPLAND, K. G., 

KARLSTROM, H., SOBOW, T., TCHORZEWSKA, J., MARUSZAK, A., 

BARCIKOWSKA, M., PANEGYRES, P. K., ZEKANOWSKI, C., BROOKS, W. 

S., WILLIAMS, K. L., BLAIR, I. P., MATHER, K. A., SACHDEV, P. S., 

HALLIDAY, G. M. & SCHOFIELD, P. R. 2010. Sigma nonopioid intracellular 



                                                      279 

receptor 1 mutations cause frontotemporal lobar degeneration-motor neuron disease. 

Ann Neurol, 68, 639-49. 

MACKENZIE, I. R., BIGIO, E. H., INCE, P. G., GESER, F., NEUMANN, M., CAIRNS, N. 

J., KWONG, L. K., FORMAN, M. S., RAVITS, J., STEWART, H., EISEN, A., 

MCCLUSKY, L., KRETZSCHMAR, H. A., MONORANU, C. M., HIGHLEY, J. 

R., KIRBY, J., SIDDIQUE, T., SHAW, P. J., LEE, V. M. & TROJANOWSKI, J. Q. 

2007. Pathological TDP-43 distinguishes sporadic amyotrophic lateral sclerosis 

from amyotrophic lateral sclerosis with SOD1 mutations. Ann Neurol, 61, 427-34. 

MACKENZIE, I. R., RADEMAKERS, R. & NEUMANN, M. 2010. TDP-43 and FUS in 

amyotrophic lateral sclerosis and frontotemporal dementia. Lancet Neurol, 9, 995-

1007. 

MAEHAMA, T. & DIXON, J. E. 1998. The tumor suppressor, PTEN/MMAC1, 

dephosphorylates the lipid second messenger, phosphatidylinositol 3,4,5-

trisphosphate. Journal of Biological Chemistry, 273, 13375-8. 

MAHESHRI, N., KOERBER, J. T., KASPAR, B. K. & SCHAFFER, D. V. 2006. Directed 

evolution of adeno-associated virus yields enhanced gene delivery vectors. Nat 

Biotechnol, 24, 198-204. 

MAIER, P., VON KALLE, C. & LAUFS, S. 2010. Retroviral vectors for gene therapy. 

Future Microbiol, 5, 1507-23. 

MAIESE, K., CHONG, Z. Z., SHANG, Y. C. & WANG, S. 2012. Targeting disease through 

novel pathways of apoptosis and autophagy. Expert Opin Ther Targets, 16, 1203-14. 

MAJOUNIE, E., ABRAMZON, Y., RENTON, A. E., PERRY, R., BASSETT, S. S., 

PLETNIKOVA, O., TRONCOSO, J. C., HARDY, J., SINGLETON, A. B. & 

TRAYNOR, B. J. 2012. Repeat expansion in C9ORF72 in Alzheimer's disease. N 

Engl J Med, 366, 283-4. 

MAK, L. H. & WOSCHOLSKI, R. 2015. Targeting PTEN using small molecule inhibitors. 

Methods, 77-78, 63-8. 

MANABE, Y., NAGANO, I., GAZI, M. S., MURAKAMI, T., SHIOTE, M., SHOJI, M., 

KITAGAWA, H., SETOGUCHI, Y. & ABE, K. 2002a. Adenovirus-mediated gene 

transfer of glial cell line-derived neurotrophic factor prevents motor neuron loss of 

transgenic model mice for amyotrophic lateral sclerosis. Apoptosis, 7, 329-34. 

MANABE, Y., NAGANO, I., GAZI, M. S. A., MURAKAMI, T., SHIOTE, M., SHOJI, M., 

KITAGAWA, H., SETOGUCHI, Y. & ABE, K. 2002c. Adenovirus-mediated gene 

transfer of glial cell line-derived neurotrophic factor prevents motor neuron loss of 

transgenic model mice for amyotrophic lateral sclerosis. Apoptosis, 7, 329-34. 



                                                      280 

MANDEL, R. J. 2010. CERE-110, an adeno-associated virus-based gene delivery vector 

expressing human nerve growth factor for the treatment of Alzheimer's disease. 

Curr Opin Mol Ther, 12, 240-7. 

MANNEN, T., IWATA, M., TOYOKURA, Y. & NAGASHIMA, K. 1977. Preservation of a 

certain motoneurone group of the sacral cord in amyotrophic lateral sclerosis: its 

clinical significance. J Neurol Neurosurg Psychiatry, 40, 464-9. 

MANNING, B. D. & CANTLEY, L. C. 2003. United at last: the tuberous sclerosis complex 

gene products connect the phosphoinositide 3-kinase/Akt pathway to mammalian 

target of rapamycin (mTOR) signalling. Biochemical Society Transactions, 31, 573-

8. 

MANNO, C. S., PIERCE, G. F., ARRUDA, V. R., GLADER, B., RAGNI, M., RASKO, J. 

J., OZELO, M. C., HOOTS, K., BLATT, P., KONKLE, B., DAKE, M., KAYE, R., 

RAZAVI, M., ZAJKO, A., ZEHNDER, J., RUSTAGI, P. K., NAKAI, H., CHEW, 

A., LEONARD, D., WRIGHT, J. F., LESSARD, R. R., SOMMER, J. M., TIGGES, 

M., SABATINO, D., LUK, A., JIANG, H., MINGOZZI, F., COUTO, L., ERTL, H. 

C., HIGH, K. A. & KAY, M. A. 2006. Successful transduction of liver in 

hemophilia by AAV-Factor IX and limitations imposed by the host immune 

response. Nat Med, 12, 342-7. 

MANTOVANI, S., GARBELLI, S., PASINI, A., ALIMONTI, D., PEROTTI, C., 

MELAZZINI, M., BENDOTTI, C. & MORA, G. 2009. Immune system alterations 

in sporadic amyotrophic lateral sclerosis patients suggest an ongoing 

neuroinflammatory process. J Neuroimmunol, 210, 73-9. 

MAO, L., JIA, J., ZHOU, X., XIAO, Y., WANG, Y., MAO, X., ZHEN, X., GUAN, Y., 

ALKAYED, N. J. & CHENG, J. 2013. Delayed administration of a PTEN inhibitor 

BPV improves functional recovery after experimental stroke. Neuroscience, 231, 

272-81. 

MARCHETTO, M. C., MUOTRI, A. R., MU, Y., SMITH, A. M., CEZAR, G. G. & GAGE, 

F. H. 2008. Non-cell-autonomous effect of human SOD1 G37R astrocytes on motor 

neurons derived from human embryonic stem cells. Cell Stem Cell, 3, 649-57. 

MARCUZZO, S., ZUCCA, I., MASTROPIETRO, A., DE ROSBO, N. K., CAVALCANTE, 

P., TARTARI, S., BONANNO, S., PREITE, L., MANTEGAZZA, R. & 

BERNASCONI, P. 2011. Hind limb muscle atrophy precedes cerebral neuronal 

degeneration in G93A-SOD1 mouse model of amyotrophic lateral sclerosis: a 

longitudinal MRI study. Exp Neurol, 231, 30-7. 

MARDEN, J. J., HARRAZ, M. M., WILLIAMS, A. J., NELSON, K., LUO, M., 

PAULSON, H. & ENGELHARDT, J. F. 2007. Redox modifier genes in 

amyotrophic lateral sclerosis in mice. J Clin Invest, 117, 2913-9. 



                                                      281 

MARINO, S., KRIMPENFORT, P., LEUNG, C., VAN DER KORPUT, H. A., TRAPMAN, 

J., CAMENISCH, I., BERNS, A. & BRANDNER, S. 2002. PTEN is essential for 

cell migration but not for fate determination and tumourigenesis in the cerebellum. 

Development, 129, 3513-22. 

MARKERT, J. M., LIECHTY, P. G., WANG, W., GASTON, S., BRAZ, E., KARRASCH, 

M., NABORS, L. B., MARKIEWICZ, M., LAKEMAN, A. D., PALMER, C. A., 

PARKER, J. N., WHITLEY, R. J. & GILLESPIE, G. Y. 2009. Phase Ib trial of 

mutant herpes simplex virus G207 inoculated pre-and post-tumor resection for 

recurrent GBM. Mol Ther, 17, 199-207. 

MARKS, W. J., JR., OSTREM, J. L., VERHAGEN, L., STARR, P. A., LARSON, P. S., 

BAKAY, R. A., TAYLOR, R., CAHN-WEINER, D. A., STOESSL, A. J., 

OLANOW, C. W. & BARTUS, R. T. 2008. Safety and tolerability of intraputaminal 

delivery of CERE-120 (adeno-associated virus serotype 2-neurturin) to patients with 

idiopathic Parkinson's disease: an open-label, phase I trial. Lancet Neurol, 7, 400-8. 

MARSH, D. J., DAHIA, P. L., ZHENG, Z., LIAW, D., PARSONS, R., GORLIN, R. J. & 

ENG, C. 1997. Germline mutations in PTEN are present in Bannayan-Zonana 

syndrome. Nature Genetics, 16, 333-4. 

MARTIN, L. J. 1999. Neuronal death in amyotrophic lateral sclerosis is apoptosis: possible 

contribution of a programmed cell death mechanism. J Neuropathol Exp Neurol, 58, 

459-71. 

MARTINO, A. T., NAYAK, S., HOFFMAN, B. E., COOPER, M., LIAO, G., MARKUSIC, 

D. M., BYRNE, B. J., TERHORST, C. & HERZOG, R. W. 2009. Tolerance 

induction to cytoplasmic beta-galactosidase by hepatic AAV gene transfer: 

implications for antigen presentation and immunotoxicity. PLoS One, 4, e6376. 

MARUYAMA, H., MORINO, H., ITO, H., IZUMI, Y., KATO, H., WATANABE, Y., 

KINOSHITA, Y., KAMADA, M., NODERA, H., SUZUKI, H., KOMURE, O., 

MATSUURA, S., KOBATAKE, K., MORIMOTO, N., ABE, K., SUZUKI, N., 

AOKI, M., KAWATA, A., HIRAI, T., KATO, T., OGASAWARA, K., HIRANO, 

A., TAKUMI, T., KUSAKA, H., HAGIWARA, K., KAJI, R. & KAWAKAMI, H. 

2010. Mutations of optineurin in amyotrophic lateral sclerosis. Nature, 465, 223-6. 

MATTIAZZI, M., D'AURELIO, M., GAJEWSKI, C. D., MARTUSHOVA, K., KIAEI, M., 

BEAL, M. F. & MANFREDI, G. 2002. Mutated human SOD1 causes dysfunction 

of oxidative phosphorylation in mitochondria of transgenic mice. J Biol Chem, 277, 

29626-33. 

MATTSON, M. P. 1989. Cellular signaling mechanisms common to the development and 

degeneration of neuroarchitecture. A review. Mech Ageing Dev, 50, 103-57. 



                                                      282 

MATUS, S., NASSIF, M., GLIMCHER, L. H. & HETZ, C. 2009. XBP-1 deficiency in the 

nervous system reveals a homeostatic switch to activate autophagy. Autophagy, 5, 

1226-8. 

MATUS, S., VALENZUELA, V., MEDINAS, D. B. & HETZ, C. 2013. ER Dysfunction 

and Protein Folding Stress in ALS. Int J Cell Biol, 2013, 674751. 

MAZARAKIS, N. D., AZZOUZ, M., ROHLL, J. B., ELLARD, F. M., WILKES, F. J., 

OLSEN, A. L., CARTER, E. E., BARBER, R. D., BABAN, D. F., KINGSMAN, S. 

M., KINGSMAN, A. J., O'MALLEY, K. & MITROPHANOUS, K. A. 2001. Rabies 

virus glycoprotein pseudotyping of lentiviral vectors enables retrograde axonal 

transport and access to the nervous system after peripheral delivery. Hum Mol 

Genet, 10, 2109-21. 

MCCARTY, D. M., MONAHAN, P. E. & SAMULSKI, R. J. 2001. Self-complementary 

recombinant adeno-associated virus (scAAV) vectors promote efficient transduction 

independently of DNA synthesis. Gene Ther, 8, 1248-54. 

MCCARTY, D. M., YOUNG, S. M., JR. & SAMULSKI, R. J. 2004. Integration of adeno-

associated virus (AAV) and recombinant AAV vectors. Annu Rev Genet, 38, 819-

45. 

MCDONOUGH, P. G. 1997. The ethics of somatic and germline gene therapy. Ann N Y 

Acad Sci, 816, 378-82. 

MCFARLAND, N. R., LEE, J. S., HYMAN, B. T. & MCLEAN, P. J. 2009. Comparison of 

transduction efficiency of recombinant AAV serotypes 1, 2, 5, and 8 in the rat 

nigrostriatal system. J Neurochem, 109, 838-45. 

MCKELVEY, T., TANG, A., BETT, A. J., CASIMIRO, D. R. & CHASTAIN, M. 2004. T-

cell response to adenovirus hexon and DNA-binding protein in mice. Gene Ther, 11, 

791-6. 

MEAD, R. J., BENNETT, E. J., KENNERLEY, A. J., SHARP, P., SUNYACH, C., 

KASHER, P., BERWICK, J., PETTMANN, B., BATTAGLIA, G., AZZOUZ, M., 

GRIERSON, A. & SHAW, P. J. 2011. Optimised and rapid pre-clinical screening in 

the SOD1(G93A) transgenic mouse model of amyotrophic lateral sclerosis (ALS). 

PLoS One, 6, e23244. 

MEEHAN, C. F., MOLDOVAN, M., MARKLUND, S. L., GRAFFMO, K. S., NIELSEN, J. 

B. & HULTBORN, H. 2010. Intrinsic properties of lumbar motor neurones in the 

adult G127insTGGG superoxide dismutase-1 mutant mouse in vivo: evidence for 

increased persistent inward currents. Acta Physiol (Oxf), 200, 361-76. 

MEHTA, A., PRABHAKAR, M., KUMAR, P., DESHMUKH, R. & SHARMA, P. L. 2013. 

Excitotoxicity: bridge to various triggers in neurodegenerative disorders. Eur J 

Pharmacol, 698, 6-18. 



                                                      283 

MELLO, C. C. & CONTE, D., JR. 2004. Revealing the world of RNA interference. Nature, 

431, 338-42. 

MENTIS, G. Z., GRAVELL, M., HAMILTON, R., SHNEIDER, N. A., O'DONOVAN, M. 

J. & SCHUBERT, M. 2006. Transduction of motor neurons and muscle fibers by 

intramuscular injection of HIV-1-based vectors pseudotyped with select rabies virus 

glycoproteins. J Neurosci Methods, 157, 208-17. 

MENZIES, F. M., COOKSON, M. R., TAYLOR, R. W., TURNBULL, D. M., 

CHRZANOWSKA-LIGHTOWLERS, Z. M., DONG, L., FIGLEWICZ, D. A. & 

SHAW, P. J. 2002. Mitochondrial dysfunction in a cell culture model of familial 

amyotrophic lateral sclerosis. Brain, 125, 1522-33. 

MIGHELI, A., CAVALLA, P., MARINO, S. & SCHIFFER, D. 1994. A study of apoptosis 

in normal and pathologic nervous tissue after in situ end-labeling of DNA strand 

breaks. J Neuropathol Exp Neurol, 53, 606-16. 

MIHAYLOVA, V. T., BORLAND, C. Z., MANJARREZ, L., STERN, M. J. & SUN, H. 

1999. The PTEN tumor suppressor homolog in Caenorhabditis elegans regulates 

longevity and dauer formation in an insulin receptor-like signaling pathway. Proc 

Natl Acad Sci U S A, 96, 7427-32. 

MILANESE, M., ZAPPETTINI, S., ONOFRI, F., MUSAZZI, L., TARDITO, D., 

BONIFACINO, T., MESSA, M., RACAGNI, G., USAI, C., BENFENATI, F., 

POPOLI, M. & BONANNO, G. 2011. Abnormal exocytotic release of glutamate in 

a mouse model of amyotrophic lateral sclerosis. J Neurochem, 116, 1028-42. 

MILANI, P., AMBROSI, G., GAMMOH, O., BLANDINI, F. & CEREDA, C. 2013. SOD1 

and DJ-1 converge at Nrf2 pathway: a clue for antioxidant therapeutic potential in 

neurodegeneration. Oxid Med Cell Longev, 2013, 836760. 

MILLECAMPS, S., MALLET, J. & BARKATS, M. 2002. Adenoviral retrograde gene 

transfer in motoneurons is greatly enhanced by prior intramuscular inoculation with 

botulinum toxin. Hum Gene Ther, 13, 225-32. 

MILLECAMPS, S., SALACHAS, F., CAZENEUVE, C., GORDON, P., BRICKA, B., 

CAMUZAT, A., GUILLOT-NOEL, L., RUSSAOUEN, O., BRUNETEAU, G., 

PRADAT, P. F., LE FORESTIER, N., VANDENBERGHE, N., DANEL-

BRUNAUD, V., GUY, N., THAUVIN-ROBINET, C., LACOMBLEZ, L., 

COURATIER, P., HANNEQUIN, D., SEILHEAN, D., LE BER, I., CORCIA, P., 

CAMU, W., BRICE, A., ROULEAU, G., LEGUERN, E. & MEININGER, V. 2010. 

SOD1, ANG, VAPB, TARDBP, and FUS mutations in familial amyotrophic lateral 

sclerosis: genotype-phenotype correlations. J Med Genet, 47, 554-60. 

MILLER, T. M., KIM, S. H., YAMANAKA, K., HESTER, M., UMAPATHI, P., ARNSON, 

H., RIZO, L., MENDELL, J. R., GAGE, F. H., CLEVELAND, D. W. & KASPAR, 



                                                      284 

B. K. 2006. Gene transfer demonstrates that muscle is not a primary target for non-

cell-autonomous toxicity in familial amyotrophic lateral sclerosis. Proc Natl Acad 

Sci U S A, 103, 19546-51. 

MINETA, T., RABKIN, S. D., YAZAKI, T., HUNTER, W. D. & MARTUZA, R. L. 1995. 

Attenuated multi-mutated herpes simplex virus-1 for the treatment of malignant 

gliomas. Nat Med, 1, 938-43. 

MINGOZZI, F., MAUS, M. V., HUI, D. J., SABATINO, D. E., MURPHY, S. L., RASKO, 

J. E., RAGNI, M. V., MANNO, C. S., SOMMER, J., JIANG, H., PIERCE, G. F., 

ERTL, H. C. & HIGH, K. A. 2007. CD8(+) T-cell responses to adeno-associated 

virus capsid in humans. Nat Med, 13, 419-22. 

MITCHELL, J., PAUL, P., CHEN, H. J., MORRIS, A., PAYLING, M., FALCHI, M., 

HABGOOD, J., PANOUTSOU, S., WINKLER, S., TISATO, V., HAJITOU, A., 

SMITH, B., VANCE, C., SHAW, C., MAZARAKIS, N. D. & DE BELLEROCHE, 

J. 2010. Familial amyotrophic lateral sclerosis is associated with a mutation in D-

amino acid oxidase. Proc Natl Acad Sci U S A, 107, 7556-61. 

MITSUMOTO, H., KLINKOSZ, B., PIORO, E. P., TSUZAKA, K., ISHIYAMA, T., 

O'LEARY, R. M. & PENNICA, D. 2001. Effects of cardiotrophin-1 (CT-1) in a 

mouse motor neuron disease. Muscle Nerve, 24, 769-77. 

MITSUMOTO, H., SANTELLA, R. M., LIU, X., BOGDANOV, M., ZIPPRICH, J., WU, H. 

C., MAHATA, J., KILTY, M., BEDNARZ, K., BELL, D., GORDON, P. H., 

HORNIG, M., MEHRAZIN, M., NAINI, A., FLINT BEAL, M. & FACTOR-

LITVAK, P. 2008. Oxidative stress biomarkers in sporadic ALS. Amyotroph Lateral 

Scler, 9, 177-83. 

MIYOSHI, H., BLOMER, U., TAKAHASHI, M., GAGE, F. H. & VERMA, I. M. 1998. 

Development of a self-inactivating lentivirus vector. J Virol, 72, 8150-7. 

MOLONEY, E. B., DE WINTER, F. & VERHAAGEN, J. 2014. ALS as a distal 

axonopathy: molecular mechanisms affecting neuromuscular junction stability in the 

presymptomatic stages of the disease. Front Neurosci, 8, 252. 

MOORE, R. Y. 1989. Cranial motor neurons contain either galanin- or calcitonin gene-

related peptidelike immunoreactivity. J Comp Neurol, 282, 512-22. 

MOREIRA, M. C., KLUR, S., WATANABE, M., NEMETH, A. H., LE BER, I., MONIZ, J. 

C., TRANCHANT, C., AUBOURG, P., TAZIR, M., SCHOLS, L., PANDOLFO, 

M., SCHULZ, J. B., POUGET, J., CALVAS, P., SHIZUKA-IKEDA, M., SHOJI, 

M., TANAKA, M., IZATT, L., SHAW, C. E., M'ZAHEM, A., DUNNE, E., 

BOMONT, P., BENHASSINE, T., BOUSLAM, N., STEVANIN, G., BRICE, A., 

GUIMARAES, J., MENDONCA, P., BARBOT, C., COUTINHO, P., SEQUEIROS, 



                                                      285 

J., DURR, A., WARTER, J. M. & KOENIG, M. 2004. Senataxin, the ortholog of a 

yeast RNA helicase, is mutant in ataxia-ocular apraxia 2. Nat Genet, 36, 225-7. 

MORI, A., YAMASHITA, S., UCHINO, K., SUGA, T., IKEDA, T., TAKAMATSU, K., 

ISHIZAKI, M., KOIDE, T., KIMURA, E., MITA, S., MAEDA, Y., HIRANO, T. & 

UCHINO, M. 2011. Derlin-1 overexpression ameliorates mutant SOD1-induced 

endoplasmic reticulum stress by reducing mutant SOD1 accumulation. Neurochem 

Int, 58, 344-53. 

MORIMOTO, N., NAGAI, M., OHTA, Y., MIYAZAKI, K., KURATA, T., MORIMOTO, 

M., MURAKAMI, T., TAKEHISA, Y., IKEDA, Y., KAMIYA, T. & ABE, K. 2007. 

Increased autophagy in transgenic mice with a G93A mutant SOD1 gene. Brain Res, 

1167, 112-7. 

MORRAL, N., O'NEAL, W., RICE, K., LELAND, M., KAPLAN, J., PIEDRA, P. A., 

ZHOU, H., PARKS, R. J., VELJI, R., AGUILAR-CORDOVA, E., WADSWORTH, 

S., GRAHAM, F. L., KOCHANEK, S., CAREY, K. D. & BEAUDET, A. L. 1999. 

Administration of helper-dependent adenoviral vectors and sequential delivery of 

different vector serotype for long-term liver-directed gene transfer in baboons. Proc 

Natl Acad Sci U S A, 96, 12816-21. 

MOURELATOS, Z., GONATAS, N. K., STIEBER, A., GURNEY, M. E. & DAL CANTO, 

M. C. 1996. The Golgi apparatus of spinal cord motor neurons in transgenic mice 

expressing mutant Cu,Zn superoxide dismutase becomes fragmented in early, 

preclinical stages of the disease. Proc Natl Acad Sci U S A, 93, 5472-7. 

MU, X., HE, J., ANDERSON, D. W., TROJANOWSKI, J. Q. & SPRINGER, J. E. 1996. 

Altered expression of bcl-2 and bax mRNA in amyotrophic lateral sclerosis spinal 

cord motor neurons. Ann Neurol, 40, 379-86. 

MUNCH, C., ROSENBOHM, A., SPERFELD, A. D., UTTNER, I., RESKE, S., KRAUSE, 

B. J., SEDLMEIER, R., MEYER, T., HANEMANN, C. O., STUMM, G. & 

LUDOLPH, A. C. 2005. Heterozygous R1101K mutation of the DCTN1 gene in a 

family with ALS and FTD. Ann Neurol, 58, 777-80. 

MUNCH, C., SEDLMEIER, R., MEYER, T., HOMBERG, V., SPERFELD, A. D., KURT, 

A., PRUDLO, J., PERAUS, G., HANEMANN, C. O., STUMM, G. & LUDOLPH, 

A. C. 2004. Point mutations of the p150 subunit of dynactin (DCTN1) gene in ALS. 

Neurology, 63, 724-6. 

MURRAY, L. M., COMLEY, L. H., THOMSON, D., PARKINSON, N., TALBOT, K. & 

GILLINGWATER, T. H. 2008. Selective vulnerability of motor neurons and 

dissociation of pre- and post-synaptic pathology at the neuromuscular junction in 

mouse models of spinal muscular atrophy. Hum Mol Genet, 17, 949-62. 



                                                      286 

MURRAY, L. M., TALBOT, K. & GILLINGWATER, T. H. 2010. Review: neuromuscular 

synaptic vulnerability in motor neurone disease: amyotrophic lateral sclerosis and 

spinal muscular atrophy. Neuropathol Appl Neurobiol, 36, 133-56. 

MUTIHAC, R., ALEGRE-ABARRATEGUI, J., GORDON, D., FARRIMOND, L., 

YAMASAKI-MANN, M., TALBOT, K. & WADE-MARTINS, R. 2015. TARDBP 

pathogenic mutations increase cytoplasmic translocation of TDP-43 and cause 

reduction of endoplasmic reticulum Ca(2+) signaling in motor neurons. Neurobiol 

Dis, 75, 64-77. 

MUYDERMAN, H. & CHEN, T. 2014. Mitochondrial dysfunction in amyotrophic lateral 

sclerosis - a valid pharmacological target? Br J Pharmacol, 171, 2191-205. 

NAGAI, M., RE, D. B., NAGATA, T., CHALAZONITIS, A., JESSELL, T. M., 

WICHTERLE, H. & PRZEDBORSKI, S. 2007. Astrocytes expressing ALS-linked 

mutated SOD1 release factors selectively toxic to motor neurons. Nat Neurosci, 10, 

615-22. 

NAGANO, I., MURAKAMI, T., MANABE, Y. & ABE, K. 2002. Early decrease of survival 

factors and DNA repair enzyme in spinal motor neurons of presymptomatic 

transgenic mice that express a mutant SOD1 gene. Life Sciences, 72, 541-8. 

NALDINI, L., BLOMER, U., GAGE, F. H., TRONO, D. & VERMA, I. M. 1996a. Efficient 

transfer, integration, and sustained long-term expression of the transgene in adult rat 

brains injected with a lentiviral vector. Proc Natl Acad Sci U S A, 93, 11382-8. 

NALDINI, L., BLOMER, U., GALLAY, P., ORY, D., MULLIGAN, R., GAGE, F. H., 

VERMA, I. M. & TRONO, D. 1996c. In vivo gene delivery and stable transduction 

of nondividing cells by a lentiviral vector. Science, 272, 263-7. 

NAMIKAWA, K., HONMA, M., ABE, K., TAKEDA, M., MANSUR, K., OBATA, T., 

MIWA, A., OKADO, H. & KIYAMA, H. 2000. Akt/protein kinase B prevents 

injury-induced motoneuron death and accelerates axonal regeneration. Journal of 

Neuroscience, 20, 2875-86. 

NANOU, A., HIGGINBOTTOM, A., VALORI, C. F., WYLES, M., NING, K., SHAW, P. 

& AZZOUZ, M. 2013. Viral delivery of antioxidant genes as a therapeutic strategy 

in experimental models of amyotrophic lateral sclerosis. Mol Ther, 21, 1486-96. 

NAPOLI, C., LEMIEUX, C. & JORGENSEN, R. 1990. Introduction of a Chimeric 

Chalcone Synthase Gene into Petunia Results in Reversible Co-Suppression of 

Homologous Genes in trans. Plant Cell, 2, 279-289. 

NAWA, M., KAGE-NAKADAI, E., AISO, S., OKAMOTO, K., MITANI, S. & 

MATSUOKA, M. 2012. Reduced expression of BTBD10, an Akt activator, leads to 

motor neuron death. Cell Death Differ, 19, 1398-407. 



                                                      287 

NELEN, M. R., VAN STAVEREN, W. C., PEETERS, E. A., HASSEL, M. B., GORLIN, R. 

J., HAMM, H., LINDBOE, C. F., FRYNS, J. P., SIJMONS, R. H., WOODS, D. G., 

MARIMAN, E. C., PADBERG, G. W. & KREMER, H. 1997. Germline mutations 

in the PTEN/MMAC1 gene in patients with Cowden disease. Human Molecular 

Genetics, 6, 1383-7. 

NEUMANN, M., SAMPATHU, D. M., KWONG, L. K., TRUAX, A. C., MICSENYI, M. 

C., CHOU, T. T., BRUCE, J., SCHUCK, T., GROSSMAN, M., CLARK, C. M., 

MCCLUSKEY, L. F., MILLER, B. L., MASLIAH, E., MACKENZIE, I. R., 

FELDMAN, H., FEIDEN, W., KRETZSCHMAR, H. A., TROJANOWSKI, J. Q. & 

LEE, V. M. 2006. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and 

amyotrophic lateral sclerosis. Science, 314, 130-3. 

NEWBERN, J., TAYLOR, A., ROBINSON, M., LI, L. & MILLIGAN, C. E. 2005. 

Decreases in phosphoinositide-3-kinase/Akt and extracellular signal-regulated 

kinase 1/2 signaling activate components of spinal motoneuron death. Journal of 

Neurochemistry, 94, 1652-65. 

NICHOLSON, D. W. & THORNBERRY, N. A. 1997. Caspases: killer proteases. Trends 

Biochem Sci, 22, 299-306. 

NICHOLSON, K. M. & ANDERSON, N. G. 2002. The protein kinase B/Akt signalling 

pathway in human malignancy. Cell Signal, 14, 381-95. 

NIEMEYER, G. P., HERZOG, R. W., MOUNT, J., ARRUDA, V. R., TILLSON, D. M., 

HATHCOCK, J., VAN GINKEL, F. W., HIGH, K. A. & LOTHROP, C. D., JR. 

2009. Long-term correction of inhibitor-prone hemophilia B dogs treated with liver-

directed AAV2-mediated factor IX gene therapy. Blood, 113, 797-806. 

NING, K., DREPPER, C., VALORI, C. F., AHSAN, M., WYLES, M., HIGGINBOTTOM, 

A., HERRMANN, T., SHAW, P., AZZOUZ, M. & SENDTNER, M. 2010. PTEN 

depletion rescues axonal growth defect and improves survival in SMN-deficient 

motor neurons. Hum Mol Genet, 19, 3159-68. 

NING, K., PEI, L., LIAO, M., LIU, B., ZHANG, Y., JIANG, W., MIELKE, J. G., LI, L., 

CHEN, Y., EL-HAYEK, Y. H., FEHLINGS, M. G., ZHANG, X., LIU, F., 

EUBANKS, J. & WAN, Q. 2004. Dual neuroprotective signaling mediated by 

downregulating two distinct phosphatase activities of PTEN. J Neurosci, 24, 4052-

60. 

NISHIMURA, A. L., MITNE-NETO, M., SILVA, H. C., RICHIERI-COSTA, A., 

MIDDLETON, S., CASCIO, D., KOK, F., OLIVEIRA, J. R., GILLINGWATER, 

T., WEBB, J., SKEHEL, P. & ZATZ, M. 2004. A mutation in the vesicle-trafficking 

protein VAPB causes late-onset spinal muscular atrophy and amyotrophic lateral 

sclerosis. Am J Hum Genet, 75, 822-31. 



                                                      288 

NISHITOH, H., KADOWAKI, H., NAGAI, A., MARUYAMA, T., YOKOTA, T., 

FUKUTOMI, H., NOGUCHI, T., MATSUZAWA, A., TAKEDA, K. & ICHIJO, H. 

2008. ALS-linked mutant SOD1 induces ER stress- and ASK1-dependent motor 

neuron death by targeting Derlin-1. Genes Dev, 22, 1451-64. 

NIZHYNSKA, V., NEUMUELLER, R. & HERBST, R. 2007. Phosphoinositide 3-kinase 

acts through RAC and Cdc42 during agrin-induced acetylcholine receptor 

clustering. Developmental Neurobiology, 67, 1047-58. 

NIZZARDO, M., SIMONE, C., FALCONE, M., RIBOLDI, G., RIZZO, F., MAGRI, F., 

BRESOLIN, N., COMI, G. P. & CORTI, S. 2012. Research advances in gene 

therapy approaches for the treatment of amyotrophic lateral sclerosis. Cell Mol Life 

Sci, 69, 1641-50. 

OLSSON, I. A. & DAHLBORN, K. 2002. Improving housing conditions for laboratory 

mice: a review of "environmental enrichment". Lab Anim, 36, 243-70. 

ONG, S. H., HADARI, Y. R., GOTOH, N., GUY, G. R., SCHLESSINGER, J. & LAX, I. 

2001. Stimulation of phosphatidylinositol 3-kinase by fibroblast growth factor 

receptors is mediated by coordinated recruitment of multiple docking proteins. Proc 

Natl Acad Sci U S A, 98, 6074-9. 

OPPENHEIM, R. W., WIESE, S., PREVETTE, D., ARMANINI, M., WANG, S., 

HOUENOU, L. J., HOLTMANN, B., GOTZ, R., PENNICA, D. & SENDTNER, M. 

2001. Cardiotrophin-1, a muscle-derived cytokine, is required for the survival of 

subpopulations of developing motoneurons. J Neurosci, 21, 1283-91. 

ORLACCHIO, A., BABALINI, C., BORRECA, A., PATRONO, C., MASSA, R., 

BASARAN, S., MUNHOZ, R. P., ROGAEVA, E. A., ST GEORGE-HYSLOP, P. 

H., BERNARDI, G. & KAWARAI, T. 2010. SPATACSIN mutations cause 

autosomal recessive juvenile amyotrophic lateral sclerosis. Brain, 133, 591-8. 

ORRELL, R. W., LANE, R. J. & ROSS, M. 2007. Antioxidant treatment for amyotrophic 

lateral sclerosis / motor neuron disease. Cochrane Database Syst Rev, CD002829. 

OSAKI, M., OSHIMURA, M. & ITO, H. 2004. PI3K-Akt pathway: its functions and 

alterations in human cancer. Apoptosis, 9, 667-76. 

OYANAGI, K., YAMAZAKI, M., TAKAHASHI, H., WATABE, K., WADA, M., 

KOMORI, T., MORITA, T. & MIZUTANI, T. 2008. Spinal anterior horn cells in 

sporadic amyotrophic lateral sclerosis show ribosomal detachment from, and 

cisternal distention of the rough endoplasmic reticulum. Neuropathol Appl 

Neurobiol, 34, 650-8. 

PACAK, C. A., MAH, C. S., THATTALIYATH, B. D., CONLON, T. J., LEWIS, M. A., 

CLOUTIER, D. E., ZOLOTUKHIN, I., TARANTAL, A. F. & BYRNE, B. J. 2006. 



                                                      289 

Recombinant adeno-associated virus serotype 9 leads to preferential cardiac 

transduction in vivo. Circ Res, 99, e3-9. 

PAKZABAN, P., GELLER, A. I. & ISACSON, O. 1994. Effect of exogenous nerve growth 

factor on neurotoxicity of and neuronal gene delivery by a herpes simplex amplicon 

vector in the rat brain. Hum Gene Ther, 5, 987-95. 

PAPADIMITRIOU, D., LE VERCHE, V., JACQUIER, A., IKIZ, B., PRZEDBORSKI, S. & 

RE, D. B. 2010. Inflammation in ALS and SMA: sorting out the good from the evil. 

Neurobiol Dis, 37, 493-502. 

PARK, K. K., LIU, K., HU, Y., KANTER, J. L. & HE, Z. 2010. PTEN/mTOR and axon 

regeneration. Exp Neurol, 223, 45-50. 

PARK, K. K., LIU, K., HU, Y., SMITH, P. D., WANG, C., CAI, B., XU, B., CONNOLLY, 

L., KRAMVIS, I., SAHIN, M. & HE, Z. 2008. Promoting axon regeneration in the 

adult CNS by modulation of the PTEN/mTOR pathway. Science, 322, 963-6. 

PARKER, S. J., MEYEROWITZ, J., JAMES, J. L., LIDDELL, J. R., NONAKA, T., 

HASEGAWA, M., KANNINEN, K. M., LIM, S., PATERSON, B. M., 

DONNELLY, P. S., CROUCH, P. J. & WHITE, A. R. 2012. Inhibition of TDP-43 

accumulation by bis(thiosemicarbazonato)-copper complexes. PLoS One, 7, e42277. 

PARKS, R. J., CHEN, L., ANTON, M., SANKAR, U., RUDNICKI, M. A. & GRAHAM, F. 

L. 1996. A helper-dependent adenovirus vector system: removal of helper virus by 

Cre-mediated excision of the viral packaging signal. Proc Natl Acad Sci U S A, 93, 

13565-70. 

PASINELLI, P., BELFORD, M. E., LENNON, N., BACSKAI, B. J., HYMAN, B. T., 

TROTTI, D. & BROWN, R. H., JR. 2004. Amyotrophic lateral sclerosis-associated 

SOD1 mutant proteins bind and aggregate with Bcl-2 in spinal cord mitochondria. 

Neuron, 43, 19-30. 

PASINELLI, P. & BROWN, R. H. 2006. Molecular biology of amyotrophic lateral 

sclerosis: insights from genetics. Nat Rev Neurosci, 7, 710-23. 

PEDERSEN, W. A., LUO, H., KRUMAN, I., KASARSKIS, E. & MATTSON, M. P. 2000. 

The prostate apoptosis response-4 protein participates in motor neuron degeneration 

in amyotrophic lateral sclerosis. FASEB J, 14, 913-24. 

PELUFFO, H., UNZUETA, U., NEGRO-DEMONTEL, M. L., XU, Z., VAQUEZ, E., 

FERRER-MIRALLES, N. & VILLAVERDE, A. 2015. BBB-targeting, protein-

based nanomedicines for drug and nucleic acid delivery to the CNS. Biotechnol Adv, 

33, 277-87. 

PERANDONES, C., COSTANZO, R. V., KOWALJOW, V., PIVETTA, O. H., 

CARMINATTI, H. & RADRIZZANI, M. 2004. Correlation between 



                                                      290 

synaptogenesis and the PTEN phosphatase expression in dendrites during postnatal 

brain development. Brain Research Molecular Brain Research, 128, 8-19. 

PETERSON, E. R., CRAIN, S. M. & MURRAY, M. R. 1965. DIFFERENTIATION AND 

PROLONGED MAINTENANCE OF BIOELECTRICALLY ACTIVE SPINAL 

CORD CULTURES (RAT, CHICK AND HUMAN). Z Zellforsch Mikrosk Anat, 66, 

130-54. 

PETRUSKA, J. C., KITAY, B., BOYCE, V. S., KASPAR, B. K., PEARSE, D. D., GAGE, 

F. H. & MENDELL, L. M. 2010. Intramuscular AAV delivery of NT-3 alters 

synaptic transmission to motoneurons in adult rats. Eur J Neurosci, 32, 997-1005. 

PEVIANI, M., TORTAROLO, M., BATTAGLIA, E., PIVA, R. & BENDOTTI, C. 2014. 

Specific induction of Akt3 in spinal cord motor neurons is neuroprotective in a 

mouse model of familial amyotrophic lateral sclerosis. Mol Neurobiol, 49, 136-48. 

PHILIPPE, S., SARKIS, C., BARKATS, M., MAMMERI, H., LADROUE, C., PETIT, C., 

MALLET, J. & SERGUERA, C. 2006. Lentiviral vectors with a defective integrase 

allow efficient and sustained transgene expression in vitro and in vivo. Proc Natl 

Acad Sci U S A, 103, 17684-9. 

PIKE-OVERZET, K., VAN DER BURG, M., WAGEMAKER, G., VAN DONGEN, J. J. & 

STAAL, F. J. 2007. New insights and unresolved issues regarding insertional 

mutagenesis in X-linked SCID gene therapy. Mol Ther, 15, 1910-6. 

PIROOZNIA, S. K., DAWSON, V. L. & DAWSON, T. M. 2014. Motor neuron death in 

ALS: programmed by astrocytes? Neuron, 81, 961-3. 

PITZER, C., KRUGER, C., PLAAS, C., KIRSCH, F., DITTGEN, T., MULLER, R., 

LAAGE, R., KASTNER, S., SUESS, S., SPOELGEN, R., HENRIQUES, A., 

EHRENREICH, H., SCHABITZ, W. R., BACH, A. & SCHNEIDER, A. 2008. 

Granulocyte-colony stimulating factor improves outcome in a mouse model of 

amyotrophic lateral sclerosis. Brain, 131, 3335-47. 

PODSYPANINA, K., ELLENSON, L. H., NEMES, A., GU, J., TAMURA, M., YAMADA, 

K. M., CORDON-CARDO, C., CATORETTI, G., FISHER, P. E. & PARSONS, R. 

1999. Mutation of Pten/Mmac1 in mice causes neoplasia in multiple organ systems. 

Proc Natl Acad Sci U S A, 96, 1563-8. 

POLYMENIDOU, M., LAGIER-TOURENNE, C., HUTT, K. R., HUELGA, S. C., 

MORAN, J., LIANG, T. Y., LING, S. C., SUN, E., WANCEWICZ, E., MAZUR, 

C., KORDASIEWICZ, H., SEDAGHAT, Y., DONOHUE, J. P., SHIUE, L., 

BENNETT, C. F., YEO, G. W. & CLEVELAND, D. W. 2011. Long pre-mRNA 

depletion and RNA missplicing contribute to neuronal vulnerability from loss of 

TDP-43. Nat Neurosci, 14, 459-68. 



                                                      291 

PRADAT, P. F., BRUNETEAU, G., MUNERATI, E., SALACHAS, F., LE FORESTIER, 

N., LACOMBLEZ, L., LENGLET, T. & MEININGER, V. 2009. Extrapyramidal 

stiffness in patients with amyotrophic lateral sclerosis. Mov Disord, 24, 2143-8. 

PRAMATAROVA, A., LAGANIERE, J., ROUSSEL, J., BRISEBOIS, K. & ROULEAU, 

G. A. 2001. Neuron-specific expression of mutant superoxide dismutase 1 in 

transgenic mice does not lead to motor impairment. J Neurosci, 21, 3369-74. 

PULS, I., JONNAKUTY, C., LAMONTE, B. H., HOLZBAUR, E. L., TOKITO, M., 

MANN, E., FLOETER, M. K., BIDUS, K., DRAYNA, D., OH, S. J., BROWN, R. 

H., JR., LUDLOW, C. L. & FISCHBECK, K. H. 2003. Mutant dynactin in motor 

neuron disease. Nat Genet, 33, 455-6. 

PUN, S., SANTOS, A. F., SAXENA, S., XU, L. & CARONI, P. 2006. Selective 

vulnerability and pruning of phasic motoneuron axons in motoneuron disease 

alleviated by CNTF. Nat Neurosci, 9, 408-19. 

RALPH, G. S., BINLEY, K., WONG, L. F., AZZOUZ, M. & MAZARAKIS, N. D. 2006. 

Gene therapy for neurodegenerative and ocular diseases using lentiviral vectors. 

Clin Sci (Lond), 110, 37-46. 

RALPH, G. S., MAZARAKIS, N. D. & AZZOUZ, M. 2005a. Therapeutic gene silencing in 

neurological disorders, using interfering RNA. J Mol Med (Berl), 83, 413-9. 

RALPH, G. S., RADCLIFFE, P. A., DAY, D. M., CARTHY, J. M., LEROUX, M. A., LEE, 

D. C., WONG, L. F., BILSLAND, L. G., GREENSMITH, L., KINGSMAN, S. M., 

MITROPHANOUS, K. A., MAZARAKIS, N. D. & AZZOUZ, M. 2005c. Silencing 

mutant SOD1 using RNAi protects against neurodegeneration and extends survival 

in an ALS model. Nat Med, 11, 429-33. 

RAMON-CUETO, A. & NIETO-SAMPEDRO, M. 1992. Glial cells from adult rat olfactory 

bulb: immunocytochemical properties of pure cultures of ensheathing cells. 

Neuroscience, 47, 213-20. 

RAO, S. D. & WEISS, J. H. 2004. Excitotoxic and oxidative cross-talk between motor 

neurons and glia in ALS pathogenesis. Trends Neurosci, 27, 17-23. 

RAOUL, C., ABBAS-TERKI, T., BENSADOUN, J. C., GUILLOT, S., HAASE, G., 

SZULC, J., HENDERSON, C. E. & AEBISCHER, P. 2005. Lentiviral-mediated 

silencing of SOD1 through RNA interference retards disease onset and progression 

in a mouse model of ALS. Nat Med, 11, 423-8. 

RATOVITSKI, T., CORSON, L. B., STRAIN, J., WONG, P., CLEVELAND, D. W., 

CULOTTA, V. C. & BORCHELT, D. R. 1999. Variation in the 

biochemical/biophysical properties of mutant superoxide dismutase 1 enzymes and 

the rate of disease progression in familial amyotrophic lateral sclerosis kindreds. 

Hum Mol Genet, 8, 1451-60. 



                                                      292 

RAVITS, J. M. & LA SPADA, A. R. 2009. ALS motor phenotype heterogeneity, focality, 

and spread: deconstructing motor neuron degeneration. Neurology, 73, 805-11. 

READ, D. E. & GORMAN, A. M. 2009. Involvement of Akt in neurite outgrowth. Cell Mol 

Life Sci, 66, 2975-84. 

REAUME, A. G., ELLIOTT, J. L., HOFFMAN, E. K., KOWALL, N. W., FERRANTE, R. 

J., SIWEK, D. F., WILCOX, H. M., FLOOD, D. G., BEAL, M. F., BROWN, R. H., 

JR., SCOTT, R. W. & SNIDER, W. D. 1996. Motor neurons in Cu/Zn superoxide 

dismutase-deficient mice develop normally but exhibit enhanced cell death after 

axonal injury. Nat Genet, 13, 43-7. 

RENTON, A. E., MAJOUNIE, E., WAITE, A., SIMON-SANCHEZ, J., ROLLINSON, S., 

GIBBS, J. R., SCHYMICK, J. C., LAAKSOVIRTA, H., VAN SWIETEN, J. C., 

MYLLYKANGAS, L., KALIMO, H., PAETAU, A., ABRAMZON, Y., REMES, 

A. M., KAGANOVICH, A., SCHOLZ, S. W., DUCKWORTH, J., DING, J., 

HARMER, D. W., HERNANDEZ, D. G., JOHNSON, J. O., MOK, K., RYTEN, M., 

TRABZUNI, D., GUERREIRO, R. J., ORRELL, R. W., NEAL, J., MURRAY, A., 

PEARSON, J., JANSEN, I. E., SONDERVAN, D., SEELAAR, H., BLAKE, D., 

YOUNG, K., HALLIWELL, N., CALLISTER, J. B., TOULSON, G., 

RICHARDSON, A., GERHARD, A., SNOWDEN, J., MANN, D., NEARY, D., 

NALLS, M. A., PEURALINNA, T., JANSSON, L., ISOVIITA, V. M., 

KAIVORINNE, A. L., HOLTTA-VUORI, M., IKONEN, E., SULKAVA, R., 

BENATAR, M., WUU, J., CHIO, A., RESTAGNO, G., BORGHERO, G., 

SABATELLI, M., CONSORTIUM, I., HECKERMAN, D., ROGAEVA, E., 

ZINMAN, L., ROTHSTEIN, J. D., SENDTNER, M., DREPPER, C., EICHLER, E. 

E., ALKAN, C., ABDULLAEV, Z., PACK, S. D., DUTRA, A., PAK, E., HARDY, 

J., SINGLETON, A., WILLIAMS, N. M., HEUTINK, P., PICKERING-BROWN, 

S., MORRIS, H. R., TIENARI, P. J. & TRAYNOR, B. J. 2011. A hexanucleotide 

repeat expansion in C9ORF72 is the cause of chromosome 9p21-linked ALS-FTD. 

Neuron, 72, 257-68. 

REZAIE, T., CHILD, A., HITCHINGS, R., BRICE, G., MILLER, L., COCA-PRADOS, M., 

HEON, E., KRUPIN, T., RITCH, R., KREUTZER, D., CRICK, R. P. & 

SARFARAZI, M. 2002. Adult-onset primary open-angle glaucoma caused by 

mutations in optineurin. Science, 295, 1077-9. 

REZAIE, T. & SARFARAZI, M. 2005. Molecular cloning, genomic structure, and protein 

characterization of mouse optineurin. Genomics, 85, 131-8. 

RIBOLDI, G., ZANETTA, C., RANIERI, M., NIZZARDO, M., SIMONE, C., MAGRI, F., 

BRESOLIN, N., COMI, G. P. & CORTI, S. 2014. Antisense oligonucleotide 



                                                      293 

therapy for the treatment of C9ORF72 ALS/FTD diseases. Mol Neurobiol, 50, 721-

32. 

RICH, M. M., WANG, X., COPE, T. C. & PINTER, M. J. 2002. Reduced neuromuscular 

quantal content with normal synaptic release time course and depression in canine 

motor neuron disease. Journal of Neurophysiology, 88, 3305-14. 

RINGHOLZ, G. M., APPEL, S. H., BRADSHAW, M., COOKE, N. A., MOSNIK, D. M. & 

SCHULZ, P. E. 2005. Prevalence and patterns of cognitive impairment in sporadic 

ALS. Neurology, 65, 586-90. 

RITSON, G. P., CUSTER, S. K., FREIBAUM, B. D., GUINTO, J. B., GEFFEL, D., 

MOORE, J., TANG, W., WINTON, M. J., NEUMANN, M., TROJANOWSKI, J. 

Q., LEE, V. M., FORMAN, M. S. & TAYLOR, J. P. 2010. TDP-43 mediates 

degeneration in a novel Drosophila model of disease caused by mutations in 

VCP/p97. J Neurosci, 30, 7729-39. 

RIVERA, V. M., GAO, G. P., GRANT, R. L., SCHNELL, M. A., ZOLTICK, P. W., 

ROZAMUS, L. W., CLACKSON, T. & WILSON, J. M. 2005. Long-term 

pharmacologically regulated expression of erythropoietin in primates following 

AAV-mediated gene transfer. Blood, 105, 1424-30. 

ROIZMAN, B. & TADDEO, B. 2007. The strategy of herpes simplex virus replication and 

takeover of the host cell. In: ARVIN, A., CAMPADELLI-FIUME, G., 

MOCARSKI, E., MOORE, P. S., ROIZMAN, B., WHITLEY, R. & YAMANISHI, 

K. (eds.) Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. 

Cambridge. 

ROSEN, D. R., SIDDIQUE, T., PATTERSON, D., FIGLEWICZ, D. A., SAPP, P., 

HENTATI, A., DONALDSON, D., GOTO, J., O'REGAN, J. P., DENG, H. X. & ET 

AL. 1993. Mutations in Cu/Zn superoxide dismutase gene are associated with 

familial amyotrophic lateral sclerosis. Nature, 362, 59-62. 

ROSIVATZ, E., MATTHEWS, J. G., MCDONALD, N. Q., MULET, X., HO, K. K., 

LOSSI, N., SCHMID, A. C., MIRABELLI, M., POMERANZ, K. M., ERNEUX, C., 

LAM, E. W., VILAR, R. & WOSCHOLSKI, R. 2006. A small molecule inhibitor 

for phosphatase and tensin homologue deleted on chromosome 10 (PTEN). ACS 

Chem Biol, 1, 780-90. 

ROTHSTEIN, J. D., MARTIN, L. J. & KUNCL, R. W. 1992. Decreased glutamate transport 

by the brain and spinal cord in amyotrophic lateral sclerosis. N Engl J Med, 326, 

1464-8. 

ROTHSTEIN, J. D., VAN KAMMEN, M., LEVEY, A. I., MARTIN, L. J. & KUNCL, R. 

W. 1995. Selective loss of glial glutamate transporter GLT-1 in amyotrophic lateral 

sclerosis. Ann Neurol, 38, 73-84. 



                                                      294 

ROY, J., MINOTTI, S., DONG, L., FIGLEWICZ, D. A. & DURHAM, H. D. 1998. 

Glutamate potentiates the toxicity of mutant Cu/Zn-superoxide dismutase in motor 

neurons by postsynaptic calcium-dependent mechanisms. J Neurosci, 18, 9673-84. 

ROYO, N. C., VANDENBERGHE, L. H., MA, J. Y., HAUSPURG, A., YU, L., 

MARONSKI, M., JOHNSTON, J., DICHTER, M. A., WILSON, J. M. & 

WATSON, D. J. 2008. Specific AAV serotypes stably transduce primary 

hippocampal and cortical cultures with high efficiency and low toxicity. Brain Res, 

1190, 15-22. 

RUDNICKI, S. A., BERRY, J. D., INGERSOLL, E., ARCHIBALD, D., CUDKOWICZ, M. 

E., KERR, D. A. & DONG, Y. 2013. Dexpramipexole effects on functional decline 

and survival in subjects with amyotrophic lateral sclerosis in a Phase II study: 

subgroup analysis of demographic and clinical characteristics. Amyotroph Lateral 

Scler Frontotemporal Degener, 14, 44-51. 

RUTLEDGE, E. A., HALBERT, C. L. & RUSSELL, D. W. 1998. Infectious clones and 

vectors derived from adeno-associated virus (AAV) serotypes other than AAV type 

2. J Virol, 72, 309-19. 

SAHLENDER, D. A., ROBERTS, R. C., ARDEN, S. D., SPUDICH, G., TAYLOR, M. J., 

LUZIO, J. P., KENDRICK-JONES, J. & BUSS, F. 2005. Optineurin links myosin 

VI to the Golgi complex and is involved in Golgi organization and exocytosis. J 

Cell Biol, 169, 285-95. 

SAMARANCH, L., SALEGIO, E. A., SAN SEBASTIAN, W., KELLS, A. P., FOUST, K. 

D., BRINGAS, J. R., LAMARRE, C., FORSAYETH, J., KASPAR, B. K. & 

BANKIEWICZ, K. S. 2012. Adeno-associated virus serotype 9 transduction in the 

central nervous system of nonhuman primates. Hum Gene Ther, 23, 382-9. 

SAMULSKI, R. J., CHANG, L. S. & SHENK, T. 1989. Helper-free stocks of recombinant 

adeno-associated viruses: normal integration does not require viral gene expression. 

J Virol, 63, 3822-8. 

SAN SEBASTIAN, W., SAMARANCH, L., HELLER, G., KELLS, A. P., BRINGAS, J., 

PIVIROTTO, P., FORSAYETH, J. & BANKIEWICZ, K. S. 2013. Adeno-

associated virus type 6 is retrogradely transported in the non-human primate brain. 

Gene Ther, 20, 1178-83. 

SANDRI, M., SANDRI, C., GILBERT, A., SKURK, C., CALABRIA, E., PICARD, A., 

WALSH, K., SCHIAFFINO, S., LECKER, S. H. & GOLDBERG, A. L. 2004. Foxo 

transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause 

skeletal muscle atrophy. Cell, 117, 399-412. 

SANO, T., LIN, H., CHEN, X., LANGFORD, L. A., KOUL, D., BONDY, M. L., HESS, K. 

R., MYERS, J. N., HONG, Y. K., YUNG, W. K. & STECK, P. A. 1999. 



                                                      295 

Differential expression of MMAC/PTEN in glioblastoma multiforme: relationship to 

localization and prognosis. Cancer Research, 59, 1820-4. 

SANSAL, I. & SELLERS, W. R. 2004. The biology and clinical relevance of the PTEN 

tumor suppressor pathway. J Clin Oncol, 22, 2954-63. 

SAPP, P. C., HOSLER, B. A., MCKENNA-YASEK, D., CHIN, W., GANN, A., GENISE, 

H., GORENSTEIN, J., HUANG, M., SAILER, W., SCHEFFLER, M., VALESKY, 

M., HAINES, J. L., PERICAK-VANCE, M., SIDDIQUE, T., HORVITZ, H. R. & 

BROWN, R. H., JR. 2003. Identification of two novel loci for dominantly inherited 

familial amyotrophic lateral sclerosis. Am J Hum Genet, 73, 397-403. 

SARBASSOV, D. D., GUERTIN, D. A., ALI, S. M. & SABATINI, D. M. 2005. 

Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. Science, 

307, 1098-101. 

SAREEN, D., O'ROURKE, J. G., MEERA, P., MUHAMMAD, A. K., GRANT, S., 

SIMPKINSON, M., BELL, S., CARMONA, S., ORNELAS, L., SAHABIAN, A., 

GENDRON, T., PETRUCELLI, L., BAUGHN, M., RAVITS, J., HARMS, M. B., 

RIGO, F., BENNETT, C. F., OTIS, T. S., SVENDSEN, C. N. & BALOH, R. H. 

2013. Targeting RNA foci in iPSC-derived motor neurons from ALS patients with a 

C9ORF72 repeat expansion. Sci Transl Med, 5, 208ra149. 

SARGSYAN, S. A., MONK, P. N. & SHAW, P. J. 2005. Microglia as potential contributors 

to motor neuron injury in amyotrophic lateral sclerosis. Glia, 51, 241-53. 

SARKIS, C., PHILIPPE, S., MALLET, J. & SERGUERA, C. 2008. Non-integrating 

lentiviral vectors. Curr Gene Ther, 8, 430-7. 

SARLETTE, A., KRAMPFL, K., GROTHE, C., NEUHOFF, N., DENGLER, R. & PETRI, 

S. 2008. Nuclear erythroid 2-related factor 2-antioxidative response element 

signaling pathway in motor cortex and spinal cord in amyotrophic lateral sclerosis. J 

Neuropathol Exp Neurol, 67, 1055-62. 

SASAKI, S. 2010. Endoplasmic reticulum stress in motor neurons of the spinal cord in 

sporadic amyotrophic lateral sclerosis. J Neuropathol Exp Neurol, 69, 346-55. 

SASAKI, S. & IWATA, M. 1996. Ultrastructural study of the synapses of central 

chromatolytic anterior horn cells in motor neuron disease. J Neuropathol Exp 

Neurol, 55, 932-9. 

SASAKI, S. & IWATA, M. 2007. Mitochondrial alterations in the spinal cord of patients 

with sporadic amyotrophic lateral sclerosis. J Neuropathol Exp Neurol, 66, 10-6. 

SASAKI, S., NAGAI, M., AOKI, M., KOMORI, T., ITOYAMA, Y. & IWATA, M. 2007. 

Motor neuron disease in transgenic mice with an H46R mutant SOD1 gene. J 

Neuropathol Exp Neurol, 66, 517-24. 



                                                      296 

SATHASIVAM, S., GRIERSON, A. J. & SHAW, P. J. 2005. Characterization of the 

caspase cascade in a cell culture model of SOD1-related familial amyotrophic lateral 

sclerosis: expression, activation and therapeutic effects of inhibition. Neuropathol 

Appl Neurobiol, 31, 467-85. 

SAXENA, S., CABUY, E. & CARONI, P. 2009. A role for motoneuron subtype-selective 

ER stress in disease manifestations of FALS mice. Nat Neurosci, 12, 627-36. 

SCALLAN, C. D., JIANG, H., LIU, T., PATARROYO-WHITE, S., SOMMER, J. M., 

ZHOU, S., COUTO, L. B. & PIERCE, G. F. 2006. Human immunoglobulin inhibits 

liver transduction by AAV vectors at low AAV2 neutralizing titers in SCID mice. 

Blood, 107, 1810-7. 

SCHAEFER, A. M., SANES, J. R. & LICHTMAN, J. W. 2005. A compensatory 

subpopulation of motor neurons in a mouse model of amyotrophic lateral sclerosis. 

Journal of Comparative Neurology, 490, 209-19. 

SCHAFFNER, A. E., ST JOHN, P. A. & BARKER, J. L. 1987. Fluorescence-activated cell 

sorting of embryonic mouse and rat motoneurons and their long-term survival in 

vitro. J Neurosci, 7, 3088-104. 

SCHEID, M. P. & WOODGETT, J. R. 2003. Unravelling the activation mechanisms of 

protein kinase B/Akt. FEBS Letters, 546, 108-12. 

SCHMID, A. C., BYRNE, R. D., VILAR, R. & WOSCHOLSKI, R. 2004. 

Bisperoxovanadium compounds are potent PTEN inhibitors. FEBS Lett, 566, 35-8. 

SCHMIDT, N., BASU, S., SLADECEK, S., GATTI, S., VAN HAREN, J., TREVES, S., 

PIELAGE, J., GALJART, N. & BRENNER, H. R. 2012. Agrin regulates CLASP2-

mediated capture of microtubules at the neuromuscular junction synaptic membrane. 

Journal of Cell Biology, 198, 421-37. 

SCHNAAR, R. I. & SCHAFFNER, A. E. 1981. Separation of cell types from embryonic 

chicken and rat spinal cord: characterization of motoneuron-enriched fractions. J 

Neurosci, 1, 204-17. 

SCHUSTER, D. J., DYKSTRA, J. A., RIEDL, M. S., KITTO, K. F., BELUR, L. R., 

MCIVOR, R. S., ELDE, R. P., FAIRBANKS, C. A. & VULCHANOVA, L. 2014. 

Biodistribution of adeno-associated virus serotype 9 (AAV9) vector after intrathecal 

and intravenous delivery in mouse. Front Neuroanat, 8, 42. 

SEGURA, M. M., KAMEN, A. A. & GARNIER, A. 2011. Overview of current scalable 

methods for purification of viral vectors. Methods Mol Biol, 737, 89-116. 

SEN, I., NALINI, A., JOSHI, N. B. & JOSHI, P. G. 2005. Cerebrospinal fluid from 

amyotrophic lateral sclerosis patients preferentially elevates intracellular calcium 

and toxicity in motor neurons via AMPA/kainate receptor. J Neurol Sci, 235, 45-54. 



                                                      297 

SEPHTON, C. F., GOOD, S. K., ATKIN, S., DEWEY, C. M., MAYER, P., 3RD, HERZ, J. 

& YU, G. 2010. TDP-43 is a developmentally regulated protein essential for early 

embryonic development. J Biol Chem, 285, 6826-34. 

SHAW, P. J. & EGGETT, C. J. 2000. Molecular factors underlying selective vulnerability of 

motor neurons to neurodegeneration in amyotrophic lateral sclerosis. J Neurol, 247 

Suppl 1, I17-27. 

SHAW, P. J., FORREST, V., INCE, P. G., RICHARDSON, J. P. & WASTELL, H. J. 1995. 

CSF and plasma amino acid levels in motor neuron disease: elevation of CSF 

glutamate in a subset of patients. Neurodegeneration, 4, 209-16. 

SHEVTSOVA, Z., MALIK, J. M., MICHEL, U., BAHR, M. & KUGLER, S. 2005. 

Promoters and serotypes: targeting of adeno-associated virus vectors for gene 

transfer in the rat central nervous system in vitro and in vivo. Exp Physiol, 90, 53-9. 

SHI, P., GAL, J., KWINTER, D. M., LIU, X. & ZHU, H. 2010. Mitochondrial dysfunction 

in amyotrophic lateral sclerosis. Biochim Biophys Acta, 1802, 45-51. 

SHIBATA, N., HIRANO, A., KOBAYASHI, M., SASAKI, S., KATO, T., MATSUMOTO, 

S., SHIOZAWA, Z., KOMORI, T., IKEMOTO, A., UMAHARA, T. & ET AL. 

1994. Cu/Zn superoxide dismutase-like immunoreactivity in Lewy body-like 

inclusions of sporadic amyotrophic lateral sclerosis. Neurosci Lett, 179, 149-52. 

SHIBATA, N., NAGAI, R., UCHIDA, K., HORIUCHI, S., YAMADA, S., HIRANO, A., 

KAWAGUCHI, M., YAMAMOTO, T., SASAKI, S. & KOBAYASHI, M. 2001. 

Morphological evidence for lipid peroxidation and protein glycoxidation in spinal 

cords from sporadic amyotrophic lateral sclerosis patients. Brain Res, 917, 97-104. 

SHINDER, G. A., LACOURSE, M. C., MINOTTI, S. & DURHAM, H. D. 2001. Mutant 

Cu/Zn-superoxide dismutase proteins have altered solubility and interact with heat 

shock/stress proteins in models of amyotrophic lateral sclerosis. J Biol Chem, 276, 

12791-6. 

SICILIANO, G., CARLESI, C., PASQUALI, L., PIAZZA, S., PIETRACUPA, S., FORNAI, 

F., RUGGIERI, S. & MURRI, L. 2010. Clinical trials for neuroprotection in ALS. 

CNS Neurol Disord Drug Targets, 9, 305-13. 

SLATER, C. R. Postnatal maturation of nerve-muscle junctions in hindlimb muscles of the 

mouse. Developmental Biology, 94, 11-22. 

SLEIGH, J. N., BURGESS, R. W., GILLINGWATER, T. H. & CADER, M. Z. 2014. 

Morphological analysis of neuromuscular junction development and degeneration in 

rodent lumbrical muscles. J Neurosci Methods, 227, 159-65. 

SMITH, J. A., ZHANG, R., VARMA, A. K., DAS, A., RAY, S. K. & BANIK, N. L. 2009a. 

Estrogen partially down-regulates PTEN to prevent apoptosis in VSC4.1 

motoneurons following exposure to IFN-gamma. Brain Research, 1301, 163-70. 



                                                      298 

SMITH, J. A., ZHANG, R., VARMA, A. K., DAS, A., RAY, S. K. & BANIK, N. L. 2009b. 

Estrogen partially down-regulates PTEN to prevent apoptosis in VSC4.1 

motoneurons following exposure to IFN-gamma. Brain Res, 1301, 163-70. 

SMITH, M. H., PLOEGH, H. L. & WEISSMAN, J. S. 2011. Road to ruin: targeting proteins 

for degradation in the endoplasmic reticulum. Science, 334, 1086-90. 

SMITH, R. G., HENRY, Y. K., MATTSON, M. P. & APPEL, S. H. 1998. Presence of 4-

hydroxynonenal in cerebrospinal fluid of patients with sporadic amyotrophic lateral 

sclerosis. Ann Neurol, 44, 696-9. 

SOMANATHAN, S., BREOUS, E., BELL, P. & WILSON, J. M. 2010. AAV vectors avoid 

inflammatory signals necessary to render transduced hepatocyte targets for 

destructive T cells. Mol Ther, 18, 977-82. 

SON, Y. J. & THOMPSON, W. J. 1995. Nerve sprouting in muscle is induced and guided 

by processes extended by Schwann cells. Neuron, 14, 133-41. 

SONG, M. S., SALMENA, L. & PANDOLFI, P. P. 2012. The functions and regulation of 

the PTEN tumour suppressor. Nat Rev Mol Cell Biol, 13, 283-96. 

SONODA, Y., MUKAI, H., MATSUO, K., TAKAHASHI, M., ONO, Y., MAEDA, K., 

AKIYAMA, H. & KAWAMATA, T. 2010. Accumulation of tumor-suppressor 

PTEN in Alzheimer neurofibrillary tangles. Neurosci Lett, 471, 20-4. 

SOUSSAN, L., BURAKOV, D., DANIELS, M. P., TOISTER-ACHITUV, M., PORAT, A., 

YARDEN, Y. & ELAZAR, Z. 1999. ERG30, a VAP-33-related protein, functions in 

protein transport mediated by COPI vesicles. J Cell Biol, 146, 301-11. 

SPALLONI, A., ALBO, F., FERRARI, F., MERCURI, N., BERNARDI, G., ZONA, C. & 

LONGONE, P. 2004. Cu/Zn-superoxide dismutase (GLY93-->ALA) mutation alters 

AMPA receptor subunit expression and function and potentiates kainate-mediated 

toxicity in motor neurons in culture. Neurobiol Dis, 15, 340-50. 

SREEDHARAN, J., BLAIR, I. P., TRIPATHI, V. B., HU, X., VANCE, C., ROGELJ, B., 

ACKERLEY, S., DURNALL, J. C., WILLIAMS, K. L., BURATTI, E., BARALLE, 

F., DE BELLEROCHE, J., MITCHELL, J. D., LEIGH, P. N., AL-CHALABI, A., 

MILLER, C. C., NICHOLSON, G. & SHAW, C. E. 2008. TDP-43 mutations in 

familial and sporadic amyotrophic lateral sclerosis. Science, 319, 1668-72. 

SS, S. Y. S. T. S. W. B. S. M. J. S. J. C. 2000. The synaptic vesicle protein SV2 is 

complexed with an alpha5-containing laminin on the nerve terminal surface. Journal 

of Biological Chemistry, 275, 451-60. 

STA, M., SYLVA-STEENLAND, R. M., CASULA, M., DE JONG, J. M., TROOST, D., 

ARONICA, E. & BAAS, F. 2011. Innate and adaptive immunity in amyotrophic 

lateral sclerosis: evidence of complement activation. Neurobiol Dis, 42, 211-20. 



                                                      299 

STAMBOLIC, V., SUZUKI, A., DE LA POMPA, J. L., BROTHERS, G. M., MIRTSOS, 

C., SASAKI, T., RULAND, J., PENNINGER, J. M., SIDEROVSKI, D. P. & MAK, 

T. W. 1998. Negative regulation of PKB/Akt-dependent cell survival by the tumor 

suppressor PTEN. Cell, 95, 29-39. 

STECK, P. A., PERSHOUSE, M. A., JASSER, S. A., YUNG, W. K., LIN, H., LIGON, A. 

H., LANGFORD, L. A., BAUMGARD, M. L., HATTIER, T., DAVIS, T., FRYE, 

C., HU, R., SWEDLUND, B., TENG, D. H. & TAVTIGIAN, S. V. 1997. 

Identification of a candidate tumour suppressor gene, MMAC1, at chromosome 

10q23.3 that is mutated in multiple advanced cancers. Nature Genetics, 15, 356-62. 

STEPTO, A., GALLO, J. M., SHAW, C. E. & HIRTH, F. 2014. Modelling C9ORF72 

hexanucleotide repeat expansion in amyotrophic lateral sclerosis and frontotemporal 

dementia. Acta Neuropathol, 127, 377-89. 

STIEGER, K., SCHROEDER, J., PROVOST, N., MENDES-MADEIRA, A., 

BELBELLAA, B., LE MEUR, G., WEBER, M., DESCHAMPS, J. Y., LORENZ, 

B., MOULLIER, P. & ROLLING, F. 2009. Detection of intact rAAV particles up to 

6 years after successful gene transfer in the retina of dogs and primates. Mol Ther, 

17, 516-23. 

STORKEBAUM, E. & CARMELIET, P. 2004. VEGF: a critical player in 

neurodegeneration. J Clin Invest, 113, 14-8. 

STORKEBAUM, E., LAMBRECHTS, D., DEWERCHIN, M., MORENO-MURCIANO, 

M. P., APPELMANS, S., OH, H., VAN DAMME, P., RUTTEN, B., MAN, W. Y., 

DE MOL, M., WYNS, S., MANKA, D., VERMEULEN, K., VAN DEN BOSCH, 

L., MERTENS, N., SCHMITZ, C., ROBBERECHT, W., CONWAY, E. M., 

COLLEN, D., MOONS, L. & CARMELIET, P. 2005. Treatment of motoneuron 

degeneration by intracerebroventricular delivery of VEGF in a rat model of ALS. 

Nat Neurosci, 8, 85-92. 

SUBRAMANIAM, J. R., LYONS, W. E., LIU, J., BARTNIKAS, T. B., ROTHSTEIN, J., 

PRICE, D. L., CLEVELAND, D. W., GITLIN, J. D. & WONG, P. C. 2002. Mutant 

SOD1 causes motor neuron disease independent of copper chaperone-mediated 

copper loading. Nat Neurosci, 5, 301-7. 

SUBRAMANIAM, S. & UNSICKER, K. 2010. ERK and cell death: ERK1/2 in neuronal 

death. Febs j, 277, 22-9. 

SUMI, H., KATO, S., MOCHIMARU, Y., FUJIMURA, H., ETOH, M. & SAKODA, S. 

2009. Nuclear TAR DNA binding protein 43 expression in spinal cord neurons 

correlates with the clinical course in amyotrophic lateral sclerosis. J Neuropathol 

Exp Neurol, 68, 37-47. 



                                                      300 

SUMMERFORD, C. & SAMULSKI, R. J. 1998. Membrane-associated heparan sulfate 

proteoglycan is a receptor for adeno-associated virus type 2 virions. J Virol, 72, 

1438-45. 

SUN, F., PARK, K. K., BELIN, S., WANG, D., LU, T., CHEN, G., ZHANG, K., YEUNG, 

C., FENG, G., YANKNER, B. A. & HE, Z. 2011. Sustained axon regeneration 

induced by co-deletion of PTEN and SOCS3. Nature, 480, 372-5. 

SUN, M., ZHANG, G. R., KONG, L., HOLMES, C., WANG, X., ZHANG, W., 

GOLDSTEIN, D. S. & GELLER, A. I. 2003. Correction of a rat model of 

Parkinson's disease by coexpression of tyrosine hydroxylase and aromatic amino 

acid decarboxylase from a helper virus-free herpes simplex virus type 1 vector. Hum 

Gene Ther, 14, 415-24. 

SUNICO, C. R., DOMINGUEZ, G., GARCIA-VERDUGO, J. M., OSTA, R., MONTERO, 

F. & MORENO-LOPEZ, B. 2011. Reduction in the motoneuron 

inhibitory/excitatory synaptic ratio in an early-symptomatic mouse model of 

amyotrophic lateral sclerosis. Brain Pathol, 21, 1-15. 

SURAWEERA, A., BECHEREL, O. J., CHEN, P., RUNDLE, N., WOODS, R., 

NAKAMURA, J., GATEI, M., CRISCUOLO, C., FILLA, A., CHESSA, L., 

FUSSER, M., EPE, B., GUEVEN, N. & LAVIN, M. F. 2007. Senataxin, defective 

in ataxia oculomotor apraxia type 2, is involved in the defense against oxidative 

DNA damage. J Cell Biol, 177, 969-79. 

SURAWEERA, A., LIM, Y., WOODS, R., BIRRELL, G. W., NASIM, T., BECHEREL, O. 

J. & LAVIN, M. F. 2009. Functional role for senataxin, defective in ataxia 

oculomotor apraxia type 2, in transcriptional regulation. Hum Mol Genet, 18, 3384-

96. 

SURY, M. D., VORLET-FAWER, L., AGARINIS, C., YOUSEFI, S., GRANDGIRARD, 

D., LEIB, S. L. & CHRISTEN, S. 2011. Restoration of Akt activity by the 

bisperoxovanadium compound bpV(pic) attenuates hippocampal apoptosis in 

experimental neonatal pneumococcal meningitis. Neurobiol Dis, 41, 201-8. 

SUZUKI, A., DE LA POMPA, J. L., STAMBOLIC, V., ELIA, A. J., SASAKI, T., DEL 

BARCO BARRANTES, I., HO, A., WAKEHAM, A., ITIE, A., KHOO, W., 

FUKUMOTO, M. & MAK, T. W. 1998. High cancer susceptibility and embryonic 

lethality associated with mutation of the PTEN tumor suppressor gene in mice. Curr 

Biol, 8, 1169-78. 

TAKAHASHI, Y., FUKUDA, Y., YOSHIMURA, J., TOYODA, A., KURPPA, K., 

MORITOYO, H., BELZIL, V. V., DION, P. A., HIGASA, K., DOI, K., ISHIURA, 

H., MITSUI, J., DATE, H., AHSAN, B., MATSUKAWA, T., ICHIKAWA, Y., 

MORITOYO, T., IKOMA, M., HASHIMOTO, T., KIMURA, F., MURAYAMA, 



                                                      301 

S., ONODERA, O., NISHIZAWA, M., YOSHIDA, M., ATSUTA, N., SOBUE, G., 

JACALS, FIFITA, J. A., WILLIAMS, K. L., BLAIR, I. P., NICHOLSON, G. A., 

GONZALEZ-PEREZ, P., BROWN, R. H., JR., NOMOTO, M., ELENIUS, K., 

ROULEAU, G. A., FUJIYAMA, A., MORISHITA, S., GOTO, J. & TSUJI, S. 

2013. ERBB4 mutations that disrupt the neuregulin-ErbB4 pathway cause 

amyotrophic lateral sclerosis type 19. Am J Hum Genet, 93, 900-5. 

TAMURA, M., GU, J., MATSUMOTO, K., AOTA, S., PARSONS, R. & YAMADA, K. M. 

1998. Inhibition of cell migration, spreading, and focal adhesions by tumor 

suppressor PTEN. Science, 280, 1614-7. 

TAMURA, M., GU, J., TAKINO, T. & YAMADA, K. M. 1999. Tumor suppressor PTEN 

inhibition of cell invasion, migration, and growth: differential involvement of focal 

adhesion kinase and p130Cas. Cancer Res, 59, 442-9. 

TANJI, K., ZHANG, H. X., MORI, F., KAKITA, A., TAKAHASHI, H. & 

WAKABAYASHI, K. 2012. p62/sequestosome 1 binds to TDP-43 in brains with 

frontotemporal lobar degeneration with TDP-43 inclusions. J Neurosci Res, 90, 

2034-42. 

TATEISHI, T., YAMASAKI, R., TANAKA, M., MATSUSHITA, T., KIKUCHI, H., 

ISOBE, N., OHYAGI, Y. & KIRA, J. 2010. CSF chemokine alterations related to 

the clinical course of amyotrophic lateral sclerosis. J Neuroimmunol, 222, 76-81. 

TATSIS, N. & ERTL, H. C. 2004. Adenoviruses as vaccine vectors. Mol Ther, 10, 616-29. 

TENENBAUM, L., PESCHANSKI, M., MELAS, C., RODESH, F., LEHTONEN, E., 

STATHOPOULOS, A., VELU, T., BROTCHI, J. & LEVIVIER, M. 2004. Efficient 

early and sustained transduction of human fetal mesencephalon using adeno-

associated virus type 2 vectors. Cell Transplant, 13, 565-71. 

TEYSSOU, E., TAKEDA, T., LEBON, V., BOILLEE, S., DOUKOURE, B., BATAILLON, 

G., SAZDOVITCH, V., CAZENEUVE, C., MEININGER, V., LEGUERN, E., 

SALACHAS, F., SEILHEAN, D. & MILLECAMPS, S. 2013. Mutations in 

SQSTM1 encoding p62 in amyotrophic lateral sclerosis: genetics and 

neuropathology. Acta Neuropathol, 125, 511-22. 

THIYAGARAJAN, N., FERGUSON, R., SUBRAMANIAN, V. & ACHARYA, K. R. 2012. 

Structural and molecular insights into the mechanism of action of human 

angiogenin-ALS variants in neurons. Nat Commun, 3, 1121. 

TOLLERVEY, J. R., CURK, T., ROGELJ, B., BRIESE, M., CEREDA, M., KAYIKCI, M., 

KONIG, J., HORTOBAGYI, T., NISHIMURA, A. L., ZUPUNSKI, V., PATANI, 

R., CHANDRAN, S., ROT, G., ZUPAN, B., SHAW, C. E. & ULE, J. 2011. 

Characterizing the RNA targets and position-dependent splicing regulation by TDP-

43. Nat Neurosci, 14, 452-8. 



                                                      302 

TOLOSA, L., MIR, M., ASENSIO, V. J., OLMOS, G. & LLADO, J. 2008. Vascular 

endothelial growth factor protects spinal cord motoneurons against glutamate-

induced excitotoxicity via phosphatidylinositol 3-kinase. Journal of 

Neurochemistry, 105, 1080-90. 

TOLOSA, L., MIR, M., OLMOS, G. & LLADO, J. 2009. Vascular endothelial growth 

factor protects motoneurons from serum deprivation-induced cell death through 

phosphatidylinositol 3-kinase-mediated p38 mitogen-activated protein kinase 

inhibition. Neuroscience, 158, 1348-55. 

TOPP, J. D., GRAY, N. W., GERARD, R. D. & HORAZDOVSKY, B. F. 2004. Alsin is a 

Rab5 and Rac1 guanine nucleotide exchange factor. J Biol Chem, 279, 24612-23. 

TORTAROLO, M., VEGLIANESE, P., CALVARESI, N., BOTTURI, A., ROSSI, C., 

GIORGINI, A., MIGHELI, A. & BENDOTTI, C. 2003. Persistent activation of p38 

mitogen-activated protein kinase in a mouse model of familial amyotrophic lateral 

sclerosis correlates with disease progression. Mol Cell Neurosci, 23, 180-92. 

TOTH, G., YANG, H., ANGUELOV, R. A., VETTRAINO, J., WANG, Y. & ACSADI, G. 

2002. Gene transfer of glial cell-derived neurotrophic factor and cardiotrophin-1 

protects PC12 cells from injury: involvement of the phosphatidylinositol 3-kinase 

and mitogen-activated protein kinase kinase pathways. J Neurosci Res, 69, 622-32. 

TOVAR, Y. R. L. B. & TAPIA, R. 2010. VEGF protects spinal motor neurons against 

chronic excitotoxic degeneration in vivo by activation of PI3-K pathway and 

inhibition of p38MAPK. J Neurochem, 115, 1090-101. 

TOWNE, C., RAOUL, C., SCHNEIDER, B. L. & AEBISCHER, P. 2008. Systemic AAV6 

delivery mediating RNA interference against SOD1: neuromuscular transduction 

does not alter disease progression in fALS mice. Mol Ther, 16, 1018-25. 

TOWNE, C., SCHNEIDER, B. L., KIERAN, D., REDMOND, D. E., JR. & AEBISCHER, 

P. 2010. Efficient transduction of non-human primate motor neurons after 

intramuscular delivery of recombinant AAV serotype 6. Gene Ther, 17, 141-6. 

TOWNE, C., SETOLA, V., SCHNEIDER, B. L. & AEBISCHER, P. 2011. Neuroprotection 

by gene therapy targeting mutant SOD1 in individual pools of motor neurons does 

not translate into therapeutic benefit in fALS mice. Mol Ther, 19, 274-83. 

TROAKES, C., MAEKAWA, S., WIJESEKERA, L., ROGELJ, B., SIKLOS, L., BELL, C., 

SMITH, B., NEWHOUSE, S., VANCE, C., JOHNSON, L., HORTOBAGYI, T., 

SHATUNOV, A., AL-CHALABI, A., LEIGH, N., SHAW, C. E., KING, A. & AL-

SARRAJ, S. 2012. An MND/ALS phenotype associated with C9orf72 repeat 

expansion: abundant p62-positive, TDP-43-negative inclusions in cerebral cortex, 

hippocampus and cerebellum but without associated cognitive decline. 

Neuropathology, 32, 505-14. 



                                                      303 

TROOST, D., ATEN, J., MORSINK, F. & DE JONG, J. M. 1995. Apoptosis in amyotrophic 

lateral sclerosis is not restricted to motor neurons. Bcl-2 expression is increased in 

unaffected post-central gyrus. Neuropathol Appl Neurobiol, 21, 498-504. 

TSUJIHATA, M., HAZAMA, R., YOSHIMURA, T., SATOH, A., MORI, M. & 

NAGATAKI, S. 1984. The motor end-plate fine structure and ultrastructural 

localization of acetylcholine receptors in amyotrophic lateral sclerosis. Muscle 

Nerve, 7, 243-9. 

TU, P. H., RAJU, P., ROBINSON, K. A., GURNEY, M. E., TROJANOWSKI, J. Q. & LEE, 

V. M. 1996. Transgenic mice carrying a human mutant superoxide dismutase 

transgene develop neuronal cytoskeletal pathology resembling human amyotrophic 

lateral sclerosis lesions. Proc Natl Acad Sci U S A, 93, 3155-60. 

TUDOR, E. L., PERKINTON, M. S., SCHMIDT, A., ACKERLEY, S., BROWNLEES, J., 

JACOBSEN, N. J., BYERS, H. L., WARD, M., HALL, A., LEIGH, P. N., SHAW, 

C. E., MCLOUGHLIN, D. M. & MILLER, C. C. 2005. ALS2/Alsin regulates Rac-

PAK signaling and neurite outgrowth. J Biol Chem, 280, 34735-40. 

TURNER, B. J., ACKERLEY, S., DAVIES, K. E. & TALBOT, K. 2010. Dismutase-

competent SOD1 mutant accumulation in myelinating Schwann cells is not 

detrimental to normal or transgenic ALS model mice. Hum Mol Genet, 19, 815-24. 

TURNER, M. R., HARDIMAN, O., BENATAR, M., BROOKS, B. R., CHIO, A., DE 

CARVALHO, M., INCE, P. G., LIN, C., MILLER, R. G., MITSUMOTO, H., 

NICHOLSON, G., RAVITS, J., SHAW, P. J., SWASH, M., TALBOT, K., 

TRAYNOR, B. J., VAN DEN BERG, L. H., VELDINK, J. H., VUCIC, S. & 

KIERNAN, M. C. 2013. Controversies and priorities in amyotrophic lateral 

sclerosis. Lancet Neurol, 12, 310-22. 

TURNER, M. R., PARTON, M. J., SHAW, C. E., LEIGH, P. N. & AL-CHALABI, A. 2003. 

Prolonged survival in motor neuron disease: a descriptive study of the King's 

database 1990-2002. J Neurol Neurosurg Psychiatry, 74, 995-7. 

TUSZYNSKI, M. H., THAL, L., PAY, M., SALMON, D. P., U, H. S., BAKAY, R., 

PATEL, P., BLESCH, A., VAHLSING, H. L., HO, G., TONG, G., POTKIN, S. G., 

FALLON, J., HANSEN, L., MUFSON, E. J., KORDOWER, J. H., GALL, C. & 

CONNER, J. 2005. A phase 1 clinical trial of nerve growth factor gene therapy for 

Alzheimer disease. Nat Med, 11, 551-5. 

URUSHITANI, M., KURISU, J., TSUKITA, K. & TAKAHASHI, R. 2002. Proteasomal 

inhibition by misfolded mutant superoxide dismutase 1 induces selective motor 

neuron death in familial amyotrophic lateral sclerosis. J Neurochem, 83, 1030-42. 



                                                      304 

VACCARO, A., PATTEN, S. A., AGGAD, D., JULIEN, C., MAIOS, C., KABASHI, E., 

DRAPEAU, P. & PARKER, J. A. 2013. Pharmacological reduction of ER stress 

protects against TDP-43 neuronal toxicity in vivo. Neurobiol Dis, 55, 64-75. 

VALORI, C. F., NING, K., WYLES, M., MEAD, R. J., GRIERSON, A. J., SHAW, P. J. & 

AZZOUZ, M. 2010. Systemic delivery of scAAV9 expressing SMN prolongs 

survival in a model of spinal muscular atrophy. Sci Transl Med, 2, 35ra42. 

VAN BLITTERSWIJK, M., VAN ES, M. A., HENNEKAM, E. A., DOOIJES, D., VAN 

RHEENEN, W., MEDIC, J., BOURQUE, P. R., SCHELHAAS, H. J., VAN DER 

KOOI, A. J., DE VISSER, M., DE BAKKER, P. I., VELDINK, J. H. & VAN DEN 

BERG, L. H. 2012. Evidence for an oligogenic basis of amyotrophic lateral 

sclerosis. Hum Mol Genet, 21, 3776-84. 

VAN DAMME, P., BOGAERT, E., DEWIL, M., HERSMUS, N., KIRALY, D., 

SCHEVENEELS, W., BOCKX, I., BRAEKEN, D., VERPOORTEN, N., 

VERHOEVEN, K., TIMMERMAN, V., HERIJGERS, P., CALLEWAERT, G., 

CARMELIET, P., VAN DEN BOSCH, L. & ROBBERECHT, W. 2007. Astrocytes 

regulate GluR2 expression in motor neurons and their vulnerability to excitotoxicity. 

Proc Natl Acad Sci U S A, 104, 14825-30. 

VAN DAMME, P., DEWIL, M., ROBBERECHT, W. & VAN DEN BOSCH, L. 2005. 

Excitotoxicity and amyotrophic lateral sclerosis. Neurodegener Dis, 2, 147-59. 

VAN EERSEL, J., KE, Y. D., GLADBACH, A., BI, M., GOTZ, J., KRIL, J. J. & ITTNER, 

L. M. 2011. Cytoplasmic accumulation and aggregation of TDP-43 upon 

proteasome inhibition in cultured neurons. PLoS One, 6, e22850. 

VAN ES, M. A., SCHELHAAS, H. J., VAN VUGHT, P. W., TICOZZI, N., ANDERSEN, 

P. M., GROEN, E. J., SCHULTE, C., BLAUW, H. M., KOPPERS, M., 

DIEKSTRA, F. P., FUMOTO, K., LECLERC, A. L., KEAGLE, P., BLOEM, B. R., 

SCHEFFER, H., VAN NUENEN, B. F., VAN BLITTERSWIJK, M., VAN 

RHEENEN, W., WILLS, A. M., LOWE, P. P., HU, G. F., YU, W., KISHIKAWA, 

H., WU, D., FOLKERTH, R. D., MARIANI, C., GOLDWURM, S., PEZZOLI, G., 

VAN DAMME, P., LEMMENS, R., DAHLBERG, C., BIRVE, A., FERNANDEZ-

SANTIAGO, R., WAIBEL, S., KLEIN, C., WEBER, M., VAN DER KOOI, A. J., 

DE VISSER, M., VERBAAN, D., VAN HILTEN, J. J., HEUTINK, P., 

HENNEKAM, E. A., CUPPEN, E., BERG, D., BROWN, R. H., JR., SILANI, V., 

GASSER, T., LUDOLPH, A. C., ROBBERECHT, W., OPHOFF, R. A., 

VELDINK, J. H., PASTERKAMP, R. J., DE BAKKER, P. I., LANDERS, J. E., 

VAN DE WARRENBURG, B. P. & VAN DEN BERG, L. H. 2011. Angiogenin 

variants in Parkinson disease and amyotrophic lateral sclerosis. Ann Neurol, 70, 

964-73. 



                                                      305 

VAN LANGENHOVE, T., VAN DER ZEE, J., SLEEGERS, K., ENGELBORGHS, S., 

VANDENBERGHE, R., GIJSELINCK, I., VAN DEN BROECK, M., 

MATTHEIJSSENS, M., PEETERS, K., DE DEYN, P. P., CRUTS, M. & VAN 

BROECKHOVEN, C. 2010. Genetic contribution of FUS to frontotemporal lobar 

degeneration. Neurology, 74, 366-71. 

VAN WEEREN, P. C., DE BRUYN, K. M., DE VRIES-SMITS, A. M., VAN LINT, J. & 

BURGERING, B. M. 1998. Essential role for protein kinase B (PKB) in insulin-

induced glycogen synthase kinase 3 inactivation. Characterization of dominant-

negative mutant of PKB. Journal of Biological Chemistry, 273, 13150-6. 

VANCE, C., ROGELJ, B., HORTOBAGYI, T., DE VOS, K. J., NISHIMURA, A. L., 

SREEDHARAN, J., HU, X., SMITH, B., RUDDY, D., WRIGHT, P., 

GANESALINGAM, J., WILLIAMS, K. L., TRIPATHI, V., AL-SARAJ, S., AL-

CHALABI, A., LEIGH, P. N., BLAIR, I. P., NICHOLSON, G., DE 

BELLEROCHE, J., GALLO, J. M., MILLER, C. C. & SHAW, C. E. 2009. 

Mutations in FUS, an RNA processing protein, cause familial amyotrophic lateral 

sclerosis type 6. Science, 323, 1208-11. 

VANDE VELDE, C., MILLER, T. M., CASHMAN, N. R. & CLEVELAND, D. W. 2008. 

Selective association of misfolded ALS-linked mutant SOD1 with the cytoplasmic 

face of mitochondria. Proc Natl Acad Sci U S A, 105, 4022-7. 

VANDENBERGHE, L. H., BREOUS, E., NAM, H. J., GAO, G., XIAO, R., SANDHU, A., 

JOHNSTON, J., DEBYSER, Z., AGBANDJE-MCKENNA, M. & WILSON, J. M. 

2009a. Naturally occurring singleton residues in AAV capsid impact vector 

performance and illustrate structural constraints. Gene Ther, 16, 1416-28. 

VANDENBERGHE, L. H., WILSON, J. M. & GAO, G. 2009b. Tailoring the AAV vector 

capsid for gene therapy. Gene Ther, 16, 311-9. 

VAZQUEZ, F., RAMASWAMY, S., NAKAMURA, N. & SELLERS, W. R. 

Phosphorylation of the PTEN tail regulates protein stability and function. Molecular 

& Cellular Biology, 20, 5010-8. 

VELDINK, J. H., BAR, P. R., JOOSTEN, E. A., OTTEN, M., WOKKE, J. H. & VAN DEN 

BERG, L. H. 2003. Sexual differences in onset of disease and response to exercise 

in a transgenic model of ALS. Neuromuscul Disord, 13, 737-43. 

VEYRAT-DUREBEX, C., CORCIA, P., DANGOUMAU, A., LAUMONNIER, F., PIVER, 

E., GORDON, P. H., ANDRES, C. R., VOURC'H, P. & BLASCO, H. 2014. 

Advances in cellular models to explore the pathophysiology of amyotrophic lateral 

sclerosis. Mol Neurobiol, 49, 966-83. 

VIIALA, N. O., LARSEN, S. R. & RASKO, J. E. 2009. Gene therapy for hemophilia: 

clinical trials and technical tribulations. Semin Thromb Hemost, 35, 81-92. 



                                                      306 

VIJAYALAKSHMI, K., ALLADI, P. A., GHOSH, S., PRASANNA, V. K., SAGAR, B. C., 

NALINI, A., SATHYAPRABHA, T. N. & RAJU, T. R. 2011. Evidence of 

endoplasmic reticular stress in the spinal motor neurons exposed to CSF from 

sporadic amyotrophic lateral sclerosis patients. Neurobiol Dis, 41, 695-705. 

VINCENT, A. M., MOBLEY, B. C., HILLER, A. & FELDMAN, E. L. 2004. IGF-I 

prevents glutamate-induced motor neuron programmed cell death. Neurobiology of 

Disease, 16, 407-16. 

VINSANT, S., MANSFIELD, C., JIMENEZ-MORENO, R., DEL GAIZO MOORE, V., 

YOSHIKAWA, M., HAMPTON, T. G., PREVETTE, D., CARESS, J., 

OPPENHEIM, R. W. & MILLIGAN, C. 2013. Characterization of early 

pathogenesis in the SOD1(G93A) mouse model of ALS: part II, results and 

discussion. Brain Behav, 3, 431-57. 

VLEMINCKX, V., VAN DAMME, P., GOFFIN, K., DELYE, H., VAN DEN BOSCH, L. 

& ROBBERECHT, W. 2002. Upregulation of HSP27 in a transgenic model of ALS. 

J Neuropathol Exp Neurol, 61, 968-74. 

VUCIC, S. & KIERNAN, M. C. 2006. Novel threshold tracking techniques suggest that 

cortical hyperexcitability is an early feature of motor neuron disease. Brain, 129, 

2436-46. 

VUCIC, S., NICHOLSON, G. A. & KIERNAN, M. C. 2008. Cortical hyperexcitability may 

precede the onset of familial amyotrophic lateral sclerosis. Brain, 131, 1540-50. 

VUKOSAVIC, S., STEFANIS, L., JACKSON-LEWIS, V., GUEGAN, C., ROMERO, N., 

CHEN, C., DUBOIS-DAUPHIN, M. & PRZEDBORSKI, S. 2000. Delaying 

caspase activation by Bcl-2: A clue to disease retardation in a transgenic mouse 

model of amyotrophic lateral sclerosis. J Neurosci, 20, 9119-25. 

WAEHLER, R., RUSSELL, S. J. & CURIEL, D. T. 2007. Engineering targeted viral vectors 

for gene therapy. Nat Rev Genet, 8, 573-87. 

WAGEY, R., PELECH, S. L., DURONIO, V. & KRIEGER, C. 1998. Phosphatidylinositol 

3-kinase: increased activity and protein level in amyotrophic lateral sclerosis. 

Journal of Neurochemistry, 71, 716-22. 

WAITE, K. A. & ENG, C. 2002. Protean PTEN: form and function. American Journal of 

Human Genetics, 70, 829-44. 

WALKER, A. K., FARG, M. A., BYE, C. R., MCLEAN, C. A., HORNE, M. K. & ATKIN, 

J. D. 2010. Protein disulphide isomerase protects against protein aggregation and is 

S-nitrosylated in amyotrophic lateral sclerosis. Brain, 133, 105-16. 

WALKER, C. L., WALKER, M. J., LIU, N. K., RISBERG, E. C., GAO, X., CHEN, J. & 

XU, X. M. 2012. Systemic bisperoxovanadium activates Akt/mTOR, reduces 



                                                      307 

autophagy, and enhances recovery following cervical spinal cord injury. PLoS One, 

7, e30012. 

WALKER, C. L. & XU, X. M. 2014. PTEN inhibitor bisperoxovanadium protects 

oligodendrocytes and myelin and prevents neuronal atrophy in adult rats following 

cervical hemicontusive spinal cord injury. Neurosci Lett. 

WANG, I. F., TSAI, K. J. & SHEN, C. K. 2013a. Autophagy activation ameliorates 

neuronal pathogenesis of FTLD-U mice: a new light for treatment of 

TARDBP/TDP-43 proteinopathies. Autophagy, 9, 239-40. 

WANG, J., FARR, G. W., HALL, D. H., LI, F., FURTAK, K., DREIER, L. & HORWICH, 

A. L. 2009. An ALS-linked mutant SOD1 produces a locomotor defect associated 

with aggregation and synaptic dysfunction when expressed in neurons of 

Caenorhabditis elegans. PLoS Genetics, 5, e1000350. 

WANG, J., XU, G. & BORCHELT, D. R. 2002. High molecular weight complexes of 

mutant superoxide dismutase 1: age-dependent and tissue-specific accumulation. 

Neurobiol Dis, 9, 139-48. 

WANG, J., YAN, K., WU, Z. Q., ZHENG, C. Y., XU, R. X., CHEN, L. H., WEN, Z. M., 

ZHAO, H. Q. & MA, Q. H. 2014. TDP-43 interaction with the intracellular domain 

of amyloid precursor protein induces p53-associated apoptosis. Neurosci Lett, 569, 

131-6. 

WANG, L., WANG, H., BELL, P., MCCARTER, R. J., HE, J., CALCEDO, R., 

VANDENBERGHE, L. H., MORIZONO, H., BATSHAW, M. L. & WILSON, J. 

M. 2010. Systematic evaluation of AAV vectors for liver directed gene transfer in 

murine models. Mol Ther, 18, 118-25. 

WANG, W., LI, L., LIN, W. L., DICKSON, D. W., PETRUCELLI, L., ZHANG, T. & 

WANG, X. 2013b. The ALS disease-associated mutant TDP-43 impairs 

mitochondrial dynamics and function in motor neurons. Hum Mol Genet, 22, 4706-

19. 

WARITA, H., MANABE, Y., MURAKAMI, T., SHIRO, Y., NAGANO, I. & ABE, K. 

2001. Early decrease of survival signal-related proteins in spinal motor neurons of 

presymptomatic transgenic mice with a mutant SOD1 gene. Apoptosis, 6, 345-52. 

WATANABE, M., DYKES-HOBERG, M., CULOTTA, V. C., PRICE, D. L., WONG, P. C. 

& ROTHSTEIN, J. D. 2001. Histological evidence of protein aggregation in mutant 

SOD1 transgenic mice and in amyotrophic lateral sclerosis neural tissues. Neurobiol 

Dis, 8, 933-41. 

WEINBERG, M. S., SAMULSKI, R. J. & MCCOWN, T. J. 2013. Adeno-associated virus 

(AAV) gene therapy for neurological disease. Neuropharmacology, 69, 82-8. 



                                                      308 

WELSH, S. & KAY, S. A. 1997. Reporter gene expression for monitoring gene transfer. 

Curr Opin Biotechnol, 8, 617-22. 

WENG, L. P., SMITH, W. M., BROWN, J. L. & ENG, C. 2001a. PTEN inhibits insulin-

stimulated MEK/MAPK activation and cell growth by blocking IRS-1 

phosphorylation and IRS-1/Grb-2/Sos complex formation in a breast cancer model. 

Human Molecular Genetics, 10, 605-16. 

WENG, L. P., SMITH, W. M., BROWN, J. L. & ENG, C. 2001b. PTEN inhibits insulin-

stimulated MEK/MAPK activation and cell growth by blocking IRS-1 

phosphorylation and IRS-1/Grb-2/Sos complex formation in a breast cancer model. 

Hum Mol Genet, 10, 605-16. 

WESTHOFF, M. A., KARPEL-MASSLER, G., BRUHL, O., ENZENMULLER, S., LA 

FERLA-BRUHL, K., SIEGELIN, M. D., NONNENMACHER, L. & DEBATIN, K. 

M. 2014. A critical evaluation of PI3K inhibition in Glioblastoma and 

Neuroblastoma therapy. Mol Cell Ther, 2, 32. 

WIEDEMANN, F. R., MANFREDI, G., MAWRIN, C., BEAL, M. F. & SCHON, E. A. 

2002. Mitochondrial DNA and respiratory chain function in spinal cords of ALS 

patients. J Neurochem, 80, 616-25. 

WIESE, S., HERRMANN, T., DREPPER, C., JABLONKA, S., FUNK, N., 

KLAUSMEYER, A., ROGERS, M. L., RUSH, R. & SENDTNER, M. 2010. 

Isolation and enrichment of embryonic mouse motoneurons from the lumbar spinal 

cord of individual mouse embryos. Nat Protoc, 5, 31-8. 

WILLIAMS, M. R., DESPENZA, T., JR., LI, M., GULLEDGE, A. T. & LUIKART, B. W. 

2015. Hyperactivity of newborn Pten knock-out neurons results from increased 

excitatory synaptic drive. J Neurosci, 35, 943-59. 

WILLIAMS, T. L., DAY, N. C., INCE, P. G., KAMBOJ, R. K. & SHAW, P. J. 1997. 

Calcium-permeable alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

receptors: a molecular determinant of selective vulnerability in amyotrophic lateral 

sclerosis. Ann Neurol, 42, 200-7. 

WILLIAMSON, T. L. & CLEVELAND, D. W. 1999. Slowing of axonal transport is a very 

early event in the toxicity of ALS-linked SOD1 mutants to motor neurons. Nat 

Neurosci, 2, 50-6. 

WILS, H., KLEINBERGER, G., JANSSENS, J., PERESON, S., JORIS, G., CUIJT, I., 

SMITS, V., CEUTERICK-DE GROOTE, C., VAN BROECKHOVEN, C. & 

KUMAR-SINGH, S. 2010. TDP-43 transgenic mice develop spastic paralysis and 

neuronal inclusions characteristic of ALS and frontotemporal lobar degeneration. 

Proc Natl Acad Sci U S A, 107, 3858-63. 



                                                      309 

WIZNEROWICZ, M. & TRONO, D. 2003. Conditional suppression of cellular genes: 

lentivirus vector-mediated drug-inducible RNA interference. J Virol, 77, 8957-61. 

WOLFE, J. H., DESHMANE, S. L. & FRASER, N. W. 1992. Herpesvirus vector gene 

transfer and expression of beta-glucuronidase in the central nervous system of MPS 

VII mice. Nat Genet, 1, 379-84. 

WONG, L. F., AZZOUZ, M., WALMSLEY, L. E., ASKHAM, Z., WILKES, F. J., 

MITROPHANOUS, K. A., KINGSMAN, S. M. & MAZARAKIS, N. D. 2004. 

Transduction patterns of pseudotyped lentiviral vectors in the nervous system. Mol 

Ther, 9, 101-11. 

WONG, M. 2013. Mammalian target of rapamycin (mTOR) pathways in neurological 

diseases. Biomed J, 36, 40-50. 

WONG, P. C., PARDO, C. A., BORCHELT, D. R., LEE, M. K., COPELAND, N. G., 

JENKINS, N. A., SISODIA, S. S., CLEVELAND, D. W. & PRICE, D. L. 1995. An 

adverse property of a familial ALS-linked SOD1 mutation causes motor neuron 

disease characterized by vacuolar degeneration of mitochondria. Neuron, 14, 1105-

16. 

WOO, Y. J., ZHANG, J. C., TAYLOR, M. D., COHEN, J. E., HSU, V. M. & SWEENEY, 

H. L. 2005. One year transgene expression with adeno-associated virus cardiac gene 

transfer. Int J Cardiol, 100, 421-6. 

WOOD, J. D., BEAUJEUX, T. P. & SHAW, P. J. 2003. Protein aggregation in motor 

neurone disorders. Neuropathol Appl Neurobiol, 29, 529-45. 

WOOLEY, C. M., SHER, R. B., KALE, A., FRANKEL, W. N., COX, G. A. & SEBURN, 

K. L. 2005. Gait analysis detects early changes in transgenic SOD1(G93A) mice. 

Muscle Nerve, 32, 43-50. 

WOOTZ, H., HANSSON, I., KORHONEN, L., NAPANKANGAS, U. & LINDHOLM, D. 

2004. Caspase-12 cleavage and increased oxidative stress during motoneuron 

degeneration in transgenic mouse model of ALS. Biochem Biophys Res Commun, 

322, 281-6. 

WRIGHT, J. F., WELLMAN, J. & HIGH, K. A. 2010. Manufacturing and regulatory 

strategies for clinical AAV2-hRPE65. Curr Gene Ther, 10, 341-9. 

WU, D. C., RE, D. B., NAGAI, M., ISCHIROPOULOS, H. & PRZEDBORSKI, S. 2006a. 

The inflammatory NADPH oxidase enzyme modulates motor neuron degeneration 

in amyotrophic lateral sclerosis mice. Proc Natl Acad Sci U S A, 103, 12132-7. 

WU, H., XIONG, W. C. & MEI, L. 2010. To build a synapse: signaling pathways in 

neuromuscular junction assembly. Development, 137, 1017-33. 



                                                      310 

WU, R., WANG, H., XIA, X., ZHOU, H., LIU, C., CASTRO, M. & XU, Z. 2009. Nerve 

injection of viral vectors efficiently transfers transgenes into motor neurons and 

delivers RNAi therapy against ALS. Antioxid Redox Signal, 11, 1523-34. 

WU, X., HEPNER, K., CASTELINO-PRABHU, S., DO, D., KAYE, M. B., YUAN, X. J., 

WOOD, J., ROSS, C., SAWYERS, C. L. & WHANG, Y. E. 2000. Evidence for 

regulation of the PTEN tumor suppressor by a membrane-localized multi-PDZ 

domain containing scaffold protein MAGI-2. Proceedings of the National Academy 

of Sciences of the United States of America, 97, 4233-8. 

WU, Z., ASOKAN, A. & SAMULSKI, R. J. 2006b. Adeno-associated virus serotypes: 

vector toolkit for human gene therapy. Mol Ther, 14, 316-27. 

WYATT, L. A., FILBIN, M. T. & KEIRSTEAD, H. S. 2014. PTEN inhibition enhances 

neurite outgrowth in human embryonic stem cell-derived neuronal progenitor cells. 

J Comp Neurol, 522, 2741-55. 

XIAO, S., SANELLI, T., DIB, S., SHEPS, D., FINDLATER, J., BILBAO, J., KEITH, J., 

ZINMAN, L., ROGAEVA, E. & ROBERTSON, J. 2011. RNA targets of TDP-43 

identified by UV-CLIP are deregulated in ALS. Mol Cell Neurosci, 47, 167-80. 

XIE, Q., BU, W., BHATIA, S., HARE, J., SOMASUNDARAM, T., AZZI, A. & 

CHAPMAN, M. S. 2002. The atomic structure of adeno-associated virus (AAV-2), 

a vector for human gene therapy. Proc Natl Acad Sci U S A, 99, 10405-10. 

XIONG, Q., OVIEDO, H. V., TROTMAN, L. C. & ZADOR, A. M. 2012. PTEN regulation 

of local and long-range connections in mouse auditory cortex. Journal of 

Neuroscience, 32, 1643-52. 

XU, J., LI, Z., WANG, J., CHEN, H. & FANG, J. Y. 2014. Combined PTEN Mutation and 

Protein Expression Associate with Overall and Disease-Free Survival of 

Glioblastoma Patients. Transl Oncol, 7, 196-205 e1. 

XU, J., YEON, J. E., CHANG, H., TISON, G., CHEN, G. J., WANDS, J. & DE LA 

MONTE, S. 2003. Ethanol impairs insulin-stimulated neuronal survival in the 

developing brain: role of PTEN phosphatase. Journal of Biological Chemistry, 278, 

26929-37. 

XU, Z., CHEN, S., LI, X., LUO, G., LI, L. & LE, W. 2006. Neuroprotective effects of (-)-

epigallocatechin-3-gallate in a transgenic mouse model of amyotrophic lateral 

sclerosis. Neurochem Res, 31, 1263-9. 

XU, Z., CORK, L. C., GRIFFIN, J. W. & CLEVELAND, D. W. 1993. Increased expression 

of neurofilament subunit NF-L produces morphological alterations that resemble the 

pathology of human motor neuron disease. Cell, 73, 23-33. 

YAMANAKA, K., CHUN, S. J., BOILLEE, S., FUJIMORI-TONOU, N., YAMASHITA, 

H., GUTMANN, D. H., TAKAHASHI, R., MISAWA, H. & CLEVELAND, D. W. 



                                                      311 

2008. Astrocytes as determinants of disease progression in inherited amyotrophic 

lateral sclerosis. Nat Neurosci, 11, 251-3. 

YAMANAKA, K., VANDE VELDE, C., EYMARD-PIERRE, E., BERTINI, E., 

BOESPFLUG-TANGUY, O. & CLEVELAND, D. W. 2003. Unstable mutants in 

the peripheral endosomal membrane component ALS2 cause early-onset motor 

neuron disease. Proc Natl Acad Sci U S A, 100, 16041-6. 

YAMASAKI, S., IVANOV, P., HU, G. F. & ANDERSON, P. 2009. Angiogenin cleaves 

tRNA and promotes stress-induced translational repression. J Cell Biol, 185, 35-42. 

YAMASHITA, M., NONAKA, T., HIRAI, S., MIWA, A., OKADO, H., ARAI, T., 

HOSOKAWA, M., AKIYAMA, H. & HASEGAWA, M. 2014. Distinct pathways 

leading to TDP-43-induced cellular dysfunctions. Hum Mol Genet, 23, 4345-56. 

YAMASHITA, S., MITA, S., ARIMA, T., MAEDA, Y., KIMURA, E., NISHIDA, Y., 

MURAKAMI, T., OKADO, H. & UCHINO, M. 2001. Bcl-2 expression by 

retrograde transport of adenoviral vectors with Cre-loxP recombination system in 

motor neurons of mutant SOD1 transgenic mice. Gene Ther, 8, 977-86. 

YAMASHITA, S., MITA, S., KATO, S., OKADO, H., OHAMA, E. & UCHINO, M. 2002. 

Effect on motor neuron survival in mutant SOD1 (G93A) transgenic mice by Bcl-2 

expression using retrograde axonal transport of adenoviral vectors. Neurosci Lett, 

328, 289-93. 

YANEZ-MUNOZ, R. J., BALAGGAN, K. S., MACNEIL, A., HOWE, S. J., SCHMIDT, 

M., SMITH, A. J., BUCH, P., MACLAREN, R. E., ANDERSON, P. N., BARKER, 

S. E., DURAN, Y., BARTHOLOMAE, C., VON KALLE, C., HECKENLIVELY, J. 

R., KINNON, C., ALI, R. R. & THRASHER, A. J. 2006. Effective gene therapy 

with nonintegrating lentiviral vectors. Nat Med, 12, 348-53. 

YANG, P. & YANG, Z. 2012. Enhancing intrinsic growth capacity promotes adult CNS 

regeneration. J Neurol Sci, 312, 1-6. 

YANG, Y., HENTATI, A., DENG, H. X., DABBAGH, O., SASAKI, T., HIRANO, M., 

HUNG, W. Y., OUAHCHI, K., YAN, J., AZIM, A. C., COLE, N., GASCON, G., 

YAGMOUR, A., BEN-HAMIDA, M., PERICAK-VANCE, M., HENTATI, F. & 

SIDDIQUE, T. 2001. The gene encoding alsin, a protein with three guanine-

nucleotide exchange factor domains, is mutated in a form of recessive amyotrophic 

lateral sclerosis. Nat Genet, 29, 160-5. 

YANG, Z. Z., TSCHOPP, O., HEMMINGS-MIESZCZAK, M., FENG, J., BRODBECK, 

D., PERENTES, E. & HEMMINGS, B. A. 2003. Protein kinase B alpha/Akt1 

regulates placental development and fetal growth. J Biol Chem, 278, 32124-31. 



                                                      312 

YIN, F., YE, F., TAN, L., LIU, K., XUAN, Z., ZHANG, J., WANG, W., ZHANG, Y., 

JIANG, X. & ZHANG, D. Y. 2012. Alterations of signaling pathways in muscle 

tissues of patients with amyotrophic lateral sclerosis. Muscle Nerve, 46, 861-70. 

YOKOSEKI, A., SHIGA, A., TAN, C. F., TAGAWA, A., KANEKO, H., KOYAMA, A., 

EGUCHI, H., TSUJINO, A., IKEUCHI, T., KAKITA, A., OKAMOTO, K., 

NISHIZAWA, M., TAKAHASHI, H. & ONODERA, O. 2008. TDP-43 mutation in 

familial amyotrophic lateral sclerosis. Ann Neurol, 63, 538-42. 

YOSHIYAMA, Y., YAMADA, T., ASANUMA, K. & ASAHI, T. 1994. Apoptosis related 

antigen, Le(Y) and nick-end labeling are positive in spinal motor neurons in 

amyotrophic lateral sclerosis. Acta Neuropathol, 88, 207-11. 

ZANG, D. W., YANG, Q., WANG, H. X., EGAN, G., LOPES, E. C. & CHEEMA, S. S. 

2004. Magnetic resonance imaging reveals neuronal degeneration in the brainstem 

of the superoxide dismutase 1 transgenic mouse model of amyotrophic lateral 

sclerosis. Eur J Neurosci, 20, 1745-51. 

ZHA, J., HARADA, H., YANG, E., JOCKEL, J. & KORSMEYER, S. J. 1996. Serine 

phosphorylation of death agonist BAD in response to survival factor results in 

binding to 14-3-3 not BCL-X(L). Cell, 87, 619-28. 

ZHANG, B., TU, P., ABTAHIAN, F., TROJANOWSKI, J. Q. & LEE, V. M. 1997. 

Neurofilaments and orthograde transport are reduced in ventral root axons of 

transgenic mice that express human SOD1 with a G93A mutation. J Cell Biol, 139, 

1307-15. 

ZHANG, F., STROM, A. L., FUKADA, K., LEE, S., HAYWARD, L. J. & ZHU, H. 2007a. 

Interaction between familial amyotrophic lateral sclerosis (ALS)-linked SOD1 

mutants and the dynein complex. J Biol Chem, 282, 16691-9. 

ZHANG, Q.-G., WU, D.-N., HAN, D. & ZHANG, G.-Y. 2007b. Critical role of PTEN in 

the coupling between PI3K/Akt and JNK1/2 signaling in ischemic brain injury. 

FEBS Letters, 581, 495-505. 

ZHANG, R. & DEGROOT, L. J. 2000. Gene therapy of established medullary thyroid 

carcinoma with herpes simplex viral thymidine kinase in a rat tumor model: 

relationship of bystander effect and antitumor efficacy. Thyroid, 10, 313-9. 

ZHANG, S., TAGHIBIGLOU, C., GIRLING, K., DONG, Z., LIN, S. Z., LEE, W., SHYU, 

W. C. & WANG, Y. T. 2013. Critical role of increased PTEN nuclear translocation 

in excitotoxic and ischemic neuronal injuries. J Neurosci, 33, 7997-8008. 

ZHANG, X., LI, L., CHEN, S., YANG, D., WANG, Y., ZHANG, X., WANG, Z. & LE, W. 

2011. Rapamycin treatment augments motor neuron degeneration in SOD1(G93A) 

mouse model of amyotrophic lateral sclerosis. Autophagy, 7, 412-25. 



                                                      313 

ZHANG, X., ZHANG, Y. W., LIU, S., BULLOJ, A., TONG, G. G., ZHANG, Z., LIAO, F. 

F. & XU, H. 2006. Tumor suppressor PTEN affects tau phosphorylation: deficiency 

in the phosphatase activity of PTEN increases aggregation of an FTDP-17 mutant 

Tau. Mol Neurodegener, 1, 7. 

ZHANG, Y. J., JANSEN-WEST, K., XU, Y. F., GENDRON, T. F., BIENIEK, K. F., LIN, 

W. L., SASAGURI, H., CAULFIELD, T., HUBBARD, J., DAUGHRITY, L., 

CHEW, J., BELZIL, V. V., PRUDENCIO, M., STANKOWSKI, J. N., 

CASTANEDES-CASEY, M., WHITELAW, E., ASH, P. E., DETURE, M., 

RADEMAKERS, R., BOYLAN, K. B., DICKSON, D. W. & PETRUCELLI, L. 

2014. Aggregation-prone c9FTD/ALS poly(GA) RAN-translated proteins cause 

neurotoxicity by inducing ER stress. Acta Neuropathol, 128, 505-24. 

ZHAO, H., SAPOLSKY, R. M. & STEINBERG, G. K. 2006. Phosphoinositide-3-kinase/akt 

survival signal pathways are implicated in neuronal survival after stroke. Mol 

Neurobiol, 34, 249-70. 

ZHAO, H., SHIMOHATA, T., WANG, J. Q., SUN, G., SCHAAL, D. W., SAPOLSKY, R. 

M. & STEINBERG, G. K. 2005. Akt contributes to neuroprotection by hypothermia 

against cerebral ischemia in rats. Journal of Neuroscience, 25, 9794-806. 

ZHU, G., WU, C. J., ZHAO, Y. & ASHWELL, J. D. 2007a. Optineurin negatively regulates 

TNFalpha- induced NF-kappaB activation by competing with NEMO for 

ubiquitinated RIP. Curr Biol, 17, 1438-43. 

ZHU, Y., FOTINOS, A., MAO, L. L., ATASSI, N., ZHOU, E. W., AHMAD, S., GUAN, 

Y., BERRY, J. D., CUDKOWICZ, M. E. & WANG, X. 2015. Neuroprotective 

agents target molecular mechanisms of disease in ALS. Drug Discov Today, 20, 65-

75. 

ZHU, Y., HOELL, P., AHLEMEYER, B. & KRIEGLSTEIN, J. 2006. PTEN: a crucial 

mediator of mitochondria-dependent apoptosis. Apoptosis, 11, 197-207. 

ZHU, Y., HOELL, P., AHLEMEYER, B., SURE, U., BERTALANFFY, H. & 

KRIEGLSTEIN, J. 2007b. Implication of PTEN in production of reactive oxygen 

species and neuronal death in in vitro models of stroke and Parkinson's disease. 

Neurochemistry International, 50, 507-16. 

ZINMAN, L., LIU, H. N., SATO, C., WAKUTANI, Y., MARVELLE, A. F., MORENO, 

D., MORRISON, K. E., MOHLKE, K. L., BILBAO, J., ROBERTSON, J. & 

ROGAEVA, E. 2009. A mechanism for low penetrance in an ALS family with a 

novel SOD1 deletion. Neurology, 72, 1153-9. 

ZUFFEREY, R., DULL, T., MANDEL, R. J., BUKOVSKY, A., QUIROZ, D., NALDINI, 

L. & TRONO, D. 1998. Self-inactivating lentivirus vector for safe and efficient in 

vivo gene delivery. J Virol, 72, 9873-80. 



                                                      314 

ZUFFEREY, R., NAGY, D., MANDEL, R. J., NALDINI, L. & TRONO, D. 1997. Multiply 

attenuated lentiviral vector achieves efficient gene delivery in vivo. Nat Biotechnol, 

15, 871-5. 

 


