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Résumé 

La sclérose latérale amyotrophique (SLA) est une maladie mortelle caractérisée par une 

dégénérescence des neurones moteurs supérieurs et inférieurs.  La présence d’inclusions 

ubiquitinylées de la protéine TDP-43 (Transactive response DNA-binding protein 43) est 

une caractéristique de la SLA.  Afin de comprendre le mécanisme pathogène impliquant 

cette protéine, nous avons généré et étudié des souris transgéniques en utilisant des 

fragments génomiques codant pour la TDP-43 humain, de type sauvage ou mutant, associés 

aux cas familiaux de la SLA.  Ces souris développent de nombreux changements liés au 

processus pathologique et biochimique de la SLA chez l’homme : présence d’inclusions de 

la protéine TDP-43 ubiquitinylées, anomalies au niveau des filaments intermédiaires, 

axonopathie et neuroinflammation.   Pour mieux comprendre le rôle de la protéine TDP-43 

dans la régénération des axones, nous avons utilisé des souris pré-symptomatiques et 

effectué une lésion du nerf sciatique sur celles-ci.  Suite à cette intervention, les souris 

transgéniques ont eu une paralysie marquée du membre lésé, ont démontré une 

redistribution altéré de TDP-43 et une regénération plus lente des axones distaux par 

rapport aux souris non transgéniques. De plus, nous avons constaté que la protéine TDP-43 

interagit et colocalise avec la sous-unité p65 du facteur nucléaire  (NF-).  Cette 

interaction se produit dans les cellules gliales et les neurones des souris transgéniques 

TDP-43 et aussi chez les patients atteints de la SLA. Nous avons démontré que  les  

niveaux d’ARNm des protéines TDP-43 et NF-B p65, sont plus élevés dans la moelle 

épinière des patients atteints de SLA que chez les individus sains et que la protéine TDP-43 

agit comme un coactivateur de p65. Finalement, le traitement des souris transgéniques 

TDP-43 avec la Withaférine A, un inhibiteur de l’activité NF-B, réduit le niveau de 

dénervation des jonctions neuromusculaires et des symptômes liés à la SLA. Nous 

suggérons donc que le dérèglement de la protéine TDP-43 contribue à la pathogenèse de la 

SLA en partie par l'augmentation de l'activation de NF-B, et que NF-B pourrait 

constituer une cible thérapeutique pour la maladie. 
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Abstract 

Amyotrophic lateral sclerosis (ALS) is a lethal disease characterized by degeneration of 

lower and upper motor neurons. Transactive response DNA-binding protein 43 (TDP-43) 

ubiquitinated inclusions are a hallmark of ALS. In order to understand the pathogenic 

mechanism caused by TDP-43, we generated transgenic mice with genomic fragments 

encoding human TDP-43 wild-type or FALS-linked mutants TDP-43
G348C

 and TDP-

43
A315T

. These novel TDP-43 transgenic mice develop many age-related pathological and 

biochemical changes reminiscent of human ALS including ubiquitinated TDP-43 positive 

inclusions, intermediate filament abnormalities, axonopathy and neuroinflammation. In 

order to understand the role of TDP-43 in axon regeneration, we used pre-symptomatic 3-

months old mice and performed sciatic nerve crush on them. After axonal crush, TDP-43 

transgenic mice were noticeably paralyzed at the injured limb, have altered TDP-43 

redistribution and the distal axons regenerated slowly as compared to non-transgenic mice. 

Moreover, we found that TDP-43 interacts with and colocalizes with p65, a NF- subunit, 

in glial and neuronal cells from TDP-43 transgenic mice and also from ALS patients. We 

report that TDP-43 and NF-B p65 mRNA and protein expression is higher in spinal cords 

of ALS patients than healthy individuals. TDP-43 acted as a co-activator of p65, and glial 

cells expressing higher amounts of TDP-43 produced more proinflammatory cytokines and 

neurotoxic mediators after stimulation with lipopolysaccharide or reactive oxygen species. 

TDP-43 overexpression in neurons also increased their vulnerability to toxic mediators. 

Treatment of TDP-43 mice with Withaferin A, an inhibitor of NF-B activity, reduced 

denervation in the neuromuscular junction and ALS disease symptoms. We propose that 

TDP-43 deregulation contributes to ALS pathogenesis in part by enhancing NF-B 

activation, and that NF-B may constitute a therapeutic target for the disease. 
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1.1 Amyotrophic Lateral Sclerosis 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder of devastating 

impact that causes injury and cell death of lower motor neurons within the brainstem and 

spinal cord and upper motor neurons in the motor cortex, leading to progressive failure of 

the neuromuscular system usually resulting in death from respiratory failure.  The world-

wide incidence of about 2 per 100,000 is relatively uniform (Boillee et al., 2006a), except 

for a few high incidence foci, e.g. on the Kii peninsula and Guam (Steele and McGeer, 

2008).  The mean age of onset is 55 -60 years and the disease more commonly affects men 

compared to women.  The average survival from symptom onset is approximately 3 years, 

though a proportion of patients have a slower disease course. 

Although ALS has traditionally been considered a pure motor disorder, it is now regarded 

as a multi-system disorder in which the  motor  neurons  (MNs)  tend  to be  affected  

earliest  and  most  severely (Andersen and Al-Chalabi, 2011).  Involvement of sensory and 

spinocerebellar pathways and neuronal groups within the substantia nigra and the 

hippocampal dentate granule layer can be detected in a proportion of ALS patients.  Gross 

pathological changes in ALS include atrophy of the precentral gyrus; shrinkage, sclerosis 

and pallor of the corticospinal tracts; thinning of the spinal ventral roots and hypoglossal 

nerves; and atrophy of the somatic and bulbar muscles (Ince et al., 1998a). At  autopsy  

there  is  typically  depletion  of  at  least  50  percent  of  the  spinal  cord  motor  neurons 

accompanied by diffuse astrocytic gliosis in the spinal grey matter.  Many of the surviving 

lower motor neurons show atrophic and basophilic changes (Ince et al., 1998a).   A cardinal 

feature of the lower motor neuron pathology is the presence of ubiquitinated inclusion 

bodies,  which may have the appearance  of threads,  skeins  or compact  bodies,  within  

the soma,  proximal  dendrites  and axons (Piao et al., 2003). TDP-43 protein is a major 

constituent of these ubiquitinated inclusions (Neumann et al., 2006).  In the motor cortex, 

pathological changes are highly variable.   Reduction in the population of giant pyramidal 

neurones (Betz cells) in the motor cortex and astroglyosis  in  the  grey  matter  and  

underlying  subcortical  white  matter  may  be  observed. Evidence of microglial activation 

is detected in pathologically affected areas. 
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The primary pathogenetic processes underlying ALS are multifactorial and the precise 

mechanisms underlying motor neuron cell death are at present incompletely understood. 

Current  understanding of  the  neurodegenerative process, derived predominantly from the 

subtype of  disease  cause  by  SOD1  mutations,  highlights  a  complex  interplay  

between  multiple mechanisms including genetic factors, oxidative stress, excitotoxicity, 

protein aggregation as well as damage to critical cellular processes, including axonal 

transport and organelles such as mitochondria. There has been growing recent interest in 

the role played in motor neuron injury by neighboring glial cells (Ilieva et al., 2009); 

involvement of particular molecular signaling pathways in motor neuron survival and cell 

death
 
(Kirby et al., 2005) and in the concept that the neuromuscular junction and distal 

axonal compartment is an early and important target of disease pathophysiology (Murray et 

al., 2010). New genetic discoveries have highlighted the likely importance of dysregulated 

RNA processing in motor neuron injury (Mackenzie et al., 2010).  Evidence has also 

accumulated that the final process of motor neuron death is likely to occur via a caspase-

dependent apoptotic cell death pathway (Sathasivam and Shaw, 2005). 

 

1.1.1 Genetics of ALS 

ALS is most commonly a sporadic disease (SALS), but 5-10% of cases are familial 

(FALS) and usually of autosomal dominant inheritance (Table 1.1). The identification 

of the genetic subtypes of ALS has established key pathogenic mechanisms which are 

applicable not only to the minority of cases which carry FALS mutations, but to 

sporadic ALS more broadly. All genes mutated in familial ALS have also been found 

mutated in patients diagnosed with sporadic ALS and, besides a lower mean age of onset, 

no clinical difference exists between the two groups.  

 

1.1.1.1 Superoxide dismutase (SOD1)  

Superoxide dismutase (SOD1)
 

mutations were the first mutations associated with 

familial ALS in 1993 (Rosen et al., 1993). Since then more than 160 different mutations 

have been reported spanning the entire SOD1 protein and reviewed (Dion et al., 2009). 
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SOD1 is expressed in all cells mainly in the cytoplasm and the only known function of 

SOD1 is to convert superoxide, a toxic by-product of mitochondrial oxidative 

phosphorylation, to water or hydrogen peroxide (Danciger et al., 1986).  SOD1 gene has 

five exons which code for 153 evolutionarily conserved amino acids, which, together 

with a catalytic Cu
2+

 ion and a stabilizing Zn
2+

 ion, form a subunit. Through non-

covalent binding, pairs of these subunits form SOD1 homodimers. All but one mutation 

(D90A mutation) are known to be inherited dominantly (Dion et al., 2009).     

 

1.1.1.2 Alsin   

Alsin is encoded by ALS2 gene which is located in chromosome 2q33.1. Alsin has a 

molecular mass of 184 kDa, and has three putative guanine nucleotide exchange (GEF) 

domains: a regulator of chromosome condensation 1 (RCC1)-like domain (termed RLD), a 

diffuse B-cell lymphoma (Dbl) homology/pleckstrin homology (DH/PH) domain, and a 

vacuolar protein sorting 9 (VPS9) domain. Autosomal recessive mutations in the ALS2 

gene have been linked to juvenile-onset amyotrophic lateral sclerosis (ALS2), primary 

lateral sclerosis and juvenile-onset ascending hereditary spastic paraplegia. Except for two 

identified missense mutations (Ben Hamida et al., 1990; Hadano et al., 2001a), all other 

mutations in the ALS2 gene lead to a premature stop codon and likely abrogate all the 

potential functions of alsin, the protein encoded by the ALS2 gene.  

 

1.1.1.3 Senataxin 

Mutations in the SETX gene, which codes for senataxin, at chromosome 9q34 are 

associated with both cerebellar and motor neuron degeneration. When inherited in an 

autosomal recessive pattern, a severe cerebellar ataxia syndrome with oculomotor apraxia 

ensues, while autosomal dominant inheritance gives rise to a slowly progressive motor 

neuronopathy with pyramidal signs but sparing of both bulbar and respiratory systems 

(Chen et al., 2004) and (Chen et al., 2006). A novel SETX mutation (Thr1118Ile) has been 

associated with a single SALS case, potentially expanding the phenotype of SETX 

mutations to include classical ALS (Zhao et al., 2009).  

 



28 
 
 

Table 1.1: Genetics of ALS categorized by pathophysiological mechanism 

 

Gene Locus Chromosomal 

Locus 

Gene Onset/ 

Inheritance 

Reference 

Oxidative Stress/Protein aggregation 

ALS1 21q22.1 Superoxide 

dismutase 1 

(SOD1) 

Adult

/ AD 

Rosen et al, 

1993 

Cell Signaling 

ALS2 2q33.2 Alsin (ALS2) Juvenile/ 

AR 

Hentati et al, 

1994 

ALS11 6q21 FIG4 

phosphoinositide 

phosphatase 

(FIG4) 

Adult

/ AD 

Chow et al, 

2009 

RNA Processing 

ALS4 9q34 Senataxin (SETX) Juvenile/ 

AD 

Chen et al, 

2004 

ALS6 16p11.2 Fused in Sarcoma 

(FUS) 

Adult

/ AD 

Kwiatkowski 

et al, 

2009; 

Vance et al, 

2009 

ALS9 14q11.2 Angiogenin (ANG) Adult

/ AD 

Greenway et 

al, 

2005 

ALS10 1p36.2 TAR DNA 

binding 

protein 

(TARDBP) 

Adult

/ AD 

Sreedharan et 

al, 

2008 

Endosomal Trafficking 
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ALS8 20q13.3 VAMP 

associated 

protein type - 

B (VAPB) 

Adult/ 

AD 

Nishimura 

et al, 

2004 

Glutamate Excitotoxicity    

 12q24 D-amino acid 

oxidase (DAO) 

 Mitchell et 

al, 2010 

Ubiquitin/protein degradation    

 9p13-p12 Valosin 

containing 

protein VCP) 

Adult/ 

AD 

Johnson et 

al, 2010 

ALS-X Xp11.23 to 

Xq13.1 

Ubiquilin 2 

(Ubqln2) 

X-

linked  

Deng et 

al.,2011 

Repeat Expansion 

ALS+FTD 9p21.3 C9orf72 (GGGGCC 

expansion) 

Adult

/ AD 

Vance et al, 

2006 

Cytoskeleton 

ALS+Dementia 

+PD 

17q21 Microtubule 

associated protein 

tau (MAPT) 

Adult

/ AD 

Hutton et al, 

1998 

NF-B Signaling 

ALS12 10p15-p14 Optineurin (OPTN) Adult/ 

AD & AR 

Maruyama et 

al, 2010 

Others 

ALS5 15q21.1 Spastic paraplegia 

11 (SPG11) 

Juven

ile/ 

AR 

Orlacchio et 

al, 2010 

ALS13 12q24 Ataxin-2 (ATXN2) Adult/A

D 

Elden et al, 

2010 

ALS7 Not identified 

20p13 

Unknown Adult

/AD 

Sapp et 

al,2003 

     

 

Footnote: AD = Autosomal dominant, AR = Autosomal recessive, ALS= Amyotrophic lateral 

sclerosis, FTD= Frontotemporal lobar degeneration, PD= Parkinson disease. 
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1.1.1.4 TAR DNA Binding Protein (TARDBP) 

Soon after the discovery that neuronal cytoplasmic inclusions in patients with ALS or 

FTLD-U contain TDP‑43, researchers around the world started analysis of TARDBP, the 

gene that encodes this protein, in FALS families. Mutation analysis of TARDBP has led to 

the discovery of missense mutations in sporadic and familial ALS (Kabashi et al., 2008; 

Kuhnlein et al., 2008; Rutherford et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 

2008; Yokoseki et al., 2008; Corrado et al., 2009a; Del Bo et al., 2009; Lemmens et al., 

2009; Tamaoka et al., 2010). Almost all of the mutations affect the C-terminus of TDP-43, 

and all but one are missense (Williams et al., 1988; Chio et al., 2011)the exception being 

Tyr374X (Daoud et al., 2009). These mutations are thought to result in redistribution of 

TDP-43 from the nucleus to the cytoplasm in neurons and glia in the spinal cord. Kabashi 

et al. (Kabashi et al., 2008) have shown that mutations increase the detergent insoluble 

fraction of TDP-43 and that some mutations are biochemically more toxic than others, 

suggesting various mutations may have differing roles. TARDBP mutations have been 

reported in 4–6% of FALS cases without SOD1 mutations, and 0–2% cases of diagnosed 

SALS (Kabashi et al., 2008; Sreedharan et al., 2008). In all, TARDBP mutations account 

for about 2-3% of all ALS cases. Most cases have typical ALS, but ALS with cognitive 

impairment and FTD without ALS and ALS with extrapyramidal signs are also reported 

(Benajiba et al., 2009; Tsai et al., 2011). 

 

1.1.1.5 Fused in Sarcoma (FUS) 

TARDBP mutations prompted researchers around the globe to search for other RNA 

binding genes with similar structure to TDP-43 for mutations for a candidate in a known 

linkage region on 16q11.2, FUS. 2 reports in Science revealed FUS mutations 

(Kwiatkowski et al., 2009; Vance et al., 2009). With a secondary structure similar to TDP-

43, FUS protein has been implicated in alternative splicing, genomic maintenance, and 

transcription factor regulation (Meissner et al., 2003; Wang et al., 2008b). Like TARDBP 

mutations, several missense mutations are predominantly in exons 14 and 15, which 

encode the C-terminus of FUS. Of the 42 known mutations in exons 3, 5, 6, 14 and 15 the 
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most common mutation is Arg521Cys (Kwiatkowski et al., 2009; Vance et al., 2009). The 

mutations are associated with typical ALS phenotype but some individuals also have 

cognitive impairment, or pure FTD without ALS (Ticozzi et al., 2009; Van Langenhove et 

al., 2010). FUS mutations have been reported in 4–6% of FALS cases without SOD1 

mutations, and 0.7–1.8% cases of diagnosed SALS (Yan et al., 2010; Tsai et al., 2011). In 

all, TARDBP mutations account for about 2-3% of all ALS cases, about the same as 

TARDBP mutations.  

 

1.1.1.6 VAMP associated protein B (VAPB) 

Mutations in vesicle-associated membrane protein-associated protein B (VAPB) was 

reported in 2004 by a Brazilian group (Nishimura et al., 2004b). The identified mutation is 

an autosomal-dominant mutation from a large Brazilian family (Nishimura et al., 2004b). 

Only one point mutation - Pro56Ser is known to cause autosomal-dominant ALS and adult-

onset spinal muscular atrophy for a total of 200 patients who share a common ancient 

ancestor (Nishimura et al., 2004b). The VAP family proteins consisting of VAPA 

(synonym, VAP33), VAPB, and VAPC (a splicing variant of VAPB) in human were 

originally identified as homologues of vesicle-associated membrane protein (VAMP)-

associated protein (VAP) that is involved in the release of neurotransmitters (Skehel et al., 

1995). VAPB is a type II transmembrane protein localizing in the ER membrane and 

known to dimerize with VAPA, VAPB itself, VAMP1, and VAMP2 via the C-terminal 

transmembrane domain. VAPB is involved in intracellular membrane transportation and is 

primarily located in the endoplasmic reticulum. The Pro56Ser mutation in VAPB induces 

the formation of insoluble cytoplasmic aggregates containing the mutant protein. Pro56Ser 

mutation has been reported in ALS patients from Germany, Japan and the USA. Two other 

mutations of VAPB - Thr46Ile and Ser160del have been reported in ALS patients (Landers 

et al., 2008; Chen et al., 2010). 

1.1.1.7 Angiogenin 

Angiogenin (ANG) is a 14.1-kDa protein that belongs to the pancreatic ribonuclease 

superfamily. Lys17Ile mutation in ANG were originally identified in both familial and 
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sporadic ALS cases in the Irish and Scottish population because it shares a metabolic 

pathway with vascular endothelial growth factor (VEGF), which is implicated in ALS 

(Greenway et al., 2006b). Subsequently, more than 15 variants in the ANG gene have been 

reported (Conforti et al., 2008; Gellera et al., 2008; Fernandez-Santiago et al., 2009; van Es 

et al., 2009). ANG is a downstream effector of vascular endothelial growth factor (VEGF) 

in endothelial cells and is up-regulated in response to hypoxic/ ischemic events (Kishimoto 

et al., 2005). Angiogenin is widely expressed including vascular endothelial cells, 

fibroblasts, mast cells, and tumor cells (Moenner et al., 1994; Kulka et al., 2009). 

Angiogenin was also shown to be expressed by neurons in rat brain and motor neurons in 

humans (Huang et al., 2009). Endothelial cells are capable of endocytosing angiogenin 

which is then translocated to the nucleus and accumulates in the nucleolus (Moroianu and 

Riordan, 1994). Several lines of evidence demonstrate that the ANG protein promotes 

motor neuron survival. Knocking down angiogenin expression can cause excitotoxic motor 

neuron death, in contrast increased expression of angiogenin protects against stress-induced 

cell death (Kieran et al., 2008). In the SOD1
G93A

 ALS mouse model, delivery of angiogenin 

increases lifespan and motor neuron survival, possibly through the Akt-1 signaling pathway 

(Kieran et al., 2008).  

1.1.1.8 Optineurin 

Japanese researchers have reported, using homozygosity mapping in consanguineous 

families, mutations in optineurin (OPTN), a gene already known to be mutated in primary 

open angle glaucoma and ataxia (POAG) (Maruyama et al., 2010). The mutations were 

found both in FALS and SALS cases. The researchers found three types of mutation of 

OPTN: a homozygous deletion of exon 5, a homozygous Q398X nonsense mutation and a 

heterozygous E478G missense mutation within its ubiquitin-binding domain. Of these 

mutations, the nonsense and missense mutations of OPTN abolished the inhibition of 

activation of nuclear factor kappa B (NF-κB), and the E478G mutation had a cytoplasmic 

distribution different from that of the wild type or a POAG mutation. A case with the 

E478G mutation showed OPTN-immunoreactive cytoplasmic inclusions. Recently, 10 

novel heterozygous mutations in OPTN have been reported in a few SALS or FALS cases 
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of European descent (Belzil et al., 2011; Millecamps et al., 2011) and optineurin inclusions 

were reported in fairly large ALS cases.  

 

1.1.1.9  Ataxin-2 

Recent reports suggest intermediate-length polyQ expansion (27–33 repeats) on one allele 

in the ataxin-2 (ATXN2) as a significant genetic risk factor for ALS in four large 

populations of SALS and FALS cases (Elden et al., 2010).  Normally ATXN2 CAG-

trinucleotide repeat expansion to 34 or more repeats is associated with spinocerebellar 

ataxia type 2 (SCA2). The findings raise the possibility that SCA2 and ALS represent 

opposite ends of a clinical spectrum, with intermediate-length repeat expansions 

presenting with more prominent motor neuron degeneration as in ALS and longer 

expansions resulting in cerebellar ataxia. This idea is further supported by the finding of 

ataxia in some patients with SOD1 or SETX mutations (Yasser et al., 2010).  

 

1.1.1.10  Ubiquilin 2 

Mutations in the ubiquilin 2 (UBQLN2) gene, which encodes a ubiquitin-like protein, have 

been recently reported in a five-generation family showing X-linked dominant 

transmission of ALS (Deng et al., 2011).  Interestingly, some affected individuals also had 

FTD. After careful analysis the group reported four other mutations in four unrelated 

families, all in a proline-repeat domain of ubiquilin 2. The age of ALS onset was 

significantly younger in males than females, presumably because the males are 

hemizygous and the females heterozygous for the mutation. Suggestive of a convergent 

pathway, ubiquilin 2 pathology was found in all the ALS cases examined, including SALS, 

FALS and ALS–FTD. Further research may reveal more mutations and associated 

mechanism, though the group reported that mutations in ubiquilin 2 render the ubiquitin-

proteasome system ineffective (Deng et al., 2011). 

 

1.1.1.11 Hexanucleotide expansion in C9orf72 gene 
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Linkage analysis in a large Swedish family and later in 13 similar pedigrees had pointed to 

a major locus on 9p21.2 for FALS, FALS–FTD and SALS cases (Dejesus-Hernandez et 

al., 2011; Murray et al., 2011; Renton et al., 2011). The causative gene defect has recently 

been reported as a massive hexanucleotide-repeat expansion, (GGGGCC)n, in the intron 

between noncoding exons 1a and 1b of the uncharacterized gene C9orf72. While normal 

individuals have, at most, 23 repeats, individuals with ALS /FTD-U can have up to 1,600 

repeats. The expansion can account for a significant proportion of familial and apparently 

sporadic ALS and FTD cases. Speculatively, the dynamics of such a hexanucleotide-repeat 

expansion may explain the variability in phenotypes and disease penetrance previously 

reported in these families, and the association to the 9p21 locus of many cases with 

apparently sporadic disease (Dejesus-Hernandez et al., 2011; Murray et al., 2011; Renton 

et al., 2011). Only further research can tell whether all 9p21-linked families carry 

GGGGCC expansions in C9ORF72. 

 

Several RNA processing genes have now been implicated in ALS, including TAR 

DNA binding protein (TARDBP) (Kabashi et al., 2008; Sreedharan et al., 2008) fused in 

sarcoma (FUS) (Vance et al., 2009), senataxin (SETX) (Chen et al., 2006)  and angiogenin 

(ANG) (Conforti et al., 2008) highlighting the probability that disordered RNA processing 

contributes to motor neuron injury.  Rare mutations in vesicle associated membrane 

protein (VAMP)-associated protein B (VAPB) (Nishimura et al., 2004a), optineurin 

(OPTN) (Maruyama et al., 2010) and the endosomal secretory complex required for 

transport (ESCRTIII) protein, charged multivesicular protein 2B (CHMP2B) (Parkinson 

et al., 2006), implicate dysregulated endosomal trafficking as an important 

pathophysiological mechanism.   Ironically, even though a large numbers of genes 

involved in ALS have been reported, the sheer volume of the genes pose challenges 

before researchers in finding pathogenic mechanisms associated with the disease. In any 

case, modern techniques like genome-wide association studies (GWAS), exome 

sequencing, next-gen deep sequencing have provided valuable genetics data for the 

scientific community. 
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1.1.2 Risk factors associated with ALS 

Apart from genetic mutations contributing ALS pathogenesis, many other factors like 

environmental factors and Chromogranin polymorphism have been associated as risk 

factors for ALS. Though some of these factors are either semi-quantifiable or difficult to 

assess, reports have conclusively emphasized their role in the pathogenesis of the disease. 

These risk factors are summarized as: 

 

1.1.2.1 Pesticides as risk factors. Systematic review of the literature reveals that exposure 

to pesticides is a potential environmental risk factor for ALS. Exposure to many industrial 

chemicals like benzene, styrene, herbicides (Welp et al., 1996; McGuire et al., 1997; 

Johnson and Atchison, 2009) and industrial metals like manganese, cadmium (McGuire et 

al., 1997) are significantly associated to ALS. Similarly, an increased ALS risk was 

reported for exposure to cleaning solvents or degreasers, alcohols or ketones, insecticides, 

fertilizers, selenium (McGuire et al., 1997), as well as for occupations potentially exposed 

to solvents (hairdressers and cosmetologists) or pesticides (farm-related occupations) (Park 

et al., 2005) .  

 

1.1.2.2 Head injuries and APOE-4 carriers as risk factors. Studies have identified 

significant associations between ALS and a shorter interval between the last head injury 

indicating that head injuries experienced during childhood or young adulthood may not 

confer an increased ALS risk later in life, while head injuries experienced in later 

adulthood have a greater impact on risk (Scarmeas et al., 2002; Schmidt et al., 2010). These 

findings are consistent with evidences individuals with a lifetime history of vigorous 

physical activity like baseball players or boxers have a higher risk of developing ALS than 

those who aren’t involved in such events. In addition to the observed main effect, results 

support the possibility of gene-environment interaction, since the association between ALS 

and head injuries was stronger in apolipoprotein E (APOE-4) carriers than non-carriers 

(Schmidt et al., 2010).  
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1.1.2.3 Chromogranin B (CHGB) variant as risk factor. Using DNA samples from ALS 

patients and matched controls from three different countries, researchers have identified 

that individuals who have P413L CHGB variant show a 2.2-fold greater risk of ALS than 

those who do not have this risk variant (Gros-Louis et al., 2009). Furthermore, the P413L 

CHGB variant is associated with an earlier age of onset by almost a decade in both sporadic 

ALS and familial ALS cases. Studies in human neuroblastoma cells have revealed that 

CHGB variants caused the abnormal sequestration of CHGB proteins within the ER-Golgi 

network. These results suggest that the P413L missense variation can impede the sorting 

and maturation of CHGB into secretory granules. 

In general these risk factors along with the genetic factors discussed above contribute either 

individually or in a complex way interacting with gene-environment to play a critical role. 

Further studies are warranted in deciphering the role and contribution of these players in 

ALS pathogenesis. 

 

1.1.3 Pathogenic mechanisms implicated in ALS  

1.1.3.1      Excitotoxicity 

Glutamate  is the major  excitatory  neurotransmitter  in the central nervous system (CNS)  

and  exerts  its effects  through  an array  of ionotropic  and metabotropic post-synaptic 

receptors. The excitatory signal is terminated by removal of glutamate from the synaptic 

cleft by glutamate re-uptake transporters, the most abundant of which is EAAT2/GLT1.  

Excitotoxicity,  the neuronal  injury resulting from  excessive  activation  of  calcium-

permeable   glutamate  receptors,  may  be  caused  by  increased  synaptic  levels  of 

glutamate  or by increased  sensitivity  of the  post-synaptic  neuron  to normal  glutamate  

levels  resulting  from  alteration  in neuronal  energy  homeostasis  or  glutamate  receptor  

expression(Van Damme et al., 2005).  Disruption of intracellular calcium homeostasis, 

with secondary activation of proteolytic and free radical generating enzyme systems, and 

perturbation of mitochondrial function and ATP production are key components of 

excitotoxicity (Bordet et al., 2007). AMPA  receptors  mediate  much  of  the  routine  fast 

excitatory glutamatergic  neurotransmission  in  the  CNS  and  motor neuron (MN) are 



37 
 
 

especially  vulnerable  to AMPA-mediated  excitotoxicity,  including  distal  axonal  

injury(Carriedo et al., 1996; King et al., 2007).  The calcium permeability of the AMPA 

receptor complex is largely determined by the GluR2 subunit, which is post-

transcriptionally edited at the Q/R site 586 in the second transmembrane domain, to render 

the receptor complex calcium impermeable(Williams et al., 1997). Cell specific features of 

MN, including low expression of GluR283 and low expression of calcium buffering 

proteins (Ince et al., 1993),   render these neurons vulnerable to AMPA-mediated toxicity 

(Figure 1.1). A body  of evidence  implicates  excitotoxicity  as a mechanism  contributing  

to MN injury  in ALS,  though  there  is no clear evidence that it is a primary disease 

mechanism.   Therapeutic intervention to ameliorate excitotoxicity is the only strategy that 

has so far had a positive effect on disease progression in ALS.  Riluzole, which has several 

effects, including inhibition of pre- synaptic glutamate release(Cheah et al., 2010), causes a 

modest increase in survival (Lacomblez et al., 1996).  However, other anti-glutamate 

agents including gabapentin, lamotrigine, topiramate and talampanel have not been 

effective in human trials. The evidence implicating excitotoxicity  as a contributory  factor 

in ALS includes:  elevation of CSF glutamate in a subset of patients (Rothstein et al., 1990; 

Shaw et al., 1995b); reduced expression and function of the major astrocytic glutamate 

transporter EAAT2 in pathologically  affected studies indicating hyperexcitability of the 

human motor system in the pre-symptomatic(Vucic et al., 2008) or early stages (Vucic and 

Kiernan, 2006) of ALS; calcium permeability of AMPA receptors in the spinal ventral horn 

may be dysregulated by failure of the normal editing of the GluR2 AMPA receptor subunit 

(Kwak et al., 2010). Experimental  models have shown that mSOD1 causes: altered 

electrophysiological  properties  and increased  sensitivity  of MNs to excitotoxicity (Vucic 

and Kiernan, 2006);  alteration in AMPA receptor subunit expression; reduced expression 

and function of the EAAT2/GLT1 glutamate transporter which may be mediated by 

oxidative damage and caspase 3 cleavage (Boston-Howes et al., 2006); increased glutamate 

efflux from spinal cord nerve terminals under basal and stimulated conditions(Milanese et 

al., 2011);   reduction in the MN inhibitory/ excitatory synaptic ratio(Sunico et al., 2011);  

loss of regulation by astrocytes of the expression of GluR2 by neighboring MNs(Van 

Damme et al., 2007). 
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Figure 1.1 Summary of molecular mechanisms of motor neuron injury in ALS ALS is a 

complex disease involving the activation of several cellular pathways and entailing dysregulated 

interaction with neighboring glial cells. Microglia release MCP-1 and cytokines and astrocytes 

release nitric oxide (NO) and prostaglandin E2 (PGE2).  There is evidence that MN undergo 

transcriptional dysregulation and abnormal RNA processing, which is, along with overproduction 

of reactive oxygen species (ROS), one of the causes of aberrant protein folding. Aberrant proteins 

can form aggregates and lead to proteasome impairment and endoplasmic reticulum (ER) stress, 

ultimately activating autophagy and apoptotic pathways. Mitochondrial impairment and 

dysregulation of calcium (Ca
2+

) handling are two major components of MN injury which also 

ultimately lead to activation of the apoptotic cascade.  Impaired axonal transport may contribute to 

a distal axonal energy deficit and the dying back axonopathy seen in ALS. Clq - complement 

protein 
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1.1.3.2 Oxidative stress 

Oxidative stress arises from an alteration in the balance between the generation of reactive 

oxygen species (ROS) and their removal, together with the ability of the biological system 

to remove or repair ROS-induced damage. The accumulation of oxidative stress within 

non-replicating  neurons with age, may be one important factor which tips the balance of 

homeostatic control mechanisms  from an ability to cope with a toxic insult such as the 

presence of a disease causing mutation, into a vicious  cycle  of  cellular  injury  

culminating  in  neuronal  death  and  an  onset  of neurodegeneration  in  middle  or  later  

life. Oxidative stress causes structural damage and also changes also in redox-sensitive 

signaling pathways.   There has been particular interest in the role of oxidative stress in 

ALS, given that mutations in SOD1 which encodes a major anti-oxidant defense protein, 

accounts for 20% of cases of FALS. 

Cellular ROS are generated as by-products of aerobic metabolism, predominantly due to 

leakage of electrons from the mitochondrial respiratory chain, but with contributions from 

other intracellular enzyme systems including xanthine oxidase and cytochrome P450.  

Initially formed ROS such as superoxide and hydrogen peroxide may undergo further 

reaction to produce more potent oxidant species including peroxynitrite and hydroxyl 

radicals.  Biochemical indices of oxidative damage to proteins (Shaw et al., 1995a), lipids 

(Shibata et al., 2001) and DNA (Fitzmaurice et al., 1996), in excessive quantities compared 

to controls, can be found in post-mortem tissue from SALS and SOD1-related FALS cases. 

Oxidative damage to RNA species has also been documented (Chang et al., 2008), adding 

to the evidence that alteration in mRNA processing is an important pathophysiological 

mechanism in ALS.  Indices of oxidative damage are also present in cellular and murine 

models of SOD1-related ALS (Barber and Shaw, 2010) and interestingly the SOD1 protein 

itself appears to be particularly susceptible to oxidative post-translational modification 

(Andrus et al., 1998).  Other biosamples from ALS patients, including CSF, serum and 

urine also show elevation of markers of free radical damage (Smith et al., 1998; Simpson et 

al., 2004). It is clear that oxidative stress interacts with and potentially exacerbates  other 

pathophysiological  processes contributing to MN  injury  including  exctitoxicity (Rao and 
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Weiss, 2004),  mitochondrial  impairment (Wood et al., 2003),  protein  aggregation 

(Kanekura et al., 2009),  endoplasmic  reticulum  stress (Blackburn et al., 2009)  and 

alterations in signaling from astrocytes and microglia (Blackburn et al., 2009). 

Sources of oxidative stress in ALS have been investigated most thoroughly in mutant 

SOD1 models where several aberrant oxidative reactions have been proposed (Barber and 

Shaw, 2010).  However, it is clear that enzymatically  inactive SOD1, depleted of copper 

loading, is still capable of causing motor neuron degeneration (Subramaniam et al., 2002) 

and recent evidence suggests that mSOD1 may cause  oxidative  stress  by  mechanisms  

beyond  its  own  catalytic  activity.  mSOD1 within  microglia  increases  superoxide 

production by NADPH oxidase (Nox) enzymes. SOD1 stabilizes Rac1-GTP in the 

activated Nox2 complex and mutant SOD1 locks Rac1 into its active state, with resultant 

prolongation of ROS production (Harraz et al., 2008).    Nox2 expression is increased in 

mSOD1 mice and human ALS, and survival of SOD1G93A mice is extended by knock-out 

of either Nox1 or Nox2 (Wu et al., 2006). 

The  transcription  factor  Nrf2  (nuclear  erythroid-2-related  factor2)  is a master  regulator  

of  the  anti-oxidant  response  and responds  to  oxidative  stress  by  binding  and  

upregulating  anti-oxidant  response  element  genes. Recent evidence has emerged that 

Nrf2-ARE signalling may be dysregulated in models of SOD1-related ALS8 and in the 

CNS of ALS patients (Sarlette et al., 2008). 

 

1.1.3.3. Mitochondrial dysfunction 

Mitochondria have major roles in intracellular energy production, calcium homeostasis and 

the control of apoptosis.   In ALS there is a body of evidence implicating mitochondrial 

dysfunction as part of the disease process (Figure 1.2). Mutant SOD1 is located in the 

mitochondrial inter-membrane space, where vacuoles containing aggregates of mSOD1 are 

found (Wong et al., 1995). In mice, there is an age-dependent adherence of mSOD1 to the 

outer membrane of mitochondria, postulated to lead to organelle dysfunction by impeding 

protein import (Vande Velde et al., 2008).  Defective  respiratory  chain  function  
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associated  with  oxidative  damage  to mitochondrial  proteins  and lipids, has been 

described  in tissue from ALS patients (Wiedemann et al., 2002),  and experimental  

models  of ALS expressing mSOD1 (Mattiazzi et al., 2002). Thus, dysregulated energy 

metabolism is likely to contribute to MN dysfunction in ALS. Mitochondrial calcium 

buffering is impaired in organelles purified from the CNS of mSOD1 mice (Damiano et al., 

2006), which could increase MN susceptibility to excitotoxicity. Endoplasmic  reticulum  

stress  predicted  to disrupt  the ER/mitochondrial  calcium  cycle  has been  reported  in 

models of ALS (Grosskreutz et al., 2010). Motor neuron cell death in ALS is considered to 

involve the activation of caspases and apoptosis, and damage to mitochondrial function 

could contribute to this process (Sathasivam et al., 2005). Altered mitochondrial 

morphology has been observed in skeletal muscle and in spinal MN from ALS patients 

(Sasaki and Iwata, 2007). Interestingly in  some  of  the  mSOD1  mouse  models, 

mitochondrial  vacuolation  occurs  during  the  pre-symptomatic   disease  stage, 

suggestive  of an early event in the pathophysiological  cascade of MN injury (Wong et al., 

1995). Mitochondrial morphology is also altered in primary MNs and NSC34 cells 

expressing mutant but not wild type SOD1 (Menzies et al., 2002).  Axonal transport of 

mitochondria is impaired in experimental  models  of  ALS,  and it is possible that damaged 

mitochondrial function combined with a reduction in the mitochondrial  content  of the 

distal axon leads to the dying back axonopathy seen in ALS (De Vos et al., 2007). 

Mitochondria represent an attractive target for ALS therapy development, and the novel 

mitochondrial-targeted neuroprotective compound olexisome (Bordet et al., 2007) is 

currently undergoing a Phase III clinical trial in ALS. 
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Figure 1.2 Mitochondrial dysfunction in ALS: mechanisms and downstream effects A.  

Post mortem tissue and animal models of ALS have indicated a decrease in the activity of the 

complexes forming the electron transport chain (ETC), which may be caused by oligomers of 

mSOD1 associated with mitochondria. These have been proposed to lead to alterations in 

mitochondrial redox state, damage to the mitochondrial protein import machinery, and 

sequestration of the anti-apoptotic factor Bcl-2. Loss of EAAT2, and an increase in expression 

of calcium permeable AMPA receptors lacking the edited form of the GluR2 subunit, leads to 

elevated intracellular calcium in motor neurons in ALS, which may result in a toxic shift of 

calcium from the ER to the mitochondria, leading to excitotoxicity. Defective ETC and calcium 

homeostasis are thought to underlie aberrant ROS generation. B.  Together these pathways 

result in the depolarization of the mitochondrial membrane potential, reduced production of 

ATP, increased peroxidation of the mitochondrial membrane lipids, opening of the 

mitochondrial permeability transition pore, and the initiation of apoptosis. 
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1.1.3.4.   Protein aggregation 

Pathological protein aggregates, identified as compact or skein-like ubiquitinated 

inclusions, are a cardinal feature of ALS (Piao et al., 2003). The identification of TDP-43 

as the major protein constituent of these inclusions initiated a major shift in our 

understanding of the pathobiology of ALS (Neumann et al., 2006). TDP-43 is normally 

predominantly localized within the nucleus, and loss of nuclear TDP-43 staining is seen in 

most cells containing TDP-43 positive cytoplasmic inclusions (Neumann et al., 2006). 

TDP-43 inclusions are not restricted to MNs, and it appears that cytoplasmic redistribution 

of TDP-43 is an early pathogenic event in ALS (Giordana et al., 2010). The discovery of 

TDP-43 mutations in several FALS pedigrees consolidated the evidence for TDP-43 

dysfunction in ALS, and firmly established TDP-43 as a critical player in both sporadic and 

familial disease (Kabashi et al., 2008; Sreedharan et al., 2008). Neurofilament rich hyaline 

conglomerate inclusions are observed in the perikaryon or proximal dendrites of spinal 

cord motor neurons in some ALS cases, particularly those with SOD1 mutations (Ince et 

al., 1998b). Increased expression of phosphorylated neurofilament epitopes in the cell body 

of MN is also seen (Sobue et al., 1990). Small eosinophillic Bunina bodies containing 

cystatin C are seen within MN in up to 85% of cases (Okamoto et al., 1993). SOD1 

inclusions are found in the spinal cord of FALS patients, as well as in mouse and cellular 

models expressing SOD1 mutations (Shibata et al., 1994).  Monoclonal antibodies that are 

specific for epitopes present on misfolded SOD1 strongly label inclusions in SOD1 FALS 

patient samples (Rakhit et al., 2007), and appear to label similar structures in some SALS 

patients (Bosco et al., 2010).  FUS mutations are reported in a subset of FALS pedigrees 

(Kwiatkowski et al., 2009; Vance et al., 2009; Hewitt et al., 2010), and where FUS 

immunohistochemistry has been performed, cytoplasmic inclusions containing FUS have 

been observed. However these have not been routinely observed in ALS cases without FUS 

mutations (Kwiatkowski et al., 2009; Vance et al., 2009; Hewitt et al., 2010). Proteins 

found in aggregates in ALS provide several important clues about the disease. Loss of 

nuclear TDP-43 or aggregation in cytoplasmic inclusions may be key pathogenic processes 

in both sporadic and familial ALS.  The filamentous  pathology  observed  suggests  that  

neurofilament  dysfunction  is important  in some  forms  of ALS (Hirano et al., 1984; 



44 
 
 

Sobue et al., 1990; Cote et al., 1993).  The increase in phosphorylated neurofilament  

epitopes  in  MN  perikarya  may  contribute  to  the  observed  slowing  of  axonal 

neurofilament transport (Blair et al., 2010).  

 

1.1.3.5.   Cytoskeletal dysfunction and disordered axonal transport 

Axonal pathology is a key feature of ALS, which implicates damage to axons, or their 

constituent transport machinery, as critical to the pathophysiology of ALS. MNs are highly 

polarized cells with long axons, and axonal transport is required for delivery of  essential  

components  such  as  RNA,  proteins  and  organelles  to  the  axonal  compartment  

including  synaptic structures  at the neuromuscular  junction (NMJ). The principal 

machinery for axonal transport uses microtubule-dependent kinesin and cytoplasmic 

dynein molecular motors, which mediate transport towards the NMJ (anterograde) and 

towards the cell body (retrograde) respectively. Analysis of mSOD1 mice has demonstrated 

that defective axonal transport occurs early in the disease process (Zhang et al., 1997; 

Williamson and Cleveland, 1999; Kieran et al., 2005), supporting the hypothesis that 

dysregulation of axonal transport and the axonal compartment are mechanistic  in ALS. 

Mutant SOD1 impairs both anterograde and retrograde transport of several cargoes, but the 

defects appear to be cargo-specific, since only anterograde transport of mitochondria is 

disrupted (Zhang et al., 1997; Williamson and Cleveland, 1999; Kieran et al., 2005). The 

mechanisms underlying defective axonal transport in mSOD1 models are unknown, but are 

likely to involve several different pathways. Impaired mitochondrial function leads to 

decreased axonal mitochondrial transport (Zhang et al., 1997), which could result in 

defective transport of other cargoes. The neuroinflammatory response in ALS and the 

demonstration that non-neuronal cells contribute to disease progression in ALS models, 

suggests that signals from non-neuronal cells might influence axonal transport in vivo. 

Tumor necrosis factor-alpha disrupts kinesin function via a mechanism involving p38 

protein kinase (De Vos et al., 2000), activation of which has been demonstrated in models 

of ALS (Raoul et al., 2002; Ackerley et al., 2004). Excitotoxic damage by glutamate is 

thought to contribute to MN injury in ALS.  In  cultured  neurons  glutamate  has  been  
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shown  to  reduce  axonal  transport  of  neurofilaments, via activation of protein kinases 

that phosphorylate  neurofilament  proteins (Raoul et al., 2002). Lastly, damage to cargoes 

of axonal transport might  lead  to  dysregulated  binding  to,  or  release  from,  molecular  

motors.  For example, it has been demonstrated that neurofilament transport is negatively 

regulated by phosphorylation, and p38 and cdk5, two protein kinases that phosphorylate 

neurofilaments in vivo, are activated in ALS mouse models (Guidato et al., 1996). 

Evidence from both patients and disease models supports the concept that ALS is a dying 

back axonopathy (Pun et al., 2006). It is likely that axonal transport defects contribute to 

the dying back process, and in particular defects in anterograde axonal transport and 

mitochondrial dysfunction may combine to cause energy depletion specifically in the distal 

axon. 

 

1.1.3.6.     Neuroinflammation 

Activated microglia and infiltrating lymphocytes indicate an inflammatory component in 

the CNS pathology of ALS (Henkel et al., 2004). Pro- inflammatory mediators including 

monocyte chemoattractive protein-1(MCP-1) and IL-8 (Kuhle et al., 2009) are detected in 

CSF, and biochemical indices of immune response activation are present in blood from 

ALS patients (Mantovani et al., 2009). Reduced blood CD4+ and CD25+ regulatory T 

(Treg) and monocytes (CD14+) counts are detected early in ALS, suggesting recruitment 

towards the CNS early in the neurodegenerative process. Treg  cells  interact  with  CNS  

microglia  attenuating neuroinflammation  by stimulating  secretion  of anti-inflammatory  

cytokines (Kipnis et al., 2004).  Consistent with this, double transgenic mice carrying 

mSOD1, plus knock-out for CD4 (CD4-/-), develop a more aggressive phenotype, 

reversible by bone marrow transplantation (Kipnis et al., 2004). There is clearly a strong 

link between neuroinflammation and immune response activation. A recent study identified 

as a promising therapeutic target, CD40L, expressed by T cells which activates the immune 

response when bound by CD40 on antigen-presenting cells.  Intraperitoneal injection of a 

monoclonal antibody to CD40L, MR1, in SOD1G93A mice delayed the complement 

system in both the mSOD1 mice (Ferraiuolo et al., 2007) and  in  human  biosamples (Sta 
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et al., 2011) may  trigger  an  adaptive  immune response, involving antigen presenting 

cells, T-cells and B-cells, ultimately leading to inflammation. Astrocyte  activation  plays  a  

central  role  in  inflammation and  mSOD1  astrocytes  are  reported  to  secrete  

inflammatory mediators including prostaglandin E2, leukotriene B4, iNOS, and NO under 

both basal and activated conditions (Hensley et al., 2006).  Moreover co-cultures  of human  

embryonic  stem cell (ES)-derived  MNs  with either  rodent  or human  astrocytes  

expressing  mSOD1 showed MN toxicity which could be ameliorated  by either inhibition  

of prostaglandin  D2 receptors  or NOX-2 (Di Giorgio et al., 2008; Marchetto et al., 2008). 

Taken together, these findings suggest that mSOD1 astrocytes are intrinsically more prone 

to enter an activated pro-inflammatory state, compared to their wild-type counterparts. 

 

1.1.3.7.   Non-cell autonomy 

An important recent concept is that motor neuronal death in ALS is a non-cell-autonomous 

process, in which neighboring glial cells play a crucial role. Genetically engineered mouse 

models expressing mSOD1 in specific cell types have provided compelling evidence that 

alterations in the properties of glia conferred by mSOD1 contribute significantly to MN 

injury and that glial cells play an important role in disease progression. The use of chimeric 

mice showed that normal MN developed signs of ALS pathology when surrounded by 

mSOD1-expressing glia (Clement et al., 2003). The proportion of non-neuronal cells free 

of transgene correlated positively with the proportion of surviving mSOD1 expressing MN, 

and translated into a significant increase in the life span of the chimeric mice. To dissect 

the contribution of astrocytes and microglia to this finding, double transgenic mice were 

generated expressing the Cre/Lox recombinant system to exclude mutant SOD1 from MN 

or from the cells of myeloid lineage (Boillee et al., 2006b). Mice lacking mutant G37R-

SOD1 in MN showed  delayed  disease onset, but no alteration  in the disease  course once 

initiated. When mutant SOD1 was eliminated from microglia, disease onset was not 

altered, but disease progression was extended by nearly 50%. Thus, the onset of the disease 

and its subsequent progression/propagation are likely to represent two separate phases, 

highlighting distinct possibilities for therapeutic intervention. Although  the targeted  
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expression  of mSOD1  in astrocytes fails to produce an ALS phenotype (Gong et al., 

2000),  its selective  silencing  in astrocytes  significantly  slows disease progression  in 

mSOD1 mice (Yamanaka et al., 2008b). Rodent primary astrocytes expressing mutant 

SOD1 have toxic effects on cultured primary MN and both embryonic mouse and human 

stem cell–derived MN (Nagai et al., 2007). This indicates that astrocytes expressing 

mSOD1 exert toxic effects or are unable to provide the required trophic support for motor 

neuron health. Conflicting results have been obtained when targeted expression of mSOD1 

is limited to MN in murine models (Pramatarova et al., 2001a; Lino et al., 2002b; Jaarsma 

et al., 2008).  The amount of SOD1 expressed seems to be crucial in triggering MN injury 

and disease onset. Mice lacking mutant G37R-SOD1 in oligodendrocytes show a more 

aggressive disease course accompanied by reduced IGF-1 expression (Lobsiger et al., 

2009).  Expression  of mutant G93A-SOD1  exclusively  in Schwann  cells does not lead to 

MN pathology (Turner et al., 2010)   and increasing  mSOD1 expression  in Schwann  cells  

in  does  not  exacerbate  the  phenotype (Turner et al., 2010).  Thus, although mSOD1 

expression in oligodendrocytes and Schwann cells alters the properties of these cells, it 

does not appear sufficient to cause MN degeneration. It is clear that glial cells play an 

important role in ALS, particularly influencing disease progression after onset.  

Understanding better  the  cross-talk  between  glial  cells  and  motor  neurons  is likely  to 

offer  opportunities  for therapeutic  intervention  to ameliorate the propagation of motor 

neuron injury in ALS. 

 

1.1.3.8.   Endoplasmic reticulum stress 

Intracellular inclusions related to the accumulation of misfolded/unfolded proteins, are a 

pathological hallmark of ALS. Protein misfolding elicits the endoplasmic reticulum (ER) 

stress response pathway. The initial unfolded protein response (UPR) (Kaufman, 2002), 

involves the recognition of aberrant proteins by the ER through activation of ER-resident 

chaperones responsible for correct protein folding. Further steps to counteract the toxicity 

caused by accumulation of non-functional proteins are suppression of general translation 

and ER-associated   protein degradation (Yamagishi et al., 2007).  Although  these  
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mechanisms  are  initially  cytoprotective, prolongation  of the UPR activates  two ER-

specific  apoptotic  signals,  C/EBP  homologous  protein  (CHOP)  and caspase-4 

(caspase-12 in rodents) (Hitomi et al., 2004).  

There is therefore a body of evidence implicating ER stress as an early feature of MN 

injury in ALS. Protein disulphide isomerase (PDI), an ER-resident chaperone and a marker 

of the UPR, is activated in both transgenic mSOD1 mice, where it co-localizes with 

mSOD1 inclusions (Atkin et al., 2006), and in biosamples from sporadic ALS patients 

(Atkin et al., 2008). PDI and other UPR-induced proteins are upregulated prior to disease 

onset in mSOD1 rodents, suggesting that ER stress is involved in the early stages of MN 

injury (Atkin et al., 2008).  Markers of ER-stress were also upregulated in the CSF and the 

spinal cord of sporadic ALS patients. Gene  expression  profiles  of MN from mSOD1  

mice either  innervating  fast fatigable  fibers,  vulnerable  to disease,  or fast fatigue-

resistant   and  slow  fibers,  more  resistant  to  the  disease,  indicated  that  vulnerable   

MN  displayed   differential upregulation of several UPR markers preceding muscle 

denervation (Saxena et al., 2009a).  Similar changes eventually occurred in resistant MN, 

but with a delay of 25-30 days (Saxena et al., 2009a). Nerve crush experiments showed that 

vulnerable MNs are selectively more prone to UPR activation. Exposure of NSC34 cells 

and primary spinal MN to cerebrospinal fluid (CSF) from ALS patients leads to clear 

evidence of ER stress, including expression of UPR markers, ER fragmentation and 

caspase-12 activation (Vijayalakshmi et al., 2011).  The CSF constituents responsible for 

these changes have not yet been identified.  Although UPR activation is believed to be 

cytoprotective, at least in the initial phases of the disease (Hitomi et al., 2004), a surprising 

increase in survival was obtained in mSOD1 mice with knock-out of a key UPR 

transcription  factor (X-box binding protein-1, XBP-1) (Matus et al., 2009) accompanied 

by greater activation of ER-associated protein degradation, with decreased mSOD1 

aggregation and enhanced autophagy (Hetz et al., 2009). The protective role of autophagy 

in ALS is also supported by the evidence that CHMP2B mutations are found in some cases 

of ALS cases (Parkinson et al., 2006). Recent in vitro data showed that CHMP2B 

mutations disrupt autophagy, leading to formation of large cytoplasmic vacuoles and 

aberrant lysosomal localisation (Lee et al., 2009). 
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1.1.3.9. Dysregulation of transcription and RNA processing 

Involvement of RNA processing in neurodegeneration was first implicated by the 

identification of mutations in survival motor neuron (SMN1) as a cause of spinal muscular 

atrophy (Lefebvre et al., 1995). Gene expression profiling demonstrated transcriptional 

repression in NSC34 cells stably expressing mSOD1
G93A

 and in isolated MN from 

SOD1
G93A

 mice at end stage disease (Ferraiuolo et al., 2007).  Identification of TDP-43, a 

ubiquitously expressed RNA/DNA binding protein, as a major component of the 

ubiquitinated inclusions in ALS (Neumann et al., 2006), focused attention on altered RNA 

processing as a major potential pathophysiological mechanism in ALS. 

TDP-43 (discussed in detail section 1.3) is  a  predominantly  nuclear  protein  implicated  

in  multiple  aspects  of  RNA  processing  including splicing regulation (Buratti et al., 

2001b), miRNA processing (Buratti and Baralle, 2008), mRNA stability (Strong et al., 

2007), regulation of stress-granules (McDonald et al., 2011). TDP-43-positive  cytoplasmic  

inclusions  are present in both  neuronal  and  glial  cells of ALS  cases, though not in 

mSOD1 related  or  FUS-related ALS (Mackenzie et al., 2010).  This may signify an 

alternative neurodegenerative cascade in these genetic subtypes of ALS. TDP-43 

expression is regulated by a negative feedback loop, with TDP-43 itself binding the 3’UTR 

of the mRNA, resulting in autoregulation (Polymenidou et al., 2011).  At present it is 

unknown whether MN injury is caused by loss of normal nuclear functions of TDP-43 and 

FUS in RNA processing or whether other toxic gain(s) of function are responsible for the 

disease. TDP43 and FUS contain two RNA recognition domains, a structure that is 

common to many RNA interacting proteins, including proteins that are involved mRNA 

transport. TDP-43 and FUS may participate in such RNA transport complexes, and loss of 

axonal mRNA transport could thus contribute to MN injury (Figure 1.3). Alternatively, 

decreased nuclear expression and function of these proteins could disrupt pre mRNA 

splicing; nuclear mRNA export; sorting to distinct cytoplasmic compartments; or 

processing of noncoding RNAs. Thousands of RNA binding targets of TDP-43 have 

recently been identified and include RNAs from neurodegeneration- related genes FUS, 
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VCP and TARDBP, as well as being enriched for genes involved in RNA metabolism, 

synaptic function and CNS development (Polymenidou et al., 2011) and TDP-43 bound 

both exonic and intronic sequences. Further evidence of dysfunctional RNA metabolism is 

the presence of mutations in ALS of mutations in angiogenin (ANG) (Greenway et al., 

2006a) and the DNA/RNA helicase senataxin (SETX). ANG, whose expression is increased 

during hypoxia to promote angiogenesis, also acts as a tRNA specific RNase and regulates 

ribosomal RNA transcription. Mutations in ANG are likely to act through a loss of 

function, as over-expression of ANG extends lifespan in mSOD1 mice (Kieran et al., 

2008). SETX autosomal dominant mutations are associated with juvenile onset FALS 

(Chen et al., 2004). As a DNA/RNA helicase, the protein is predicted to be a component of 

large ribonucleoprotein complexes, with roles in maintaining genome integrity and RNA 

processing.  The mechanism(s) by which mutant SETX causes ALS remain to be 

determined.  Further evidence that dysregulated  RNA processing may contribute to MN 

injury in ALS is highlighted by the finding that biomarkers of RNA oxidation are 

detectable in human ALS and as an early indicator of oxidative stress in mSOD1 mice. 
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Figure 1.3. Major factors involved in ALS pathogenesis. A model showing interaction 

of major factors involved in ALS pathogenesis. RNA processing failure of FUS and TDP-

43 as well as co-activation of NF-B complex by TDP-43 may result in deregulation of a 

cascade of events resulting in astroglyosis, microgliosis, excitotoxicity, impairment of 

axonal transport, and oxidative stress. Factors like mitochondrial defects may contribute 

further to the pathogenesis of ALS. 
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1.1.3.10. Cell specific features of motor neurons that may underlie vulnerability to 

neurodegeneration 

The selective vulnerability of particular neuronal groups to the neurodegenerative process 

is a key feature of ALS and other neurodegenerative disorders. The reason why MNs are 

particularly susceptible to injury in the presence of mutations affecting certain ubiquitously 

distributed proteins such as SOD1 and TDP-43 is not completely understood.  The cell 

specific features of motor neurons which may predispose to age-related degeneration have 

are depicted in Figure 1.4. Important features are likely to include the large cell size, 

including long axons and large terminal arbors, which has implications for intracellular 

transport, energy metabolism and the requirement for mitochondrial and cytoskeletal 

support, as well as the spatial regulation of mRNA disposition for protein synthesis. The 

neurons vulnerable to injury in ALS have particular sensitivity to glutamatergic toxicity via 

AMPA receptor activation and differ from most other neuronal groups in their high 

expression levels of calcium-permeable AMPA receptors, lacking the GluR2 subunit 

(Williams et al., 1997) and their low expression of cytosolic calcium-buffering proteins 

(Ince et al., 1993). Vulnerable MNs also appear to have a high threshold for mounting a 

protective heat shock /chaperone protein response compared to other cell groups, increased 

sensitivity to ER stress (Saxena et al., 2009a) and mitochondrial features that predispose to 

oxidative damage and calcium overload (Sullivan et al., 2004). There is emerging evidence 

that MNs which are more resistant to the disease process such as fast-fatigue resistant and 

slow MNs within the spinal cord and those within the oculomotor nuclei of the brainstem 

and Onuf’s nucleus in the sacral spinal cord, differ from the vulnerable spinal cord MNs in 

some of these key properties (Saxena et al., 2009a). 

 

 

 

 

 



53 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Cell specific features of motor neurons that may underlie vulnerability to 

neurodegeneration. The large size of the axons makes the neurons, especially motor neurons more 

vulnerable to toxic injury. An injury to large motor neuron may result in reduced proteasomal 

function combined with increased release of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS). The neurons vulnerable to injury in ALS have particular sensitivity to glutamatergic 

toxicity via AMPA receptor activation and differ from most other neuronal groups in their high 

expression levels of calcium-permeable AMPA receptors, lacking the GluR2 subunit 
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1.2. Animal Models of ALS  

1.2.1 Transgenic mice expressing ALS-linked SOD1 mutants 

A breakthrough in the field of ALS came in 1993 with the discovery of missense mutations 

in the SOD1 gene of a subset of FALS cases (Rosen et al., 1993). SOD1 is a ubiquitously 

expressed cytosolic metalloenzyme of 153 amino acids encoded by 5 exons. To date, over 

160 different mutations (mostly missense mutations) have been discovered in the SOD1 

gene that account for 20% familial ALS cases (Andersen et al., 2003; Andersen, 2006). 

Most of our current knowledge of ALS pathogenic mechanisms came from the analysis of 

transgenic mice expressing mutant SOD1, especially from the widely used mouse strain 

SOD1G93A (B6SJL-TgN(SOD1-G93A)1Gur/J; 002726, Jackson Laboratory, Bar Harbor 

ME) originally generated by Gurney et al. (1994). Mouse studies led many unexpected 

findings described below.      

 

1.2.1.1. A gain of toxicity due to misfolding and aggregation  

Because of its normal function in catalyzing the conversion of superoxide anions to 

hydrogen peroxide, it was first thought that the toxicity of different SOD1 mutants could 

result from decreased free-radicals scavenging activity. However, SOD1 knockout mice did 

not develop motor neuron disease (Reaume et al., 1996) and mice expressing mutants 

SOD1
G93A

 or SOD1
G37R

 developed motor neuron disease despite elevation in SOD1 

activity levels (Cleveland, 1999). These combined results suggested that the mutations in 

SOD1 provoke a gain of new toxic properties. Subsequently, two mouse studies further 

supported this view. The gene knockout for the copper chaperone for SOD1 (CCS) that 

delivers copper to SOD1 catalytic site had no effect on disease progression in mutant 

SOD1 mice (Subramanian et al. 2002). Second, transgenic mice overexpressing a mutant 

form of SOD1 lacking two of the four histidine residues coordinating the binding of the Cu 

at the catalytic site still developed motor neurodegeneration despite a marked reduction in 

SOD1 activity (Wang et al., 2002b). 
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To date, many transgenic mouse lines have been generated in which ALS-linked SOD1 

mutants of different biochemical properties were expressed. High levels of mutant SOD1 

mRNA are required for development of ALS-like phenotypes within the short life span of 

mice. Moreover, the life span of the ALS mice is inversely proportional to gene dosage. 

For example, in the SOD1
G127X

, the survival time in hemizygous mice was twice as long as 

in mice homozygous for the transgene (Jonsson et al., 2006). The most widely used mouse 

strain SOD1
G93A

 (B6SJL-TgN(SOD1-G93A)1Gur/J; 002726, Jackson Laboratory, Bar 

Harbor ME) with survival of approximately 130 days overexpress by 40 folds the normal 

mRNA levels of mouse SOD1 (Gurney et al., 1994; Jonsson et al., 2006). For many other 

transgenic strains (G85R, D90A, G93Adl and G127X) with later onset disease, the mRNA 

levels correspond to approximately 20 folds the level of endogenous SOD1 mRNA. It 

should be noted that the steady-state levels of mutant SOD1 proteins in the spinal cord can 

differ widely from one mouse strain to another. The level of human SOD1 protein in young 

mice of the G93A strain is of 17 fold higher than normal mouse SOD1 level whereas the 

G85R, G127X and L126Z mice exhibit at young age low levels of mutant SOD1 (Table 

1.2). So, the different transgenic mouse strains express mutant SOD1 in a range of 0.5 to 20 

folds the normal SOD1 levels. Such widely different steady state protein levels must reflect 

different stabilities and degradation of the various human SOD1 mutants. Surprisingly, 

despite low mutant SOD1 protein levels in the young G85R, G127X or L126Z mice, their 

life span remains similar to some G37R or G93A mice and they showed similar amounts of 

detergent-insoluble aggregates in the spinal cord at end-stage of disease (Bruijn et al., 

1997; Wang et al., 2005a; Jonsson et al., 2006).   

The combined studies suggest that the motor neuron disease may be caused by long-term 

exposure to noxious misfolded mutant SOD1 species with propensity to aggregate. 

However, the exact mechanism of toxicity of the misfolded SOD1 species remains 

unknown. Deleterious effects could result from overwhelming the capacity of the protein 

folding chaperones (Batulan et al., 2003)and/or of ubiquitin proteasome pathway to 

degrade important cellular regulatory factors (Urushitani et al., 2002). Somehow, the motor 

neuron death pathway is complex with multiple cascades of events including oxidative 

damage, excitotoxicity, alterations in calcium homeostasis, caspase activation, 
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mitochondrial defects (Liu et al., 2004; Pasinelli et al., 2004)and Fas transduction (Raoul et 

al., 2002).  Moreover, the ER-Golgi pathway is a predominant site of uptake and age-

dependent aggregation of misfolded mutant SOD1 linked to ALS (Urushitani et al., 2008), 

a phenomenon that could explain the endoplasmic reticulum (ER) stress responses detected 

in vulnerable motor neuron in G93A mice (Saxena et al., 2009b). Immuno-fluorescence 

staining with such antibodies revealed that the presence of misfolded SOD1 species was 

restricted to motor neurons at early pre-symptomatic stage in G93A-SOD1 mice and 

intense punctate misfolded SOD1 aggregates localized in contiguous processes and in the 

neuropil were detected throughout the spinal cord in late disease stage (Gros-Louis et al., 

2010).  No immunostaining was detected in transgenic animals overexpressing wild-type 

human SOD1. 

 

1.2.1.2. WT SOD1 can contribute to disease  

In an initial study, the overexpression of human SOD1
WT

 did not seem to affect the 

progression of motor neuron disease in transgenic mice expressing mutant SOD1
G85R

 

(Bruijn et al., 1998). However, more recent studies by other groups showed that 

overexpression of human SOD1
WT

 caused dramatic exacerbation of disease in mice 

expressing different SOD1 mutants, including two SOD1 mutants (SOD1
G85R

 and 

SOD1
L126Z

) that express highly unstable and enzymatically inactive SOD1 (Deng et al., 

2006; Deng et al., 2008; Jaarsma et al., 2008; Wang et al., 2009b). Remarkably, a SOD1
A4V

 

mouse line without phenotypes was converted to an ALS-like mouse model with death at 

400 days through the generation of double-transgenic SOD1
A4V

;wtSOD1. Evidence 

suggests that the SOD1
WT

 may contribute to disease through interaction and perhaps 

stabilization of mutant SOD1. Interestingly, human SOD1
WT

 overexpression did not affect 

the lifespan of mice overexpressing mouse Sod1
G86R

 (Audet Jean-Nicolas, 2010). The 

analysis of spinal cord extracts revealed a lack of heterodimerization or aggregation 

between human SOD1
WT

 and mouse Sod1
G86R

 proteins. Thus, a direct interaction between 

wild type and mutant forms of SOD1 is required for exacerbation of ALS disease by 

SOD1
WT

 protein. 
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Table 1.2: Different steady-state protein levels in mice expressing various mutant 

SOD1 transgenes 

Mouse Strain Human SOD1 

mRNA levels 

relative to mouse 

SOD1 

Spinal cord 

protein 

levels relative to 

mouse 

SOD1 in young 

mice 

Life 

span 

References 

In vivo stable SOD-1 mutants 

G93A 40 17 124 days (Jonsson et al., 

2006) 

G93Adl 20 8 253 days (Jonsson et al., 

2006) 

D93A 20 20 407 days (Jonsson et al., 

2006) 

G37R 

line 29 

- 5 365 days (Nguyen et al., 

2001) 

G37R 

line 42 

- 12 154 days (Nguyen et al., 

2001) 

In vivo unstable SOD-1 mutants 

G85R 17 0.9 345 days (Jonsson et al., 

2006) 

G127x 25 0.45 250 days (Jonsson et al., 

2006) 

L126Z High Low 210 days (Wang et al., 2005a) 
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1.2.1.3. Involvement of non-neuronal cell types 

A most significant contribution of transgenic mouse studies was the finding of a role for 

non-neuronal cells in motor neuron disease. For instance , the analyses of chimeric mice 

made of mixtures of normal and SOD1 mutant-expressing cells demonstrated that 

neurodegeneration is delayed or eliminated when motor neurons expressing mutant SOD1 

are surrounded by healthy wild-type cells (Clement et al., 2003). To further clarify what 

cell types contribute to disease, very elegant studies were carried out with mice carrying 

SOD1
G37R

 gene flanked by LoxP sequences, a system that allows excision by the Cre 

recombinase in specific cell types (Yamanaka et al., 2008a). These studies revealed that 

expression of mutant SOD1 within motor neurons is a modulator of onset of ALS disease 

whereas mutant SOD1 toxicity in glial cells can affect the progression of disease after onset 

(Figure 1.1). It should be noted that two studies, neuron-specific expression of SOD1 

mutants with NF-L or Thy1 gene promoters did not induce motor neuron disease in mice 

(Pramatarova et al., 2001b; Lino et al., 2002a). However, subsequent studies reported 

motor neuron disease in mice overexpressing high levels of mutant SOD1 under the Prion 

gene or Thy1 gene promoters ((Wang et al., 2005b; Jaarsma et al., 2008). These apparent 

discrepancies can be explained by the degree of transgene overexpression in neurons.    

 

1.2.1.4. Testing immunization approaches in mutant SOD1 mice 

The existence of secretory pathways for SOD1 and for neurotoxicity of extracellular 

mutant SOD1 led us to test immunization protocols aiming to reduce the burden of 

extracellular SOD1 mutant in nervous tissue of mice models of ALS. A vaccination 

protocol, based on bacterially-purified recombinant SOD1 mutant protein as an 

immunogen, was tested on a SOD1
G37R

 mouse strain exhibiting levels of mutant SOD1 

protein at 5 folds the normal SOD1 levels. The vaccination was effective in delaying 

disease onset and extending life span of G37R SOD1 mice by over 4 weeks and the 

analyses provided evidence of reduction of SOD1 species in the spinal cord of vaccinated 

G37R SOD1 mice (Urushitani et al., 2007; Gros-Louis et al., 2010). Recently, passive 

immunization approach was tested based on intra-cerebroventricular infusion in G93A-

SOD1 mice of monoclonal antibodies specific to misfolded forms of SOD1. One antibody 
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succeeded in reducing the level of misfolded SOD1 by 23% in the spinal cord and in 

prolonging the lifespan of G93A-SOD1 mice in proportion to the duration of treatment 

(Gros-Louis et al., 2010). These results suggest that passive immunization strategies should 

be considered as potential avenues for treatment of familial ALS caused by SOD1 

mutations. 

1.2.2. Mice knockout for Als2 

Deletion mutations were discovered in coding exons of a gene mapping to chromosome 

2q33, ALS2 coding for Alsin, from patients with an autosomal recessive form of juvenile 

ALS (JALS), primary lateral sclerosis and infantile-onset ascending hereditary spastic 

paralysis (IAHSP) (Hadano et al., 2001b; Yang et al., 2001; Eymard-Pierre et al., 2002; 

Gros-Louis et al., 2003). The ALS2 gene is ubiquitously expressed. It encodes a protein 

having guanine nucleotide exchange factor (GEF) homology domains which are known to 

activate small guanosine triphosphatase (GTPase) belonging to the Ras superfamily. Als2 

knockout mice have been reported by three groups (Cai et al., 2005; Devon et al., 2006; 

Hadano et al., 2006). These studies demonstrate that absence of Als2 does not produce a 

severe phenotype in mice. However, the studies by Cai et al. (Cai et al., 2005) showed that 

the Als2 null mice develop age-dependent deficits in motor coordination and primary 

cultured motor neurons lacking Als2 were more susceptible to oxidative stress. Whereas 

Cai et al. detected no neuropathological changes in their Als2 null mice, Hadano et al. 

(Hadano et al., 2006) showed that Als2-null mice develop an age-dependent and slow 

progressive loss of cerebellar Purkinje Cells, a reduction in ventral motor axons during 

aging, astrogliosis and evidence of deficits in endosome trafficking. The Als2 knockout 

mouse exhibited degeneration of corticospinal axons and evidence of axonal transport 

defects (Gros-Louis et al., 2008).  

 

1.2.3. Mice with disorganized Intermediate Filaments (IFs) 

Neurofilament and peripherin proteins are two types of IFs detected in the majority of 

axonal inclusion bodies, called spheroids, in motor neurons of ALS patients (Hirano et al., 

1984; Corbo and Hays, 1992). Multiple factors can potentially cause the accumulation of 
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IF proteins including deregulation of IF protein synthesis, proteolysis, defective axonal 

transport, abnormal phosphorylation, and other protein modifications. Even though genetic 

mutations in IF genes are not major causes of ALS, it is of potential relevance to ALS that 

transgenic mice with altered stoichiometry of neuronal IF develop pathological features of 

the disease (Cote et al., 1993; Beaulieu et al., 2000; Beaulieu and Julien, 2003; Millecamps 

et al., 2006). Of particular interest was the finding that sustained overexpression of wild-

type peripherin in mice caused the selective loss of motor neurons during aging. This 

mouse model is characterized by the formation of perikaryal and axonal IF inclusions 

resembling spheroids in motor neurons of human ALS. The toxicity of peripherin 

overexpression in mice appears related in part to the axonal localization of IF aggregates, 

in line with the view that IF swellings might impair axonal transport (Beaulieu and Julien, 

2003; Millecamps et al., 2006). Recently, a neurotoxic and assembly defective splicing 

variant of peripherin called Per28 was detected specifically in spinal cord samples from 

ALS cases (Xiao et al., 2008). In future, it would be of interest to test the in vivo toxicity of 

Per28 in motor neurons with the generation of transgenic mice. 

 

1.2.4. Mice with microtubule-based transport defects  

Axonal transport is essential to neurons because of the extreme polarity and size of these 

cells. In humans, spinal motor neurons may have axons of more than 1 meter in length. 

Most proteins must be synthesized in cell bodies and transported to nerve terminals through 

axonal transport. Various molecular motors, which are multi-subunit ATPases members of 

the kinesin family and dynein, move cargos along microtubules in the anterograde and 

retrograde directions, respectively. Impairment of axonal transport has recently emerged as 

a common factor in several neurodegenerative disorders. Mutations that disrupt either 

kinesin or the dynein complex cause impairment of axonal transport, blockade of 

membranous cargoes and axonal degeneration. 

The creation of mice heterozygotes for disruption of the kinesin KIF1B gene provided the 

proof that defects in axonal transport can provoke neurodegeneration (Zhao et al., 2001). 

These mice showed defect in transporting synaptic vesicle precursors and they suffer from 
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progressive muscle weakness similar to human neuropathies. This discovery subsequently 

led to the identification of a loss-of-function mutation in the motor domain of the KIF1B 

gene in patients with Charcot–Marie–Tooth disease type 2A (Zhao et al., 2001). In 

addition, missense mutations in the conventional KIF5A are responsible for a hereditary 

form of spastic paraplegia (Reid et al., 2002) and disruption of KIF5A gene in mice was 

reported to cause neurofilament transport impairment (Xia et al., 2003).  

Dynein is a molecular motor involved in retrograde axonal transport of organelles along 

microtubules. Dynein activity requires association with dynactin, a multiprotein complex 

that activates the motor function of dynein and participates in cargo attachment (Schroer, 

2004). Transgenic mice overexpressing dynamitin developed a late-onset and progressive 

motor neuron disease resembling ALS with neurofilamentous swellings in motor axons 

(LaMonte et al., 2002; Hafezparast et al., 2003).  

Few years ago, a family with a slowly progressive autosomal dominant lower
 
motor neuron 

disease has been linked to a mutation in the p150
Glued 

subunit (G59S) of the dynactin 

complex (Puls et al., 2003).
 
Neuronal expression of mutant dynactin p150

Glued
, but not wild 

type, caused motor neuron disease in transgenic mice (Laird et al., 2008). The disease was 

characterized
 
by defects in vesicular transport in cell bodies of motor neurons,

 
axonal 

swelling and axon terminal degeneration. Interestingly, evidence was provided that 

autophagic cell death was involved in the pathogenesis of mutant p150
Glued

 transgenic 

mice. The mutant p150
Glued

 mice share many pathological features of human sporadic ALS 

including ubiquitin
 
positive inclusions, accumulations of neurofilaments and astrocytosis. 

None of these pathological changes occurred in mice expressing human wild-type 

p150
Glued

.  

 

1.2.5. Other Animal Models of ALS 

Apart from transgenic mouse models of ALS, many other non-murine models of ALS have 

been reported in the past (Table 1.3). These non-murine models are particularly useful in 

their potential for large-scale chemical and genetic screening. Zebrafish (Danio rerio) has 



62 
 
 

been used as a model to study ALS. Overexpression of mutant human SOD1 in zebrafish 

embryos induced a motor axonopathy that was specific, dose-dependent and found for all 

mutations studied (Lemmens et al., 2007). Similarly, ALS-linked mutant SOD1 produced 

locomotor defects along with aggregation and synaptic dysfunction when expressed in 

neurons of Caenorhabditis elegans (Wang et al., 2009a). The fly model (Drosophila 

melanogaster) of ALS produced by overexpressing A4V and G85R mutants of SOD1 

showed toxicity selectively in motor neurons and SOD1 protein aggregates (Watson et al., 

2008). VAPB mutation model of ALS has also been reported in Drosophila (Ratnaparkhi et 

al., 2008). Apart from SOD1 and VAPB models, many non-murine models overexpressing 

TDP-43 and FUS have recently been reported. In the Drosophila model of FUS, ectopic 

expression of human ALS-causing FUS mutations caused an accumulation of ubiquitinated 

proteins, neurodegeneration, larval-crawling defect and early lethality. Mutant FUS 

localized to both the cytoplasm and nucleus, whereas wild-type FUS localized only to the 

nucleus, suggesting that the cytoplasmic localization of FUS is required for toxicity 

(Lanson et al., 2011).  A brief description of murine and non-murine models of TDP-43 

mutations is described in section 1.3.5.    
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Table 1.3 Animal models of motor neuron disease 

Animal Models Pathological Changes References 

ALS-linked SOD1 mutations 

Overexpressors of SOD1 

mutants (G93A, G37R, G85R, 

G27X, L126Z) -  Mouse 

models 

Mitochondria swellings, vacuoles, SOD1 

aggregates, 

neurofilament accumulations, motor neuron 

loss 

(Bruijn et al., 

1997; Durham et 

al., 1997; Bruijn 

et al., 1998; 

Johnston et al., 

2000; Liu et al., 

2004; Pasinelli et 

al., 2004; Wang 

et al., 2005b) 

SOD1 – C. elegans, D. 

melanogaster, D. rerio 

Locomotor defects along with 

aggregation and synaptic dysfunction 

(Lemmens et al, 

2007; Wang et al, 

2009; Watson et 

al, 2008) 

Intermediate filament 

disorganization 

hNF-H overexpressor 

 

 

 

Mutant NF-L 

 

 

 

 

Peripherin overexpressor 

 

Perikaryal accumulations and axonal 

atrophy 

Altered conductivity but no neuronal loss 

 

Perikaryal and axonal NF accumulations 

No degeneration of sensory neurons but 

massive degeneration of spinal motor 

neurons 

 

Age-dependent IF aggregates in perikarya 

and axons 

40% loss of spinal motor neurons 

 

(Cote et al., 

1993) 

 

 

 

 

(Lee et al., 1994) 

 

 

 

(Millecamps et 

al., 2006) 

Defects in microtubule-based 

transport 

Dynamitin overexpressor 

 

 

Abnormal gaits and decrease in strength 
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KIF1B heterozygous 

Knockout 

 

Dynein mutations heterozygous 

 

 

 

pmn mouse 

Axonal IF swellings 

25% loss of motor axons at 16 months 

 

Staggering gait after 1-year of age 

Progressive muscle weakness 

 

Progressive motor dysfunction 

Loss of 4–70% of motor neurons at 16 

months 

 

Axonal swellings and early onset motor 

neuron degeneration 

(LaMonte et al., 

2002) 

 

(Zhao et al., 

2001) 

 

(LaMonte et al., 

2002; 

Hafezparast et al., 

2003) 

(Bommel et al., 

2002; Martin et 

al., 2002) 

Defects in endosomal trafficking 

Als2 knockout and of 

corticospinal axons 

 

Defects of endosome trafficking, late-onset 

degeneration of cerebellar Purkinje cells 

 

(Yang et al., 

2001; Eymard-

Pierre et al., 

2002; Gros-Louis 

et al., 2003; 

Hadano et al., 

2006) 

Trophic factor 

 

 

 

VEGF HRE 

 

 

 

 

Late-onset motor dysfunction 

Loss of 40% motor axons at 7 months 

 

 

 

(Lambrechts et 

al., 2003; Moreau 

et al., 2006) 
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ALS Linked TDP-43  

Mice overexpressing A315T 

mutant of TDP-43 

 

Mice overexpressing wild-type 

TDP-43 

 

 

 

 

Mice overexpressing wild-type 

as  well as A315T and M337V 

mutants of TDP-43 

 

Drosophila overexpressing 

wild-type TDP-43 

 

Zebrafish overexpressing wild-

type as well as A315T, G348C 

and A382T mutants of TDP-43 

 

Gait abnormalities at 3 months of age and an 

average survival of 153 days. 

 

 Lack of Cytoplasmic TDP-43 aggregates 

Dose-dependent degeneration of cortical and 

spinal motor neurons and subsequent 

development of spastic quadriplegia 

 

 

Develop Paralysis and death as early as 12 

days 

 

 

Loss of ommatidia with signs of 

neurodegeneration 

 

Premature and excessive motor axonal 

branching.  

 

(Wegorzewska et 

al., 2009) 

 

(Wils et al., 

2010) 

 

 

 

 

(Stallings et al., 

2009) 

 

(Li et al., 2010) 

 

 

(Kabashi et al., 

2010) 

ALS linked FUS   

Drosophila overexpressing Wt or 

mutant FUS 

Neurodegeneration, crawling defects, 

Early lethality. Mutant more toxic than wild-

type  

(Lanson et al., 

2011) 
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1.3. Trans-activating response region (TAR) DNA Binding Protein- 43 (TDP-43) 

1.3.1. TDP-43 

TDP-43, a 414 amino acid 43 kDa protein, is encoded by the human TARDBP gene located 

on chromosome 1. Under normal physiological conditions, TDP-43 is predominantly 

nuclear
 
(Wang et al., 2002a), although the protein is capable of shuttling between the 

nucleus and cytoplasm and is synthesized in the cytoplasmic compartment (Ayala et al., 

2008; Winton et al., 2008). Though the physiological function of TDP-43 is still 

incompletely characterized; the available evidence suggests this protein has several roles 

like regulation of gene expression (Ou et al., 1995), splicing regulation (Buratti et al., 

2001b), miRNA processing (Buratti and Baralle, 2008), mRNA stability (Strong et al., 

2007), regulation of stress-granules (McDonald et al., 2011). 

TDP-43 is ubiquitously expressed in all cell types including neurons, glia, and astrocytes, 

but the expression of TDP-43 differ among various cell types. The appearance of TDP-43 

across neuronal and non-neuronal cell types differs markedly between healthy tissue and 

tissue affected by disease. Several studies have shown that TDP-43 is often 

hyperphosphorylated, cleaved into various fragments, poly-ubiquitinated, mislocalized in 

cytoplasm and detergent insoluble in tissues taken from cases of ALS/FTLD-U, but not in 

tissue taken from controls(Arai et al., 2006b; Neumann et al., 2006). These data raises the 

question of the functional consequences might ensue from the observed differences 

between normal and abnormal TDP-43. Hyperphosphorylation of TDP-43 at various amino 

acid residues, specifically at Serine residues S379, S403/404, S409 and S410, have been 

shown to clearly differentiate disease-associated TDP-43 from TDP-43 in normal brain 

tissue (Inukai et al., 2008; Neumann et al., 2009b). A study of the literature reveals that the 

biological activity of many proteins is regulated by their phosphorylation states and 

dysregulation of protein phosphorylation is an important feature of various 

neurodegenerative diseases. For example, researchers in Alzheimer’s field have 

demonstrated that hyperphosphorylation of tau—a process implicated in the pathogenesis 

of FTLD-Tau and Alzheimer’s Disease (AD)—leads to loss of the protein’s normal ability 

to assemble and maintain microtubules, as well as a propensity for the molecule to 
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aggregate into paired helical filaments(Ballatore et al., 2007). These changes in tau, in turn, 

lead to neuronal dysfunction and degeneration. However the consequences of TDP-43 

hyperphosphorylation or overexpression in ALS and FTLD-U remain unclear - loss-of 

function and/or gain-of-toxic-function or both mechanisms conferred by such post-

translational modification might have a critical role in TDP-43-mediated 

neurodegeneration. TDP-43 extracted from disease-associated tissue is highly detergent 

insoluble than TDP-43 from normal tissue (Neumann et al., 2006). The functional 

consequence of this reduction in solubility is uncertain, although the propensity of 

insoluble TDP-43 to aggregate in the cytoplasm or in the nucleus may suggest a gain-of-

toxic-function mechanism for TDP-43 in disease (Igaz et al., 2011). This gain-of-toxic 

property of TDP-43 might be linked to phosphorylation of the protein; small species of 

TDP-43 of ~25 kDa can be detected in pathological specimens from patients with 

ALS/FTLD-U, but not in normal brain tissue (Neumann et al., 2006). These species are 

believed to be carboxy-terminal (C-terminal) TDP-43 fragments generated through 

cleavage of the full-length protein (Hasegawa et al., 2008). Studies of the C-terminal 

fragments of TDP-43 are still in their early stages; however, work in yeast
 
(Johnson et al., 

2009) and in human cell lines
 
(Nonaka et al., 2009)

 
suggests that these fragments might 

cause inclusion formation and/or cellular toxicity.  

1.3.2. TDP-43 Function  

TDP-43 is a multifunctional protein involved in various steps of RNA processing including 

transcription, pre-mRNA splicing, mRNA transport and translation (Figure 1.5), although 

the exact cellular functions remain to be determined. TDP-43 acts as a transcription factor 

and has been shown to bind to TAR DNA of the human immunodeficiency virus type 1 

(HIV-1) to repress its transcription (Ou et al., 1995). It has also been shown to bind to the 

promoter of the mouse SP-10 gene, which is required for spermatogenesis (Acharya et al., 

2006)The C-terminal domain of TDP-43 is involved with exon skipping and splicing 

inhibitory activity through the interaction with other hnRNP family proteins. The pre-

mRNA of cystic fibrosis transmembrane regulator (CFTR) contains an intronic UG tract 

that is recognized by TDP-43, thereby promoting skipping of exon 9 in CFTR mRNA 
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(Figure 1.5) (Buratti et al., 2001a). TDP-43 was also shown to affect the splicing of 

apolipoprotein A-II and survival motor neuron (SMN) transcripts (Mercado et al., 2005; 

Bose et al., 2008). The hnRNPs are RNA binding proteins that bind pre-mRNA in the 

nucleus and influence pre-mRNA splicing and other aspects of mRNA metabolism and 

transport. Some hnRNPs appear to shuttle between the nucleus and the cytoplasm, 

potentially transporting mRNAs. Pre-mRNAs may be alternatively spliced to generate 

multiple mRNA species for temporal and tissue-specific expression of a given gene 

(Dreyfuss et al., 2002). TDP-43 was reported to associate with a number of splicing 

regulator proteins, such as SC35 and hnRNP A2 (Wang et al., 2002a; D'Ambrogio et al., 

2009). Other known RNA targets of TDP-43 include beta-actin and calcium/calmodulin 

kinase II alpha (Wang et al., 2008a). It is likely that other RNA targets are yet to be 

identified. Recently TDP-43 has been shown to bind to hundreds of intronic, pre-mRNA, 

NFL-mRNA, 3’ and 5’UTRs of various RNAs (Polymenidou et al., 2011; Tollervey et al., 

2011). Downregulation of TDP-43 using anti-sense RNA or gene knockout studies has 

shown that removing TDP-43 from the system alters splicing regulation and changes 

splicing pattern of various transcripts (Chiang et al., 2010; Polymenidou et al., 2011). TDP-

43 also plays post-transcriptional roles other than splicing regulation (Figure 1.6). TDP-43 

is recruited to stress granules (mRNA and RNP complexes where protein synthesis is 

temporarily arrested), indicating that TDP-43 may play a protective role against cellular 

insult (Colombrita et al., 2009; Liu-Yesucevitz et al., 2010; McDonald et al., 2011). TDP-

43 also promotes the mRNA stability of human neurofilament light chain (hNFL) transcript 

(Strong et al., 2007). It can bind to UG repeats to repress expression of Cdk6, a gene that 

encodes the cell division protein kinase 6 (Ayala et al., 2008). TDP-43 may play a role in 

microRNA (miRNA; post-transcriptional regulators that bind to mRNA) biogenesis and 

processing as it has been found to associate with Drosha, the RNase III enzyme responsible 

for initiating the processing of miRNA. The C-terminal of TDP-43 is known to interact 

with proteins involved in miRNA processes, including argonaute 2 and DDX17 (Freibaum 

et al., 2010).   
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Figure 1.5 Multiple roles of TDP-43. Several different roles of TDP-43 have been 

proposed and reportedTDP-43 is involved in pre-mRNA processing (A), transcription 

inhibition (C-E), miRNA processing (I), as a component of stress granules (K), RNA 

transport and local translation (L), splicing regulator (F-H), nucleo-cytoplasmic shuttling 

(J), and as a co-activator of p65 NF-B (B). Modified from Lagier-Tourenne et al, HMG, 

2010.  
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Figure 1.6 Role of TDP-43 and FUS in RNA processing and stress granule formation. TDP-43 

and FUS are required for snRNA synthesis. TDP-43 interacts with SMN protein and forms 

complexes to regulate snRNA processing. In the cytoplasm, stress granules can be formed by injury 

to the axon. It is possible that prolonged stabilization of stress granules may result in formation of 

TDP-43 aggregates which are hyperphosphorylated. Modified from Colombrita et al, 20011. 
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1.3.3. TDP-43 in neurodegenerative diseases  

TDP-43 pathology can be found in many neurodegenerative diseases – in some diseases 

TDP-43 is a major histopathological feature, while in other cases TDP-43 is a minor 

feature. In FTLD-U and ALS, TDP-43 pathology is the most prominent histopathological 

feature (Neumann et al., 2006; Ayala et al., 2008), while in Alzheimer’s disease (AD), 

Parkinson disease (PD) and Huntington’s disease (HD) (Dickson et al., 2007; Higashi et 

al., 2007; Nakashima-Yasuda et al., 2007; Schwab et al., 2008; Arai et al., 2009), TDP-43 

pathology is an important but secondary histopathological feature of disease. In some 

patients, the topography of TDP-43 pathology accords with the primary clinical 

symptomology; for example, severe motor cortex pathology in ALS (Geser et al., 2008b; 

Geser et al., 2009a), but in other cases no such association exists like medial temporal lobe 

pathology in PD (Nakashima-Yasuda et al., 2007).  

 

1.3.3.1. TDP-43 pathology in amyotrophic lateral sclerosis  

Majority of ALS cases are sporadic, and about 90% of these cases have TDP-43 inclusions 

(Dickson et al., 2007; Geser et al., 2008a; McCluskey et al., 2009). TDP-43 inclusions 

(Figure 1.7) are found in familial ALS patients with the notable exception of cases 

associated with mutations in the superoxide dismutase gene (SOD1) (Mackenzie et al., 

2007). Thus, SOD1- associated ALS might differ in terms of disease mechanism from the 

majority of sporadic and familial ALS cases with TDP-43 pathology. Histopathology of 

TDP-43 in ALS is characterized by skein-like cytoplasmic inclusions or a dense granular 

appearance and by nuclear clearance of TDP-43(Geser et al., 2008a). Some degree of TDP-

43 pathology in ALS cases can be found throughout the brain; however, the most severely 

affected areas of the central nervous system are the motor cortex, the spinal cord, the basal 

ganglia, and the thalamus. This distribution of pathology in various regions of the CNS can 

explain as to why ALS with TDP-43 inclusions is considered to represent a distinct 

pathological subtype (Geser et al., 2008a). Many cases of FTLD-U or ALS can be readily 

categorized accordingly to the most prominent clinical features associated with each 

condition. However, a small yet substantial proportion of suspected ALS/FTLD-U cases 
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show features of both FTLD-U and MND (or ALS). Some of these patients first present 

with cognitive impairment (sometimes called FTLD–MND), while others initially present 

with motor impairment (sometimes called ALS+). TDP-43 pathology is the primary 

histopathological feature of such ‘overlap’ cases, and comprises TDP-43- positive 

inclusions or granular staining in the cytoplasm and an absence of nuclear TDP-43 

immunoreactivity(Brandmeir et al., 2008). In these cases, the topographical distribution of 

TDP-43 lesions unsurprisingly lies somewhere between the distributions observed in 

FTLF-U and ALS (lesions mainly affecting upper and lower motor neurons) (Brandmeir et 

al., 2008; Geser et al., 2009b). 

 

1.3.3.2. TDP-43 pathology in frontotemporal lobar degeneration 

In FTLD-U, TDP-43 pathology is found throughout the central nervous system, although 

the occipital cortex and cerebellum remain relatively unaffected (Geser et al., 2009b). The 

TDP-43 histopathology in FTLD-U can be divided in 4 subtypes - Type 1 the pathology is 

characterized by a relative abundance of cytoplasmic TDP-43 inclusions in long neuritic 

profiles in superficial cortical layers. Type 2 the pathology is delineated by a predominance 

of cytoplasmic TDP-43 inclusions in both the superficial and deep cortical layers. Type 3 

the pathology is the abundance of cytoplasmic TDP-43 inclusions mainly in the superficial 

cortical layers, and in Type 4 pathology, which is associated with VCP gene mutations, 

most TDP-43 inclusions are nuclear(Arai et al., 2006a; Sampathu et al., 2006; Brandmeir et 

al., 2008).  Thus, ALS with TDP-43 inclusions is categorized as Type 5 TDP-43 pathology 

(Figure 1.7) (Davidson et al., 2007). The importance of the various histopathological 

FTLD-U subtypes remains to be established. Curiously, all neuropathologically 

characterized cases of FTLD-U associated with GRN mutations have shown type 3-like 

TDP-43 pathology (Mackenzie et al., 2006; Josephs et al., 2007). These findings suggest 

mechanistic differences between subtypes of FTLD-U with varying TDP-43 pathology. A 

small proportion of FTLD-U cases (<10%) do not demonstrate TDP-43 pathology. many of 

these cases have been reported to have pathological inclusions containing the ALS-

associated protein FUS mutations (Neumann et al., 2009a). 
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Figure 1.7 TDP-43 immunohistochemistry in ALS with dementia (A–D,F) and frontotemporal 

lobar degeneration (FTLD)-TDP (E) (bar = 20 µm). A. Lewy body-like inclusion (large arrow) in 

the substantia nigra; note the nucleus devoid of the endogenous TDP-43 staining (“cleared 

nucleus”) (small arrow) that is present in the affected neuron, but not in an unaffected neuron 

(arrowhead). B. Neuronal cytoplasmic inclusions (large arrow) and neuronal intranuclear inclusion 

(short arrow) in the visual cortex. C. Fibrillar or skein-like curled inclusions in the sensory cortex 

(arrow). D. Cleared nuclei coupled with cytoplasmic, granular, or diffuse staining (“pre-

inclusions”) (large arrow) in Wernicke’s area. E. Hypothalamus showing dense neuronal 

cytoplasmic inclusion (large arrow), smaller granular neuronal cytoplasmic TDP-43 

immunoreactivity (small arrow), and dystrophic cellular processes (arrowhead). F. Oligodendrocyte 

with cytoplasmic inclusion in the white matter of cingulate gyrus. Published by (Geser et al., 2010) 

and reprinted with permission from John Wiley and sons publications vide license number # 

2796650929569. 
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1.3.3.3. TDP-43 pathology in other neurodegenerative diseases 

In addition to neurodegenerative diseases which have primary TDP-43 proteinopathies, 

TDP-43 inclusions have been detected in several disorders as secondary pathology or are 

referred to as secondary TDP-43 proteinopathies. TDP-43 inclusions have been also 

reported to be secondary pathological features of Alzheimer’s disease (AD), Parkinson’s 

disease (PD and related disorders), and Huntington disease (HD), as well as some rare 

diseases like Guam-ALS and Guam ALS–PD(Hasegawa et al., 2007; Geser et al., 2008b; 

Geser et al., 2009a). In Alzheimer’s disease, TDP-43 pathology is found in over 50% of 

cases and is usually localized to the medial temporal lobe (Amador-Ortiz et al., 2007; 

Higashi et al., 2007; Hu et al., 2008). Recently in AD, detergent-insoluble TDP-43 was 

positively correlated with the accumulation of soluble Aβ42, amyloid plaques, and paired 

helical filament tau (Tremblay et al., 2011). The TDP-43 pathology observed in PD, PD 

with dementia, and dementia with Lewy bodies plus AD is also localized to this region of 

the brain, and affects up to 60% of cases(Higashi et al., 2007; Nakashima-Yasuda et al., 

2007; Arai et al., 2009).  Finally, a study has reported that in all cases of HD examined, 

pathological TDP-43 co-localized with mutant huntingtin in cytoplasmic inclusions 

(Schwab et al., 2008). 

 

1.3.4. TARDBP mutations  

Extensive mutation analysis of TARDBP has led to the discovery of missense mutations in 

sporadic and familial ALS (Kabashi et al., 2008; Kuhnlein et al., 2008; Rutherford et al., 

2008; Sreedharan et al., 2008; Van Deerlin et al., 2008; Yokoseki et al., 2008; Corrado et 

al., 2009a; Del Bo et al., 2009; Lemmens et al., 2009; Tamaoka et al., 2010) as well as one 

frame-shift mutation that creates a premature stop codon (Y374X) leading to the expression 

of truncated TDP-43 (Daoud et al., 2009). All reported missense mutations cluster in exon 

6 (Figure 1.8) of TARDBP except for one, D169G, which is localized in the RRM1 

(Kabashi et al., 2008). TDP-43 mutations have been reported in only 2-3% of ALS cases; it 

is critical to understand how these mutations confer toxicity thereby providing insight on 

the role of TDP-43 in neurodegeneration. Mutations in C-terminal region of TDP-43 are 
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expected to influence protein–protein interactions and the exon skipping and splicing 

regulatory activity of TDP-43 as exon 6 encodes the highly conserved glycine-rich domain 

of TDP-43. Surprisingly mutations (Q331K, M337V and G348C) that occur in the C-

terminal region required for hnRNP A2 interaction and splicing inhibition, fail to disrupt 

the binding of TDP-43 to hnRNP A2 and have no effect of TDP-43 CFTR exon 9 splicing 

inhibition (D'Ambrogio et al., 2009). Many mutations result in substitutions to threonine 

and serine residues (Kabashi et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 

2008)and may thus increase TDP-43 phosphorylation, which could adversely impact 

various TDP-43 functions. Some mutations like - Q331K, M337V, Q343R, N345K, R361S 

and N390D accelerate the aggregation of TDP-43 in vitro and enhance aggregate formation 

and toxicity in yeast (Johnson et al., 2009). This suggests that pathogenic mutations, in 

combination with N-terminal truncation, promote abnormal TDP-43 accumulation in 

mammalian cells (Nonaka et al., 2009). Mutations in TDP-43 have been reported to have 

increased expression of toxic 25kDa fragment (Kabashi et al., 2008). Similarly, when 

lymphoblastoid cell lines derived from TARDBP mutation carriers are treated with the 

proteasome inhibitor, MG132, a marked increase in the accumulation of detergent 

insoluble TDP-43 fragments (approximately 25, 28 or 35 kDa), is observed that is not seen 

in lymphoblastoid cells from control individuals, suggesting that mutations increase TDP-

43 truncation and its aggregation potential (Kabashi et al., 2008; Rutherford et al., 2008). 

Biochemical analysis of TDP-43 from spinal cord extracts of autopsied cases also reveal 

that a 25 kDa TDP-43 fragment, and a 45 kDa TDP-43 product, are increased in the 1% 

sarkosyl-soluble fraction from a patient with a Q343R mutation, compared with control and 

sporadic ALS patients (Yokoseki et al., 2008). Recently, however, the N267S mutation 

initially described in a sporadic ALS case (Corrado et al., 2009b) was identified in a patient 

with the behavioural variant of frontotemporal dementia without MND (Borroni et al., 

2009). Additionally, an A90V mutation was identified in a FTLD-MND patient with a 

family history of dementia (Winton et al., 2008), a G295S mutation in exon 6 was 

identified in two unrelated patients with FTLD-MND (Benajiba et al., 2009), and a K263E 

TARDBP variant was identified in a subject who developed FTD but no signs of MND 

(Kovacs et al., 2009).  
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Figure 1.8 TARDBP mutations. Listed are several known TARDBP mutations in the 

exon 6 as well as one mutation each in exon 3and 4. Cartoons of TARDBP gene as well as 

TDP-43 primary protein structure along with known structural domains are shown. 2 

mutations G348C and A315T are shown in red. Several groups have reported many 

phosphorylation sites of TDP-43 in its C-terminus. Modified from Gendron et al., 2010 
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1.3.5. Animal Models with TDP-43 abnormalities 

The 43-kDa TAR DNA-binding protein (TDP-43), localized to the nucleus, was originally 

identified as a component of ubiquitinated inclusions in FTLD-U and ALS (Neumann et 

al., 2006; Cairns et al., 2007; Hasegawa et al., 2008). TDP-43 immunoreactive inclusions 

were observed in the cytoplasm and nucleus of both neurons and glial cells (Cairns et al., 

2007; Mackenzie et al., 2007). The brains and spinal cords of patients with TDP-43 

proteinopathy present a biochemical signature that is characterized by abnormal hyper-

phosphorylation and ubiquitination of TDP-43 and the production of ~25 kDa C-terminal 

fragments that are missing their nuclear targeting domains (Neumann et al., 2006). TDP-43 

is partly cleared from the nuclei of neurons containing cytoplasmic aggregates (Neumann 

et al., 2006; Van Deerlin et al., 2008) supporting the notion that pathogenesis of ALS in 

these cases may be driven, at least in part, by loss of normal TDP-43 function in the 

nucleus. Combined with a flurry of subsequent reports, TDP-43 inclusions are now 

recognized as a common characteristic of most ALS patients (Maekawa et al., 2009; Sumi 

et al., 2009).  

 

The involvement of TDP-43 with ALS cases led to the discovery of TDP-43 mutations 

found in ALS patients. Dominant mutations in TARDBP, which codes for TDP-43, were 

reported by several groups as a primary cause of ALS (Gitcho et al., 2008; Kabashi et al., 

2008; Sreedharan et al., 2008; Van Deerlin et al., 2008; Corrado et al., 2009b; Daoud et al., 

2009). Mice homozygous knockout for TDP-43 are not viable. The TDP-43 deficient 

embryos die at 7.5 days of embryonic development thereby demonstrating the essential 

function of TDP-43 protein in development (Kraemer et al., 2010; Sephton et al., 2010; Wu 

et al., 2010). Mice heterozygous for TDP-43 disruption exhibit subtle muscle weakness 

with no evidence of motor neuron pathology.  Since the discovery of TDP-43 mutations in 

ALS, there has been a flurry of reports of transgenic animal models of ALS (Table 1.4). 

Transgenic mice expressing a mutant form of human TDP-43 (A315T mutation) under the 

control of prion gene promoter develop a progressive and fatal neurodegenerative disease 

(Wegorzewska et al., 2009). These mice develop gait abnormalities at 3 months of age and 

an average survival of 153 days. Despite pan-neuronal transgene expression, pathologic 
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aggregates of ubiquitinated proteins accumulated only in specific neuronal populations, 

including layer 5 pyramidal neurons in frontal cortex, as well as spinal motor neurons. 

Surprisingly, these TDP-43
A315T

 mice did not exhibit cytoplasmic TDP-43 aggregates, a 

feature that led to the discovery of TDP-43 as a hallmark of ALS and FTLD-U. One 

possible reason for the lack of cytoplasmic ubiquitinated TDP-43 inclusions could be the 

premature cell death resulting from excessive and non-physiological expression levels of 

TDP-43 transgene under the strong prion gene promoter. The authors mentioned levels of 

TDP-43
A315T

 in excess of 3 to 5 folds the level of endogenous mouse TDP-43 in spinal cord 

extracts but these are likely underestimates of levels occurring within motor neurons 

because transgene expression was not ubiquitously expressed like the endogenous TDP-43 

gene. Thus, it is unclear to what extent the disease in these mice is the result of excessive 

levels of TDP-43 species. Indeed, overexpression of wild-type human TDP-43 in mice 

caused a dose-dependent degeneration of cortical and spinal motor neurons with ensuing 

development of spastic quadriplegia (Wils et al., 2010).  Neurons in the affected spinal 

cord and brain regions showed accumulation of TDP-43 nuclear and cytoplasmic 

aggregates that were both ubiquitinated and phosphorylated as observed in ALS/FTLD 

patients. However, the cytoplasmic accumulations did not contain TDP-43 like in human 

ALS situation. The characteristic ~25-kDa C-terminal fragments (CTFs) were recovered 

from nuclear fractions and correlated with disease development and progression in wild-

type TDP-43 mice. Again, there is a concern with these mouse models about the excessive 

and neuronal-specific expression of human TDP-43 cDNA under the control of neuronal 

murine Thy-1 (mThy-1) promoter. Excessive levels of TDP-43 transgene expression may 

mask progressive and age-related pathways of higher relevance to ALS disease process. 

Moreover, this approach did not consider a possible role for TDP-43 in non-neuronal cell 

types and their contribution in disease pathology. Overexpression of mutant, but not 

normal, TDP-43 in a rat model caused widespread neurodegeneration that predominantly 

affected the motor system (Zhou et al., 2010). TDP-43 mutation (M337V) reproduced ALS 

phenotypes in transgenic rats, as seen by progressive degeneration of motor neurons and 

denervation atrophy of skeletal muscles. This rat model also recapitulated features of TDP-

43 proteinopathies including the formation of TDP-43 inclusions, cytoplasmic localization 
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of phosphorylated TDP-43, and fragmentation of TDP-43 protein. Similar studies have 

been reported in many other transgenic models expressing high levels of mutant or wild-

type TDP-43 (Xu et al., 2010; Igaz et al., 2011; Xu et al., 2011).  

 

Non-rodent models have also been used to quickly and effectively model TDP-43 

associated pathology. Transgenic Drosophila expressing human TDP-43 in various 

neuronal sub-populations have been used to investigate the role of wild-type TDP-43 in 

ALS pathogenesis (Li et al., 2010). Expression in the fly eyes of the full-length human 

TDP-43, but not a mutant lacking its amino-terminal domain, led to progressive loss of 

ommatidia with remarkable signs of neurodegeneration. Expressing TDP-43 in mushroom 

bodies resulted in dramatic axon losses and neuronal death. Furthermore, hTDP-43 

expression in motor neurons led to axon swelling, reduction in axon branches and bouton 

numbers, and motor neuron loss together with functional deficits. Zebrafish (Danio rerio) 

has been used as another model to investigate the pathogenic nature of TDP-43 mutants 

(A315T, G348C and A382T) (Kabashi et al., 2010). Overexpression of mutant TDP-43 

caused a motor phenotype in zebrafish embryos, consisting of shorter motor neuronal 

axons, premature and excessive branching as well as swimming deficits. Interestingly, 

knock-down of zebrafish TDP-43 led to a similar phenotype, which was rescued by co-

expressing wild-type but not mutant human TDP-43. Together these approaches showed 

that TDP-43 mutations cause motor neuron defects and toxicity. Nonetheless, more animal 

studies are needed to provide further insights into mechanisms of disease caused by TDP-

43 abnormalities. It is noteworthy that wobbler mice exhibit many of the features of TDP-

43 proteinopathies including cytoplasmic localization and ubiquitinated TDP-43 positive 

inclusions (Dennis and Citron, 2009). Transgenic mice expressing a mutant VAPB gene 

(VAPB
P56S

) linked to a subset of familial ALS developed cytoplasmic TDP-43 

accumulations within spinal cord motor neurons at 18 months of age (Tudor et al., 2010). 

More recently, transgenic Caenorhabditis elegans with the neuronal expression of human 

TDP-43 exhibit an uncoordinated phenotype and have abnormal motor neuron synapses 

(Ash et al., 2010) and the toxicity is modulated by IGF-1 signaling (Zhang et al., 2011). 
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Table 1.4  Animal Models with TDP-43 abnormalities 

Animal Models Pathological Changes References 

   

Mice overexpressing A315T 

mutant of TDP-43 

 

Mice overexpressing wild-type 

TDP-43 

 

 

 

 

 

Mice overexpressing wild-type 

as well as A315T and M337V 

mutants of TDP-43 

 

Drosophila overexpressing wild-

type TDP-43 

 

Zebrafish overexpressing wild-

type as well as A315T, G348C 

and A382T mutants of TDP-43 

 

C. elegans overexpressing 

human TDP-43 

 

Rat overexpressing TDP-43 

Gait abnormalities at 3 months of age 

and an average survival of 153 days. 

 

 Lack of Cytoplasmic TDP-43 

aggregates 

Dose-dependent degeneration of 

cortical and spinal motor neurons and 

subsequent development of spastic 

quadriplegia 

 

 

Develop Paralysis and death as early as 

12 days 

 

Loss of ommatidia with signs of 

neurodegeneration 

 

Premature and excessive motor axonal 

branching.  

 

 

Uncoordinated phenotype and have 

abnormal motor neuron synapses 

 

Neurodegeneration, phosphorylated 

TDP-43 aggregates 

(Wegorzewska et 

al., 2009) 

 

(Wils et al., 

2010) 

 

 

 

 

 

(Stallings et al., 

2009) 

 

 

(Li et al., 2010) 

 

 

(Kabashi et al., 

2010) 

 

 

(Ash et al., 2010) 

 

 

(Zhou et al., 

2010) 
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1.3.6. Prion-like properties of TDP-43: Interactions with other ALS associated genes 

Prion diseases or transmissible spongiform encephalopathies are a class of 

neurodegenerative diseases that, as their name suggests, can be transmitted from individual 

to individual through ingestion or internalization of contaminated material on the native 

endogenous prion protein (Aguzzi, 2009). Prions replicate by recruiting PrP
C
 in the ordered 

PrP
Sc

-containing aggregates and by inducing a pathological conformation. Although such 

modifications were thought to be unique for prion diseases, many proteins involved in 

neurodegenerative diseases have been reported to possess such “prion-like” properties. For 

example, A aggregation propensity is increased by the presence of preformed A 

aggregates or “seeds”. Consistent with “prion-like” properties, intracerebral injection of 

brain extracts from autopsy material of human Alzheimer disease patients containing 

ordered aggregates of human A into transgenic mice expressing human amyloid precursor 

protein (APP) accelerated the aggregation of human A (Kane et al., 2000; Meyer-

Luehmann et al., 2006). Similarly, tau, another protein involved in Alzheimer’s disease, 

and -synuclein, a protein involved in Parkinson’s disease, have been reported to exhibit 

similar “prion-like” properties. 

In ALS, mutant SOD1 is known to form toxic aggregates and has been recently reported to 

exhibit “prion-like” properties in cell-culture models (Grad et al., 2011).  TDP-43 and FUS, 

RNA-binding proteins, are reported to aggregate in ALS/FTLD-U and mutations in the 

genes encoding these proteins are associated with both sporadic and familial ALS and 

rarely in FTLD-U (Borroni et al., 2010). In addition to sharing a role in ALS/FTLD-U, 

both TDP-43 and FUS proteins have similar secondary domains indicating possible 

convergent cellular functions
110

. Interestingly, using a bioinformatics approach, researchers 

have discovered a novel “prion-like” domain in TDP-43 and FUS (Fuentealba et al., 2010; 

Polymenidou and Cleveland, 2011; Udan and Baloh, 2011).  This domain is enriched in 

uncharged polar amino acids (such as asparagine, glutamine and tyrosine) and  glycine 

(Fuentealba et al., 2010). TDP-43 prion-like domain is at the C-terminal end (residues 277–

414), whereas FUS prion-like domain is reported to be located in the N-terminal region of 

the protein - residues 1–239, with an additional region in the first RGG domain: residues 
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391–405
 
(Cushman et al., 2010). TDP-43 and TDP-43-derived peptides form aggregates in 

vitro (Johnson et al., 2008; Johnson et al., 2009; Cushman et al., 2010; Furukawa et al., 

2011; Guo et al., 2011) and ALS-causing mutations enhance this behavior (Johnson et al., 

2009; Guo et al., 2011). The C-terminal region of TDP-43 is apparently indispensable for 

aggregation (Johnson et al., 2008; Johnson et al., 2009; Furukawa et al., 2011), and 

truncation mutants consisting solely of TDP-43 C-terminal fragments show significantly 

increased aggregation propensities in vitro and in cells (Liu-Yesucevitz et al., 2010; 

Furukawa et al., 2011; Guo et al., 2011).  Recent data confirm that aggregation of TDP-43 

is driven by its prion-like C-terminal region and that ALS-linked mutations are likely to 

promote this process(Guo et al., 2011) . Compared to TDP-43 and SOD1, FUS 

demonstrates the highest aggregation propensity, but this property is not affected by ALS-

causing mutations localized in its NLS (Dormann et al., 2010; Sun et al., 2011). Rather, 

these mutations clearly enhance the cytoplasmic accumulation/retention of FUS/TLS 

(Dormann et al., 2010; Ito et al., 2011). Even though SOD1, TDP-43, and FUS readily 

aggregate in vitro, the intracellular array of protein-folding chaperones must act to inhibit 

this. Thus, the unresolved questions in ALS are what factor(s) triggers the initiation of 

aggregation in disease and the selective vulnerability of the motor neurons? Only further 

research in this area can attempt to answer these questions.  

Recently it has been reported that wild-type FUS could rescue the TARDBP knockdown 

phenotype, but not vice versa, suggesting that TARDBP is upstream of FUS in this pathway 

responsible for motor neuron disorder indicating that TARDBP acts upstream of FUS in a 

pathogenic pathway that is distinct from that of SOD1 (Kabashi et al., 2011).  

The discovery of TDP-43 in the ubiquitinated inclusions of FTLD-U and ALS, along with 

subsequent work characterizing both the normal functions of TDP-43 and the potential role 

of this protein in disease  pathogenesis, has been an important chapter in a century-long 

effort to understand the etiologies of FTLD-U and MND. The identification of TDP-43 as a 

disease-associated protein now puts a ‘molecular face’ on the inclusions found in ALS, 

FTLD-U; overlap cases, and related disorders. Furthermore, the neuropathological and 

genetic findings for TDP-43 open up exciting new opportunities to improve the diagnosis 
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and treatment of these disorders. The intense interest in TDP-43 and reports of multiple 

animal models of TDP-43 proteinopathies provides optimism that proof of concept drug 

intervention studies in animal models could well be studied in a shorter time frame for 

TDP-43 proteinopathies as compared to taupathies.  

 

1.4. NF-B in neurodegeneration  

Nuclear factor kappa B (NF-B) family of transcription factors consisting of several 

proteins including p52, p50, RelB, c-Rel, RelA(p65) is responsible for the regulation of 

numerous genes involved in the inflammation, immune reactions, cell proliferation, 

apoptosis or central nervous system (CNS) functioning. NF-B, thus, remains a central and 

crucial mediator of inducing various genes in response to varying stress stimuli. In most 

cells, homo and heterodimers are formed when the members of NF-B family bind 

rendering them active resulting in their subsequent nuclear translocation. The hallmark 

feature of NF-B family is a homology of N-terminal domain called Rel-homology domain 

(RHD) of approximately 300 amino acids which is identical in 35–61% in all family 

proteins (Baldwin, 1996; O'Neill and Kaltschmidt, 1997). The RHD is essential for DNA 

binding, dimerization and nuclear localization (Janssen-Heininger et al., 2000). Various 

dimeric complexes like p65-p50 are bound to inhibitor proteins IB that keeps them in an 

inactive state in the cytoplasm (Figure 1.9). Phosphorylation of IB results in its rapid 

proteasome-mediated degradation which in turn dissociates IB from the dimer, making 

them active. Apart from inhibiting nuclear translocation of p65-p50 dimers, IB also 

blocks NF-B DNA-binding activity. Autoregulation is a very important aspect as 

transcription factors belonging to this family affect their own gene expression (Grilli and 

Memo, 1999). The inactive form of NF-B is localized in the cytoplasm associated with 

the inhibitory subunit, IB.  IB family consists of IB- IB-, Bcl3, IB-R, p100 (IB-

), p105 (IB-), and IB-. Multiple copies of 30–33 amino acid sequences, called 

ankyrin repeats take part in the interaction of IB with NF-B complexes (Janssen-

Heininger et al., 2000). The activation of NF-B is preceded by the phosphorylation of IB 
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by IB kinase (IKK) complex which results in polyubiquitination and subsequent 

degradation of IB with the involvement of the proteasome. IKK complex is composed of 

three proteins: two catalytic subunits IKK-, IKK- and the regulatory subunit IKK-. 

IKKs have a critical role in phosphorylation of two conserved serine residues in N-terminal 

domain of IB proteins. The phosphorylated IB is then ubiquitinated and finally degraded 

by the proteasome (Perkins, 2000). The released NF-B in the form of an active 

heterodimer (p65-p50)  is translocated to the nucleus, and in the presence of other 

transcription factors binds to the specific DNA fragments, called B binding regions, and 

then activates the expression of the target genes. The ever growing list of factors activating 

NF-B comprises neurotransmitters like glutamate, cytokines (e.g. tumor necrosis factor a 

(TNF-), interleukin-1b (IL-1), glycated tau, beta amyloid, phorbol esters, UV light, 

oxidized lipids, stress (e.g. oxidative, physiological, physical), growth factors, drugs and 

chemicals, viral and bacterial infections (Grilli and Memo, 1999; Pahl, 1999; Shi et al., 

1999; Perkins, 2000).  
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Figure 1.9 NF-B signaling pathway. NF-B family of transcription factors consist of 

two major factors – RelA (p65) and p50, which forms heterodimer. In the cytoplasm, NF-

B activity is inhibited by IB which when phosphorylated by IKK (IB kinase) degrades, 

thereby, releasing p65-p50 complex. Once activated and phosphorylayed p65-p50 complex 

is translocated into nucleus where it binds to B binding sites and regulate transcription. 

NF-B p65 requires co-activators like p300 and TDP-43 for its complete and proper 

activity.  Modified from creative common license, Wikimedia. 
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1.4.1. The role of NF-B in normal functioning of CNS  

NF-B signaling is important in embryogenesis and CNS development. There is a direct 

correlation between the activation of the CNS and NF-B. Furthermore, NF-B is known 

to protect hippocampal and cortical neurons from antioxidant stress (Grilli and Memo, 

1999). Apart from the role of NF-B activation in pathological conditions, non-

pathological endogenous signals, such as neurotransmitters, can activate this factor in the 

CNS (Kaltschmidt et al., 1995). Non-toxic concentrations of glutamate can activate NF-B 

in cerebellar granule neurons in vitro and this effect involved N-methyl-D-aspartate 

(NMDA) receptor activation (Guerrini et al., 1995; Kaltschmidt et al., 1995). NF-B 

significantly participates in normal brain functioning (Kaltschmidt et al., 1994) including 

activation of glutamate transporter-1 in astrocytes (Ghosh et al., 2011). It has been 

speculated that changes during cerebellar development could be controlled by glutamate-

induced gene expression involving NF-B (Kaltschmidt et al., 1995). Glutamate induced 

NF-B activation is also important during mouse cerebellum development but not in adult 

mice (Guerrini et al., 1997). As stimulation with glutamate, kainate, or potassium chloride 

resulted in a redistribution of NF-B from neurites to the nucleus, NF-B is likely to 

influence a great number of genes important for CNS action such as those encoding 

neuropeptides (dynorphin, proenkephalin), amyloid precursor protein (APP), p53, iNOS, 

MnSOD, COX-2, MHC class I, cytokines and chemokines (TNF-, IL-6, IL-8, GM-CSF, 

CSF) (Grilli and Memo, 1999). NF-B is regarded as signal transducer, which transmits 

transient glutamatergic signals from distant sites to the nucleus (Wellmann et al., 2001). 

Since NF-B inducible activity is present not only in neuronal bodies but also in synapses 

and postsynaptic densities, it has been reported that NF-B may be responsible for carrying 

synaptic information to the nucleus (Grilli and Memo, 1999). Depolarization, 

neurotransmitters (e.g. glutamate), opioid agonists, nerve growth factor (NGF), glycated 

tau, -amyloid are all classified as factors triggering neuronal activation of NF-B and 

translating it into CNS-specific signals.  
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1.4.2. Role of NF-B in neurodegeneration 

NF-B takes part in initiation and acceleration of various neurodegenerative diseases such 

as Parkinson’s disease (PD), Huntington’s disease (HD) or Alzheimer’s disease (AD). 

Many experimental as well as clinical studies have documented an increased activity of 

NF-B in pathological conditions of the CNS. It is known that amyloid beta peptide (A) 

neurotoxicity is linked with the pathogenesis of neurodegeneration in AD. Interestingly, 

NF-kB activation by low doses of A and TNF- leads to neuroprotection in primary 

neurons (Kaltschmidt et al., 1999). Furthermore, the overexpressing transdominant 

negative IB
SR

 blocked NF-B activation and potentiated A-mediated neuronal apoptosis. 

Also activation of NF-B by TNF- has been reported to play a protective role on 

hippocampal neurons against A toxicity. This effect was due to suppression of ROS and 

Ca
2+

 accumulation. In contrast, proinflammatory pathway in AD is connected with an 

induction of NF-B dependent macrophage-colony stimulating factor (M-CSF) (Du Yan et 

al., 1997). In comparison with control postmortem cases, NF-B immunoreactivity was 

upregulated in hippocampal and cerebral cortex areas in AD cases (Terai et al., 1996a). 

NF-B is also activated in focal or global cerebral ischemia (Clemens, 2000); the activation 

is attributed to reactive oxygen species (ROS). As expected, acute inhibition of NF-B 

activation using a recombinant adenovirus, expressing a dominant negative form of IB, in 

the rat cortex reduced brain injury in a rat model of middle cerebral artery occlusion 

(MCAO) (Xu et al., 2002).  Consequently, the infarct sizes as well as neurological deficits 

were reduced. In human postmortem brains, the NF-B immunoreactivity was enhanced in 

glial cells of infarcted areas but not in those unaffected by infarction (Terai et al., 1996b). It 

has also been reported that delayed treatment (up to 6 hours after MCAO) with the IB 

proteasomal inhibitor MLN519 was associated with the reduction of infarction and 

neurologic deficit caused by focal ischemic brain injury in rats and that this effect was due 

to the decreased activation of NF-B, reduced blood proteasome level and neutrophil 

infiltration. Similarly, in a rat model of transient focal cerebral ischemia, another IB 

proteasomal inhibitor, PS519, reduced infarction and improved neurological function and 

EEG activity (Phillips et al., 2000). 
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 While these studies have emphasized the involvement of NF-B deprivation in apoptosis, 

some studies have observed overexpression of NF-B both in experimental model of 

epilepsy and in excitotoxicity (Lerner-Natoli et al., 2000). Also kainate-induced seizures 

resulted in a rapid NF-B induction in adult rat limbic areas but not in juvenile rats (Rong 

and Baudry, 1996). These experimental data are consistent with the reports demonstrating 

significant and persistent overexpression of NF-B in hippocampi surgically removed from 

patients with hippocampal sclerosis and medial temporal lobe epilepsy(Crespel et al., 

2002). We still don’t know, however, that this effect is due to deleterious or 

neuroprotective properties of NF-B. In multiple sclerosis, (Gveric et al., 1998) NF-B 

activation in macrophages may amplify the inflammatory reaction through upregulation of 

cytokines and adhesion molecules. In this regard kainate-induced neurotoxicity has been 

shown to upregulate NF-B (Won et al., 1999) and that this effect was NMDA-dependent. 

In Parkinson’s cases, NF -B immunoreactivity was found to be 70-fold higher in the 

nuclei of dopaminergic neurons in the brains of PD patients than in control subjects. 

Similarly, in ataxia telangiectasia aberrant regulation of NF-B has been reported to 

contribute to disease pathogenesis (Jung et al., 1995; Hadian and Krappmann, 2011). In an 

experimental model of HD, mice lacking the p50 subunit of NF-B occurred to be more 

prone to damages to striatal neurons. The administration of mitochondrial toxin 3-

nitropropionic acid resulted in intensified apoptosis indicated by DNA fragmentation and 

increased activation of caspases (Yu et al., 2000; Marcora and Kennedy, 2010). Finally, 

NF-B has also been found to be upregulated in motor neurons and non-neuronal cells in 

amyotrophic lateral sclerosis patients (Jiang et al., 2005) 
 

 

1.4.3. Therapeutic potential of NF-B inhibitors 

Many pathological conditions including inflammatory diseases, neurodegenerative diseases 

and cancers are associated with the aberrant NF-B activity and inhibition of NF-B 

signaling provides a great therapeutic strategy.  
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The molecular cascade of signaling events (shown in Figure 1.9) provides several steps for 

specific inhibition of NF-B activity. Inhibition of NF-B activation can occur by these 

mechanisms:  

1.4.3.1. Blocking stimulatory signals which can activate NF-B (e.g., binding of ligand 

to its receptor). One of the most common cytokine signaling pathways of NF-B is the 

TNF- pathway. Inhibiting the pathway by anti-TNF antibodies or agents that block the 

TNFR can be beneficial for diseases such as inflammatory bowel disease, arthritis and 

Crohn's disease (Song et al., 2002). Inhibiting kinases that can lead to activation of the IKK 

complex like NIK and MEKK1 are also effective therapeutic strategy. Eg. Geldanamycin 

(Chen et al., 2002), TNAP (Hu et al., 2004) and Rhein (Martin et al., 2003) 

 

1.4.3.2. Inhibiting cytoplasmic signaling of NF-B like inhibition of the IKK complex, 

or degradation of IB. IKK has been a prime target for the development of NF-B 

signaling inhibitors, in part due to its central role in transmitting upstream signals into the 

NF-B activation pathways and in part due to other successes in developing kinase 

inhibitors for therapeutic applications. Compounds with allosteric effects on IKK structure 

like synthetic or natural ATP analogs as well as dominant-negative forms of IKK are 

capable of blocking activation of NF-B (DiDonato et al., 1997; Mercurio et al., 1997; 

Regnier et al., 1997; Woronicz et al., 1997). Cell-permeable 10 amino-acid peptide 

corresponding to the NEMO-binding domain of IKK can block both the binding of 

NEMO to IKK and induction of NF-B canonical pathway by TNF-(May et al., 

2000).This peptide has shown efficacy in mouse models of inflammation by both topical 

and systemic administration (May et al., 2000; di Meglio et al., 2005).  Examples include 

Withaferin A (Grover et al., 2010), Rosmarinic acid (Moon et al., 2010), and 

Guggulsterone (Shishodia and Aggarwal, 2004) 

 

1.4.3.3. Blockers of IB ubiquitination. Inhibitors for ubiquitin ligase complex or 

the 26S proteasome are effective in inhibiting the ubiquitination of IB, thereby targeting 

NF-B signaling (Scheidereit, 2006). Among blockers of IB ubiquitination are: Capsaicin 
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(8-methyl-N-vanillyl-6-nonenamide) (Mori et al., 2006), Glabridin (Park et al., 2010), and 

Tipifarnib (Lancet et al., 2011). 

 

1.4.3.4. Blocking NF-B nuclear signaling that is inhibiting its translocation to the 

nucleus, its binding to DNA, a nuclear modification of NF-B that affects its activity or 

specificity. One approach has used cell-permeable peptides that contain the nuclear 

localizing sequence of p50. These peptides are thought to inhibit nuclear translocation of 

p50-containing dimers by saturating the nuclear import machinery responsible for the 

uptake of NF-B dimers containing p50 (Lin et al., 1995; Torgerson et al., 1998; Letoha et 

al., 2005). Several sesquiterpene lactones (SLs) have anti-inflammatory activity and act as 

inhibitors of NF-B DNA binding (Zhang et al., 2005). A molecular method to block 

specific NF-B DNA binding is through the use of decoy oligonucleotides that have B 

sites which competes out NF-B dimer binding to specific genomic promoters (Morishita 

et al., 1997; Khaled et al., 1998; Karin et al., 2004). Eg. Dioxin (Singh et al., 2007), 

Leflunomide (Imose et al., 2004) 

 

It has been shown (Bondeson et al., 1999) that using adenoviral technique IB super 

repressor (IB
SR

) can be delivered and it reduces tissue destruction as well as the 

inflammatory mechanisms in rheumatoid arthritis. Use of a recombinant adenovirus, 

expressing a dominant negative form of IB, protects the brain from ischemic injury (Xu et 

al., 2002). Switching the activity of NF-B from anti-apoptotic to pro-apoptotic could be 

another potential strategy. Many currently used anti-inflammatory drugs like NSAIDs have 

a potential role in therapy of chronic inflammatory diseases like EAE (van Loo et al., 

2010). Molecular studies revealed that acetylsalicylic acid and sodium salicylate (NSAIDs) 

have NF-B -dependent neuroprotective abilities against glutamate-induced neurotoxicity 

in rat primary neuronal cultures and hippocampal slices (Grilli et al., 1996). Common 

NSAID ibuprofen was found to act not only as a cyclooxygenase (COX) inhibitor but also 

through the stabilization of IB- which resulted in the blockade of NF-B translocation to 

the nucleus (Stuhlmeier et al., 1999).  
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Various natural compounds from plant extracts act as potent NF-B inhibitor like 

Withaferin A, green tea extract and curcumin. Withaferin A, extract of Withamnia 

somnifera, is a potent NF-B inhibitor which blocks the binding of NEMO/IKK complex 

(Grover et al., 2010). Traditionally, Withaferin A is used for the treatment of rheumatoid 

arthritis (RA). Green tea extracts (e.g. Camellia sinensis) was demonstrated to provide 

neuroprotection against 6-hydroxydopamine (6-OHDA)-induced neuronal damage (Guo et 

al., 2007). As 6-OHDA is known to induce NF-B nuclear translocation green tea’s 

polyphenols appear to inhibit NF-B activity mainly due to potent antioxidant and iron 

chelating actions (Levites et al., 2002). Another NF-B inhibitor, curcumin (main 

ingredient of Curcuma longa), blocked H2O2, TNF- and phorbol ester-mediated activation 

of NF-B (Singh and Aggarwal, 1995).  

 

Under biological and pathological conditions, the promotion or inhibition of cell death 

pathway depends on the timing and location of NF-κB activation. As a central controlling 

gene responsible for cell survival or death in the nerve system, NF-κB is definitely a 

promising therapeutic target for nerve injury.  
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1.5 Objectives of the thesis 

 

The work contained in this thesis has focused on determining the role of wild-type or 

mutant TDP-43 in the pathogenesis of ALS. 

 

In chapter 2, we reported the generation and characterization of TDP-43 transgenic mice 

model. We generated transgenic mice using genomic fragments encoding full-length wild-

type or FALS-linked mutants TDP-43
G348C

 and TDP-43
A315T

 human TDP-43. These 

transgenic mice recapitulate key features of ALS and FTLD-U. 

 

In chapter 3, we used TDP-43 transgenic mice to determine genetic defects before onset of 

disease by using axonal crush model. Sciatic nerve crush in 3 months old mice revealed 

that TDP-43 transgenic mice were noticeably paralyzed at the injured limb, have altered 

TDP-43 redistribution and the distal axons regenerated slowly as compared to non-

transgenic mice 

 

In chapter 4, using lipopolysaccharide activated mouse microglial BV-2 cells, we 

discovered that TDP-43 acts as a co-activator of p65 subunit of NF-B. We found that 

TDP-43 interacts with and colocalizes with p65 in glial and neuronal cells from TDP-43 

transgenic mice and also from ALS patients. We report that TDP-43 and NF-B p65 

mRNA and protein expression is higher in spinal cords of ALS patients than healthy 

individuals. TDP-43 acted as a co-activator of p65, and glial cells expressing higher 

amounts of TDP-43 produced more proinflammatory cytokines and neurotoxic mediators 

after stimulation with lipopolysaccharide or reactive oxygen species. Treatment of TDP-43 

mice with Withaferin A, an inhibitor of NF-B activity, reduced denervation in the 

neuromuscular junction and ALS disease symptoms.  
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Chapter 2:  
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2.1 Résumé 

Les inclusions ubiquitinylées de la protéine TDP-43 (Transactive response DNA-binding 

protein 43) sont une caractéristique de la sclérose latérale amyotrophique (SLA) et de la 

dégénérescence lobaire fronto-temporale avec inclusions ubiquitine-positive (DLFT-U) .  

Nous pouvons aussi observer que des mutations dans le gène codant pour la protéine TDP-

43 (TARDBP) sont associés seulement à 3% des cas de la SLA sporadique et familiale. 

Des études récentes sur des souris transgéniques, ont révélé un haut degré de toxicité de la 

protéine TDP-43 lorsqu'elle est surexprimée sous le contrôle de promoteurs de gènes 

neuronaux. Cette surexpression entraîne une paralysie précoce et la mort, et ce même sans 

la présence des inclusions positives ubiquitinylées présentes normalement dans la SLA. 

Pour avoir un modèle murin représentatif de la SLA chez l’humain, nous avons généré des 

souris transgéniques qui présentent une expression modérée et ubiquitaire de la protéine 

TDP-43 en utilisant des fragments génomiques codant pour la TDP-43 humain, de type 

sauvage ou mutant associé aux cas familiaux de SLA (FALS), soit les mutations TDP-

43
G348C

 et TDP-43
A315T

 . Ces nouvelles souris transgéniques développent de nombreux 

changements liés au processus pathologique et biochimique de la SLA chez l’homme. 

Notamment, la présence d’inclusions de TDP-43 ubiquitinylées, des anomalies au niveau 

des filaments intermédiaires, une axonopathie et de la neuroinflammation. Les trois 

modèles de souris transgéniques (TDP-43
WT

, TDP-43
G348C

 et TDP-43
A315T

) que nous avons 

étudiées, présentaient des troubles d'apprentissage et de mémorisation au cours de leur 

vieillissement ainsi qu’un dysfonctionnement au niveau moteur. L’imagerie en temps réel  

de souris transgéniques TDP-43 biophotoniques, portant le gène rapporteur GFAP-Luc, a 

révélé que les déficits comportementaux ont été précédés par une astrogliose.  Ces  

résultats concordent  avec le fait que les astrocytes auraient un rôle dans la pathogenèse de 

la SLA. Ces nouvelles souris transgéniques exprimant la protéine TDP-43,  reproduisent 

plusieurs caractéristiques de la SLA humaine et de la  DLFT et ils devraient fournir de 

précieux modèles animaux pour tester des approches thérapeutiques. 
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2.2 Abstract 

Transactive response DNA-binding protein 43 (TDP-43) ubiquitinated inclusions are a 

hallmark of amyotrophic lateral sclerosis (ALS) and of frontotemporal lobar degeneration 

with ubiquitin-positive inclusions (FTLD-U). Yet, mutations in TARDBP, the gene 

encoding TDP-43, are associated with only 3% of sporadic and familial ALS. Recent 

transgenic mouse studies revealed high degree of toxicity of TDP-43 proteins when 

overexpressed under the control of strong neuronal gene promoters resulting in early 

paralysis and death, but without the presence of ALS-like ubiquitinated TDP-43 positive 

inclusions. To better mimic the human ALS situation, we generated transgenic mice that 

exhibit moderate and ubiquitous expression of TDP-43 species using genomic fragments 

encoding human TDP-43 wild-type or FALS-linked mutants TDP-43
G348C

 and TDP-

43
A315T

. These novel TDP-43 transgenic mice develop many age-related pathological and 

biochemical changes reminiscent of human ALS including ubiquitinated TDP-43 positive 

inclusions, TDP-43 cleavage fragments, intermediate filament abnormalities, axonopathy 

and neuroinflammation. All three transgenic mouse models (TDP-43
Wt

, TDP-43
G348C 

and 

TDP-43
A315T

 mice) exhibited during aging impaired learning and memory capabilities as 

well as motor dysfunction. Real-time imaging with the use of biophotonic TDP-43 

transgenic mice carrying GFAP-luc reporter revealed that the behavioural defects were 

preceded by induction of astrogliosis, a finding consistent with a role for reactive astrocytes 

in ALS pathogenesis. These novel TDP-43 transgenic mice mimic several characteristics of 

human ALS/FTLD and they should provide valuable animal models for testing therapeutic 

approaches.   
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2.3 Introduction 

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurological disorder that is 

characterized by the selective loss of motor neurons leading to progressive weakness, 

muscle atrophy with eventual paralysis and death within 5 years of clinical onset. On the 

other hand frontotemporal lobar degeneration with ubiquitin inclusions (FTLD-U) is a 

relatively common cause of dementia among patients with onset before 65, typically 

manifesting with behavioural changes or language impairment due to degeneration of sub-

populations of cortical neurons in the frontal, temporal and insular regions (Seeley, 2008). 

Interestingly, 50% of patients with ALS develop varying degrees of cognitive impairment 

(Lomen-Hoerth et al., 2003), and approximately 15% of FLTD-U patients also develop 

ALS (Hodges et al., 2004) and ALS and FTLD-U co-segregate in some families (Talbot 

and Ansorge, 2006). The discovery of TAR DNA-binding protein (TDP-43) being present 

in cytoplasmic aggregates in both ALS and FTLD-U provided the first conclusive 

molecular evidence that the two disorders share a common underlying mechanism 

(Neumann et al., 2006).  

 

Identified first as a regulator of HIV gene expression (Ou et al., 1995), TDP-43 is a 

DNA/RNA-binding (Buratti et al., 2001) protein that contains a N-terminal domain, two 

RNA-recognition motifs and a glycine-rich C-terminal domain thought to be important for 

mediating protein–protein interactions (Forman et al., 2007; Lagier-Tourenne and 

Cleveland, 2009). Although TDP-43 has been implicated as a key factor regulating RNA 

splicing of human cystic fibrosis transmembrane conductance regulator (CFTR) (Buratti et 

al., 2001), Apolipoprotein A-II (Mercado et al., 2005), and Survival Motor Neuron (SMN) 

(Bose et al., 2008), the concept that TDP-43 can play a direct role in neurodegeneration 

was strengthened by recent reports that dominantly inherited missense mutations in TDP-

43 are found in patients with familial ALS (Gitcho et al., 2008; Kabashi et al., 2008; 

Rutherford et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008; Yokoseki et al., 

2008). Mutations in TDP-43 associated with ALS cluster in the C-terminal glycine-rich 

region, which is involved in protein-protein interactions between TDP-43 and other 

heterogeneous nuclear ribonuclear proteins (hnRNPs) (Lagier-Tourenne and Cleveland, 
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2009). The two TDP-43 mutations A315T and G348C used in this study were previously 

reported (Gitcho et al., 2008; Kabashi et al., 2008). In neurodegenerative diseases, TDP-43 

can be found in cytoplasmic ubiquitinated inclusions, where the protein is poorly soluble, 

hyperphosphorylated and cleaved into small fragments, making TDP-43 aggregates a 

hallmark pathology of ALS and FTLD-U cases (Neumann et al., 2006). Many of transgenic 

mouse lines expressing TDP-43 WT or mutants reported to date exhibited early paralysis 

followed by death(Wegorzewska et al., 2009; Stallings et al., 2010; Wils et al., 2010). The 

available TDP-43 transgenic mouse models are based on high level neuronal expression of 

TDP-43 transgenes. Transgenic mice expressing either wild type or mutant TDP-43 

(A315T and M337V) showed aggressive paralysis accompanied by increased 

ubiquitination (Stallings et al., 2009; Wegorzewska et al., 2009; Wils et al., 2010; Xu et al., 

2010) but the lack of ubiquitinated TDP-43 inclusions raises concerns about their validity 

as models of human ALS disease (Wegorzewska et al., 2009). Another concern is the 

restricted expression of TDP-43 species with the use of Thy1.2 and Prion promoters.  

To better mimic the ubiquitous and moderate levels of TDP-43 occurring in the human 

context, we describe here the generation of new transgenic mouse models of ALS/FTLD 

based on expression of genomicTDP-43 fragments resulting in moderate and ubiquitous 

expression of wild-type and mutant TDP-43 species (A315T and G348C). 
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2.4 Material and Methods 

DNA Constructs and Generation of WT, A315T and G348C TDP-43 Transgenic 

Mice.  

TARDBP (NM_007375) was amplified by PCR from a human BAC clone (clone RPCI-11, 

clone number: 829B14) along with the endogenous promoter (~4kb). A315T and G348C 

mutations in TDP-43 were inserted using site-directed mutagenesis (Supplemental Fig. 

2.1). The full-length genomic TARDBP (TDP-43
Wt,

 TDP-43
A315T

, and TDP-43
G348C

) was 

linearized by Swa-1 restriction enzyme and an 18 kb DNA fragment microinjected in one-

day mouse embryos (having a background of C3H X C57Bl/6). Founders were identified 

by southern blotting (Supplemental Fig. 2.1) and were bred with non-transgenic C57Bl/6 

mice to establish stable transgenic lines. The transgenic mice were identified by PCR 

amplification of the human TARDBP gene using the following primer pairs as listed in 

Table 2.1. The mRNA was analysed in brain and spinal cord by real-time PCR and protein 

analyzed by by western blot using monoclonal human TDP-43 antibody (Clone E2-D3, 

Abnova, Walnut, CA, USA). To avoid the effects of genetic background, all experiments 

were performed on aged-matched littermates. The use and maintenance of the mice 

described in this article were performed in accordance to the Guide of Care and Use of 

Experimental Animals of the Canadian Council on Animal Care. 

 

Co-immunoprecipitation and Western Blot Assays 

Snap frozen spinal cords of mice were harvested with lysis buffer containing25 mM 

HEPES-NaOH (pH 7.9), 150 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5% Triton-X-

100, 1 mM dithiothreitol and protease inhibitor cocktail. Protein samples were estimated 

using Bradford method. The lysate was incubated with 50l of Dynabeads (Protein-G 

beads, Invitrogen), anti-TDP-43 polyclonal (ProteinTech, Chicago, IL, USA) or anti-

peripherin polyclonal antibody (AB1530, Chemicon, Billerica, MA, USA). After 

subsequent washing, the beads were incubated overnight at 4
o
C with 400g of tissue lysate. 

Antibody-bound complexes were eluted by boiling in Laemmli sample buffer. Supernatants 

were resolved by 10% SDS-PAGE and transferred on nitrocellulose membrane (Biorad, 

Hercules, CA, USA). The membrane was incubated with anti-ubiquitin antibody (1:1000, 
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Abcam, Cambridge, MA, USA). For other western blot assays, blots were incubated with 

primary antibodies against human monoclonal TARDBP antibody (1:1000, Abnova, clone 

E2-D3), peripherin polyclonal (1:1000, Chemcion - AB1530), peripherin monoclonal 

(1:500, Chemicon, AB1527), Clone NR4 for NF-L (1:1000, Sigma), Clone NN18 for NF-

M (1:1000, Millipore) and Clone N52 for NF-H (1:1000, Millipore).  Immunoreactive 

proteins were then visualized by chemiluminescence (Perkin and Elmer, Santa Clara, CA, 

USA) as described previously (Dequen et al., 2008). Actin (1:10000, Chemicon) is used as 

a loading control. 

 

Immunohistochemistry/Immunofluorescence Microscopy  

4% Paraformaldehyde (PFA) fixed spinal cord and brain sections of mice were sectioned 

and fixed on slides. For immunohistochemistry, tissues were treated with hydrogen-

peroxide solution before permeabilisation. After blocking  with 5% normal goat serum for 

1hr at room temperature, primary antibody incubations were performed in 1% normal goat 

serum in PBST overnight, followed by an appropriate Alexa Fluor 488 or 594 secondary 

antibody (1:500, Invitrogen) for 1hr at room temperature. For immunohistochemistry, 

tissues were incubated in biotinylated secondary antibodies (1:500, Vector labs, 

Burlingame, CA, USA), incubated in avidin-biotin complex and developed using Dab Kit 

(Vector labs). Z-stacked sections were viewed using a 40X or 60 X oil immersion 

objectives on an Olympus Fluoview™ Confocal System (Olympus, Center Valley, PA, 

USA).  

 

Neurofilament ELISA  

Wells of microtiter plates were coated with 0.1% NaN3/TBS including the primary 

antibodies (NR4; 1:600, N52; 1:1000, NN18; 1:500). The coated wells were incubated with 

10% normal goat serum/ 0.2% Tween 20/TBS for 30 min at 37 °C. After washing twice 

with TBS, an aliquot (100 μL) of the diluted samples was applied in each well, and 

incubated overnight at 4 °C. Further ELISA was performed using standard procedure as 

described elsewhere (Noto et al., 2010).  
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Quantitative Real-Time RT-PCR 

Real-time RT-PCR was performed with a LightCycler 480 (Roche Diagnostics) sequence 

detection system using LightCycler SYBR Green I at the Quebec genomics Centre, 

Quebec. Total RNA was extracted from frozen spinal cord or brain tissues using Trizol 

reagent (Invitrogen). Total RNA was treated with DNase (Qiagen, Valencia, CA, USA) to 

get rid of genomic DNA contaminations. Total RNA was then quantified using Nanodrop 

and its purity verified by Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). 

Gene-specific primers were constructed using the GeneTools (Biotools Inc.) software v.3. 

Genes Atp5 and GAPDH were used as internal control genes. The primers used for the 

analysis of genes are given in Table 2.2. The presence of GFAP-luc transgene was assessed 

by PCR with HotStar Taq Master mix Kit (Quiagen, Mississauga, ON, Canada) in 15 mM 

MgCl2 PCR buffer with the following primers: 

5’GAAATGTCCGTTCGGTTGGCAGAAGC and 

5’CCAAAACCGTGATGGAATGGAACAACA (Keller et al., 2009, 2010).  
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Table 2.1 

Primers for genotyping transgenic mice 

Gene Symbol Forward Primer Reverse Primer 

TDP-43Wt CTCTTTGTGGAGAGGAC CCCCAACTGCTCTGTAG 

TDP-43A315T CTCTTTGTGGAGAGGAC TTATTACCCGATGGGCA 

TDP-43G348C CTCTTTGTGGAGAGGAC GGATTAATGCTGAACGT 

GFAP-luc GAAATGTCCGTTCGGTTGGCAGAAGC CCAAAACCGTGATGGAATGGAACAACA 
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Table 2.2 Primers for quantitative RT-PCR 

Gene Symbol Forward Primer Sequences                                    Reverse Primer Sequences 

TNF- CCAGACCCTCACACTCAGATCATC CCTTGAAGAGAACCTGGGAGTAGAC 

IL-6 GTCCTTCCTACCCCAATTTCCAA GAATGTCCACAAACTGATATGCTTAGG 

IL-1 GCCCATCCTCTGTGACTCAT CGACAAAATACCTGTGGCCT 

Nox2 TTGGAATTGCAGATGAGGAAGCGAG CGATCCTGGGCATTGGTGAGT 

IL-4 AGATCATCGGCATTTTGAACGAGG CACTCTCTGTGGTGTTCTTCGTTG 

IL-2 CAGCAGCAGCAGCAGCAGCAGCAGC CCTGGGGAGTTTCAGGTTCCTGTAAT 

MCP-1 CCAGATGCAGTTAACGCCCCACTCACCT TGCTGGTGATCCTCTTGTAGCTCTCCA 

Per61 AGAGGAGTGGTATAAGTCGAAATATGC CCCATCCACCTCGCACATCAG 

Per58 TGGCCCTGGACATCGAGATAG GCTCCATCTCAGGCACAGTCG 

Per56 GGATCTCAGTGCCGGTTCATT GGACTCTGTCACCACCTCCC 

Human TDP-43 TTGACCCTTTTGAGATGGAACTTT ATTTGACTTGAGACAACTTTTCAAATAAGT 

Mouse TDP-43 ATTTGAGTCTCCAGGTGGGTGTGG GTTTCACTATACCCAGCCCACTTTTCTTAGG 

Atp5 GCTATGCAACCGCCCTGTACTCTG ACGGTGCGCTTGATGTAGGGATTC 

GAPDH GGCTGCCCAGAACATCATCCCT ATGCCTGCTTCACCACCTTCTTG 
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Barnes maze task.  

For spatial learning test, the Barnes maze task was performed as described previously (Prut 

et al., 2007). The animals were subjected to four trials per session with an inter-trial 

interval (ITI) of 15 min. The probe trial takes 90 sec (half of the time used for the training 

trials) per mouse. Twelve days after the first probe trial mice are tested again in a second 

probe trial that takes 90 sec per mouse. Mice are not tested between the two probe trials. 

The time spent by the individual mice to reach the platform was recorded as the primary 

latency using video tracking software (ANY-maze, Wood Dale, IL, USA) 

 

Step-Through Passive Avoidance Test 

A two-compartment step-through passive avoidance apparatus (Ugo basile, Collegeville, 

PA, USA) was used. The apparatus is divided into bright and dark compartments by a wall 

with a guillotine door. The bright compartment was illuminated by a fluorescent light 

(8W). Mice at various ages were placed in the bright compartment and allowed to explore 

for 30 s, at which point the guillotine door was raised to allow the mice to enter the dark 

compartment. When the mice entered the dark compartment, the guillotine door was closed 

and an electrical foot shock (0.6 mA) was delivered for 4sec only on the 2
nd

 day. On the 

test day (3
rd

 day) mice were placed in the bright compartment, no shock was given, and 

their delay in latency to enter the dark compartment was recorded. The procedure was 

repeated every month to test the mice at different ages.  

 

Neuromuscular junction staining and count 

 For monitoring the neuromuscular junctions, 25 mm thick muscle sections were incubated 

for 1 h in 0.1 M glycine in PBS for 2 h at RT and then stained with Alexa Fluor 594-

conjugated -bungarotoxin (1:2000, Molecular Probes/Invitrogen detection technologies, 

Carlsbad, CA, USA) diluted in 3% BSA in PBS for 3 h at RT. After washing in PBS, the 

muscle sections were blocked in 3% BSA, 10% goat serum and 0.5% Triton X-100 in PBS 

overnight at 48
0
C. The next day, the sections were incubated with mouse antineurofilament 

antibody 160 K (1:2000, Temecula, CA, USA) and mouse anti-synaptophysin (Dako, 

Mississauga, ON, Canada) in the same blocking solution overnight at 48
0
C. After washing 
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for 5 h,  muscle sections were incubated with goat anti-mouse Alexa Fluor 488-conjugated 

secondary antibody (Probes/Invitrogen detection technologies, Carlsbad, CA, USA) diluted 

1:500 in blocking buffer for 3 h at RT. Three hundred neuromuscular junctions were 

counted per animal sample, discriminating both innervated and denervated junctions as 

described above. Frequencies of innervation, partial denervation and denervation were then 

converted to percentages for statistical analyses (n =5, two-way ANOVA with Bonferroni 

post-test). 

 

Accelerating rotarod.  

Accelerating rotarod was performed on mice at 4rpm speed with 0.25rpm/sec acceleration 

as described elsewhere (Gros-Louis et al., 2008). Mice were subjected to three trials per 

session and every two weeks.  

 

In vivo bioluminescence imaging 

As previously described, (Keller et al., 2009, 2010) the images were gathered using IVIS® 

200 Imaging System (CaliperLSXenogen, Alameda, CA, USA). Twenty-five minutes prior 

to imaging session, the mice received intraperitoneal (i.p.) injection of the luciferase 

substrate D-luciferine (150 mg/kg—for mice between 20 and 25 g, 150–187.5 ml of a 

solution of 20 mg/ml of D-luciferine dissolved in 0.9% saline was injected) (CaliperLS-

Xenogen).  

 

Statistical Analysis 

 For statistical analysis, the data obtained from independent experiments are presented as 

the mean ± SEM. A two-way analysis of variance (ANOVA) with repeated measures was 

used to study the effect of group (transgenic and non-transgenic mice) and time (in months 

or weeks) on latency to fall (accelerating rotarod test), latency to go to the dark chamber 

(passive avoidance test), primary errors and primary latency (Barnes maze test). Two-way 

ANOVA with repeated measures was also used for axonal calibre distribution and total 

flux of photons for in vivo imaging. The mixed procedure of the SAS software version 9.2 

(SAS Institute Inc., Cary, NC, USA) was used with a repeated statement and covariance 
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structure that minimize the Akaike information criterion. The method of Kenward-Roger 

was used to calculate the degree of freedom. Pairwise comparisons were made using 

Bonferroni adjustment.  One-way ANOVA was performed using GraphPad Prism Software 

version 5.0 (La Jolla, CA, USA) for real-time inflammation array, real-time RT-PCR and 

neurofilament ELISA analysis. Post-hoc comparisons were performed by Tukey's test, with 

the statistical significance set at p<0.05.  
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2.5 Results 

2.5.1 Generation of transgenic mice carrying genomic TDP-43 fragments   

We generated three transgenic mouse models using genomic DNA fragments coding for 

either TDP-43
Wt

, TDP-43
A315T

 or TDP-43
G348C

 carrying mutations linked to human FALS 

(Kabashi et al., 2008). The transgenic mice (Wt, A315T and G348C) were generated by 

injection into one-cell embryos of DNA fragments, subcloned from TARDBP BAC using 

the endogenous ~4kB promoter. The A315T and G348C mutations were inserted using site 

directed mutagenesis (Fig. 2.1A). Founder TDP-43 transgenic mice were identified by the 

presence of the 1.8-kb EcoRV fragment on the Southern blot (Supplemental Fig 2.1A). RT-

PCR analysis of the spinal cord lysates of TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 mice 

reveal bands corresponding to human TDP-43 (Supplemental Fig. 2.1B). As shown by 

immunoblot analysis the human TDP-43 transgenes (Wt and mutants) were expressed in all 

the tissues examined (Fig. 2.1B). Real-time RT-PCR showed that the mRNA expression of 

hTDP-43 in the spinal cord was elevated by ~3-fold in 3-months old TDP-43
Wt

, TDP-

43
A315T

 and TDP-43
G348C

 transgenic mice as compared to endogenous mouse TDP-43 (Fig. 

2.1C). Whereas expression of human TDP-43 mRNA transcripts remained constant with 

age, the levels of endogenous mouse TDP-43 mRNA transcripts were decreased 

significantly in 10-months old transgenic mice (TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 ) 

as compared to 3-months old mice (*p<0.01, Supplemental Fig. 2.1E). This is consistent 

with a TDP-43 autoregulation through TDP-43 binding and splicing-dependent RNA 

degradation as described as previously (Polymenidou et al., 2011). We next examined 

whether in our transgenic models we can detect pathological cytosolic TDP-43, 

characteristics of ALS. The immunohistochemical staining with anti-human TDP-43 

antibodies of spinal cord sections from 10-months old transgenic mice revealed a 

cytoplasmic accumulation of TDP-43 in TDP-43
G348C

 mice and to a lower extent in TDP-

43
A315T

 mice (Fig. 2.1D-G and Supplemental Fig. 2.3A-B). In contrast, the TDP-43 

localization remained mostly nuclear in TDP-43
Wt

 and non-transgenic mice.  
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Figure 2.1. Generation and characterisation of TDP-43 transgenic mice. (A) Map of human 

TARDBP gene (Gene ID: 23435) showing upstream ~4kb promoter (un-characterized) and various 

exons (numbered 1-7) and introns. The orientation of transcription is shown by arrow. * showing 

position of 2 mutations – G348C (1176 G>T) and A315T (1077 G>A). The approximate locations 

of the Southern blotting probes are also indicated. (B) Western blots from lysates of various tissues 

from TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 transgenic mice at 2-months age using mouse 

monoclonal TDP-43 antibody that detect hTDP-43 only. Actin is shown as loading control. (C) 

Quantitative real-time PCR analysis of hTDP-43 mRNA expression in the spinal cord of TDP-43
Wt

, 

TDP-43
A315T

 and TDP-43
G348C

 transgenic mice at 2-months age compared individually to their wild-

type littermates and normalized to Atp-5 levels. Data shown are means ± SEM of 5 different mice 

from each group. (D-G) Immunohistochemistry shows hTDP-43 expression pattern in the spinal 

cord of ~8-months old TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 transgenic mice using TDP-43 

monoclonal antibody. It is noteworthy that the expression of TDP-43 is mostly nuclear in TDP-43
Wt

 

mice (E), but TDP-43 is localized in the cytoplasm in TDP-43
G348C

 mice (G), and to a lesser extent 

in TDP-43
A315T

 mice (F).TDP-43 monoclonal antibody does not recognize endogenous mouse 

TDP-43 in non-transgenic control mice (D).  Scale bar = 20m.  
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Supplemental Figure 2.1. Characterisation of TDP-43 transgenic mice. A. Founder TDP-43 

transgenic mice were identified by the presence of the 1.8-kb EcoRV fragment on the Southern 

blot. Various lanes showing different transgenic lines. B. RT-PCR analysis of the spinal cord 

lysates of TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 mice reveal hTDP-43 (170bp). In some lanes, 

mouse TDP-43 is also visible (130bp). Actin is shown as internal control. A-D. Western blot 

analysis of spinal cord (A-B) and brain (C-D) lysates from 3-months and 10-months old mice were 

performed using TDP-43 human-specific monoclonal antibody. Blots reveal increased cytotoxic 

~25-kDa TDP-43 fragment in the brain and spinal cord lysates of TDP-43
G348C

 and TDP-43
A315T

 

mice at 10-months age as compared to 3-months old mice. TDP-43
Wt

 and Ntg (non-transgenic) 

mice had insignificant amounts of ~25-kDa fragments at both 3-months and 10-months age. Actin 

is shown as loading control. (E) Real-time PCR for human and mouse TDP-43 mRNA transcripts 

from non-transgenic (Ntg, 10-months old) and 3-months and 10-months old TDP-43Wt, TDP-

43
A315T

 and TDP-43
G348C

 mice show reduced levels of endogenous mouse TDP-43 at 10-months in 

TDP-43 transgenic mice. Real-Time PCR were normalised against Atp-5 levels Two-way 

ANOVA was used with bonferroni adjustment for statistical analysis (n=5),*p<0.01. 

 

 

 

 

 

 

 

 

 

 

 

 



111 
 
 

2.5.2 Over-expression of WT and mutant TDP-43 is associated with the formation of 

cytosolic aggregates  

Biochemically, ALS and FTLD-U cases are characterized by 25kDa C-terminal deposits 

which might contribute to pathogenesis (Cairns et al., 2007). Similar to ALS cases, TDP-

43
G348C

 and TDP-43
A315T

 mice had ~25kDa fragments in the spinal cord (Fig. 2.2A-B). 

This ~25kDa fragment was more prominent at 10 months of age (Fig. 2.2B) than at 3 

months of age (Fig. 2.2A). Blots probed with human TDP-43 specific monoclonal antibody 

reveal increased cytotoxic ~25-kDa TDP-43 fragment in the brain (Supplemental Fig. 2.1E-

F) and spinal cord (Supplemental Fig. 2.1C-D) lysates of TDP-43
G348C

 and TDP-43
A315T

 

mice at 10-months age as compared to 3-months old mice. Using immunofluorescence and 

monoclonal TDP-43 antibody, we detected the presence of cytoplasmic TDP-43 aggregates 

in TDP-43
G348C

 mice (Fig. 2.2H and Supplemental Fig. 2.2A-B) and TDP-43
A315T

 (Fig. 

2.2G) mice at around 10-months of age, but not in TDP-43
Wt

 mice (Fig. 2.2F). Cytoplasmic 

localization as well as aggregates of TDP-43 were age dependent as they were absent in the 

spinal cord sections of 3-month old mice (Fig. 2.2C-E). In order to determine if the TDP-43 

aggregates were ubiquitinated, we performed double immunofluorescence with TDP-43 

and anti-ubiquitin antibodies. We found that ubiquitin specifically co-localized with 

cytoplasmic TDP-43 aggregates in the spinal cord (Fig. 2.2L-N), hippocampal (Fig. 2.2O-

Q) and cortical sections (Fig. 2.2R-T) of 10-months old TDP-43
G348C

 mice, but not in the 

spinal cord sections of 3-months old (Fig. 2.2I-K) TDP-43
G348C

 mice. Ubiquitination of 

TDP-43 positive inclusions was further confirmed by the co-immunoprecipitation of 

ubiquitin (poly-ubiquitin) with hTDP-43. This immunoprecipitation experiment clearly 

demonstrates that proteins associated with TDP-43 inclusions especially in 10-months old 

TDP-43
G348C

 and TDP-43
A315T

 mice are massively ubiquitinated (Fig. 2.2U). However, 

probing the blot with anti-human TDP-43 monoclonal antibody (Fig. 2.2U) or with 

polyclonal antiTDP-43 (data not shown) did not reveal high molecular weight forms of 

TDP-43 suggesting that TDP-43 itself was not ubiquitinated. To further address this 

question, we have carried out immunoprecipitation of spinal cord extracts with anti-

ubiquitin and probed the blot with anti-TDP-43 monoclonal antibody (Fig. 2.2U). As 

expected, TDP-43 was co-immunoprecipitated with anti-ubiquitin. However, only small 
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amount of high molecular weight forms of TDP-43 (i.e. poly-ubiquitinated) could be 

detected (Fig. 2.2V).  This result is consistent with a report that TDP-43 is not in fact the 

major ubiquitinated target in ubiquitinated inclusions of ALS (Sanelli et al., 2007).   
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Figure 2.2. Biochemical and pathological features of ALS/FTLD in TDP-43 transgenic mice.  

(A-B) Western blot of spinal cord lysates from Ntg (non-transgenic), TDP-43
Wt

, TDP-43
A315T

 and 

TDP-43
G348C 

mice using polyclonal TDP-43 antibody at 3 and 10-months show that TDP-43 (both 

G348C and A315T mutants) have ~35 and ~25kDa fragments which increase with age. Actin is 

shown as a loading control. (C-H) Immunofluorescence of the spinal cord of 10-month old TDP-

43
Wt 

(F), TDP-43
A315T

 (G) and TDP-43
G348C

 mice (H) using TDP-43 monoclonal antibody show 

cytoplasmic hTDP-43 aggregates (arrow-heads) especially in the spinal cord sections of TDP-

43
G348C

 transgenic mice. Some of the TDP-43 is still in nucleus (asterisk). On the other hand, spinal 

cord sections of 3-month old transgenic mice show nuclear staining exclusively(C-E). (I-T). 

Double immunofluorescence of the brain and spinal cord sections of 10-months old TDP-43
G348C

 

mice using monoclonal TDP-43 antibody and anti-ubiquitin antibody show ubiquitinated TDP-43 

aggregates (arrows) in spinal cord (L-N), cortex (O-Q) and hippocampal (R-T) regions. (I-K) 

Spinal cord sections of 3-months old TDP-43
G348C

 mice do not show intense ubiquitination. 

Background intensities were matched with 10-month old mice for consistency. (U) Co-

immunoprecipitation of ubiquitin using mouse monoclonal TDP-43 from spinal cord lysates of 

transgenic mice show that proteins associated with hTDP-43 are poly-ubiquitinated (Poly-Ub), 

more in TDP-43
G348C

 mice. Note that the ubiquitination is more in 10-months old mice than in 6-

months old TDP-43
G348C

 mice. Reprobed western blot is shown for TDP-43 using monoclonal 

antibody. Western blot of hTDP-43 using monoclonal antibody is shown as 10% input and actin as 

loading control. (V) Reverse co-immunoprecipitation with anti-ubiquitin antibody shows that TDP-

43 was co-immunoprecipitated with anti-ubiquitin. However, only small amount of high molecular 

weight forms of TDP-43 (i.e. poly-ubiquitinated) could be detected. Western blot of ubiquitin using 

polyclonal antibody is shown as 10% input and actin as loading control. Scale bar: C-H, 50m; I-

T, 25m.  
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Supplemental Figure 2.2. Cytoplasmic Localization of TDP-43. (A) Immunofluorescence of 

spinal cord sections of TDP-43
G348C

 mice using human specific monoclonal TDP-43 reveals that 

human TDP-43 is cytoplasmic. 4',6-diamidino-2-phenylindole (DAPI) is used as nuclear marker. 

Scale bar: 50m. (B) Nuclear and Cytoplasmic fractions were probed for human TDP-43 levels 

using monoclonal TDP-43 antibody. Cytoplasmic levels of TDP-43 were clearly increased in TDP-

43
G348C 

mice as compared to TDP-43
Wt

 mice. Histone is used as a nuclear marker and actin as a 

cytoplasmic marker.  
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2.5.3 Peripherin overexpression and neurofilament disorganization in TDP-43 

transgenic mice  

A pathological hallmark of both sporadic and familial ALS is the presence of abnormal 

accumulations of neurofilament and peripherin proteins in motor neurons (Carpenter, 1968; 

Corbo and Hays, 1992; Migheli et al., 1993). Immunofluorescence analysis of the spinal 

cord sections by anti-peripherin polyclonal antibody, revealed presence of peripherin 

aggregates in large motor neurons of TDP- 43
G348C

, TDP-43
A315T

 and to a lesser extent in 

TDP-43
Wt 

mice at 10-months of age as compared to 3-months old mice (Fig. 2.3A-E and 

Supplemental Fig 2.3A-D). Further analysis revealed that peripherin aggregates were also 

present in the brain. The aggregates in TDP-43
G348C

 and to a lesser extent in TDP-43
A315T

 

and TDP-43
Wt

 mice were localized in the hippocampus (Fig. 2.3F-J) and in the cortex (Fig. 

2.3K-O). Western blot analysis of the brain lysates of transgenic mice using polyclonal 

antibody against peripherin revealed abnormal splicing variants of peripherin in TDP-

43
G348C

 and TDP-43
A315T

 transgenic mice, including a toxic Per61 fragment (Fig. 2.3P) 

along with other fragments like Per56 and the normal Per58. The use of anti-peripherin 

monoclonal antibody revealed overexpression of the peripherin ~58kDa fragment in TDP-

43
G348C

, TDP-43
A315T

 and to a lower extent in TDP-43
Wt

 mice compared to non-transgenic 

mice.  Earlier reports have shown that Per61 is neurotoxic and is present in spinal cords of 

ALS patients (Robertson et al., 2003). We then determined the mRNA expression levels in 

the spinal cord extracts of various peripherin transcripts (Per61, Per58 and Per56) using 

real-time PCR. Though the levels of Per58 and Per56 are not significantly different 

between various transgenic mice, the levels of Per61 are significantly upregulated (~2.5 

fold, p<0.01) in TDP-43
G348C

 mice compared to TDP-43
Wt

 mice (Fig. 2.3Q). Per61 was 

also upregulated in TDP-43
A315T

 mice (~1.5 fold) compared to TDP-43
Wt 

mice.  Antibody 

specifically recognizing Per61 was used to detect Per61 in the spinal cord sections of TDP-

43
G348C

 mice (Fig. 2.3S) and in TDP-43
Wt

 mice (Fig. 2.3R). As expected Per61 antibody 

stained Per61 aggregates in the axons and cell bodies in human ALS spinal cord sections 

(Fig. 2.3U) but not control spinal cord tissues (Fig. 2.3T).  
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Figure 2.3. Peripherin abnormalities in TDP-43 transgenic mice. A-O. Immunofluorescence of 

the brain (F-O) and spinal cord (A-E) sections of 10-months old Ntg (non-transgenic), TDP-43
Wt

, 

TDP-43
A315T

 and TDP-43
G348C

 transgenic mice using polyclonal anti-peripherin antibody. 

Peripherin immunofluorescence of the spinal cord sections show peripherin aggregates more in 

TDP-43
G348C

 mice (E) (arrow), but also some in TDP-43
A315T

 mice (C) and very less in TDP-43
Wt 

mice (C) as compared to non-transgenic control (A). Spinal cord sections of 3-months old TDP-

43
G348C

 mice do not show peripherin overexpression or aggregates (B). (F-J) Hippocampal region 

of the brain of 10-month oldTDP-43
G348C

 mice show abundant peripherin aggregates (J). Peripherin 

aggregates are also seen to a lesser extent in TDP-43
A315T

 mice (I) and very less in TDP-43
Wt 

mice 

(H) as compared to non-transgenic control (F) and 3-months old TDP-43G348C mice (G). (K-O) 

Similarly, peripherin immunofluorescence in 10-months old TDP-43
G348C

 mice (O) in the cortical 

region of the brain show peripherin aggregates. These aggregates are also seen to a lesser extent in 

TDP-43
A315T

 mice (N) and very less in TDP-43
Wt 

mice (M) as compared to non-transgenic control 

(K) and 3-months old TDP-43G348C mice (L).  (P) Western blot analysis of the brain lysates of 

10-months old Ntg, TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 transgenic mice using polyclonal 

peripherin antibody reveal various peripherin splice variants including the Per61, Per58 and Per56 

fragments especially in TDP-43
G348C

 mice. Monoclonal peripherin antibody revealed 

overexpression of peripherin in TDP-43
G348C

, TDP-43
A315T

 and to a lesser extent in TDP-43
Wt

 mice 

as compared to non-transgenic control. Actin is shown as loading control. (Q) Quantitative real-

time PCR analysis of mRNA levels of peripherin splice variants – Per61, Per58 and Per56 in the 

spinal cord lysates show that TDP-43
G348C

 mice had ~2.5-fold higher Per61 transcript levels than in 

TDP-43
Wt

 spinal cord. Per58 levels are also higher in TDP-43
G348C

 mice compared to TDP-43
Wt

 

mice, but no significant differences are observed in Per56 levels between different transgenic mice. 

Peripherin transcript levels are expressed as fold change over non-transgenic controls normalized to 

Atp-5 levels. One-way ANOVA was used with Tukey’s post-hoc comparison for statistical 

analysis (n=3), *p<0.01 (R-U) Immuno-histochemistry on spinal cord tissues using Per61 specific 

antibody reveal Per61 specific aggregates in TDP-43
G348C 

mice (S) similar to sporadic ALS spinal 

cord tissues (U). In contrast, Per61 antibody yielded weak staining of the spinal cord in human 

control (T) and in TDP-43
Wt

 transgenic mice (R). Inset showing higher magnification images. Scale 

bars: A-O 25m; R-U 50m 
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Supplemental Figure 2.3. Peripherin overexpression in spinal cord of TDP-43 transgenic 

mice. Immunohistochemistry of spinal cord sections of non-transgenic (A), TDP-43
Wt

 (B), TDP-

43
A315T

 (C) and TDP-43
G348C

 (D) mice with polyclonal peripherin antibody show overexpression of 

peripherin the motor neurons, specifically in TDP-43
G348C

 mice. Scale bar: 25m 
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The TDP-43 transgenic mice also exhibit altered levels of peripherin and neurofilament 

protein expression.  As shown in Fig. 2.4A, western blotting revealed that NF-H is 

downregulated by about 1.5-fold and NF-L by about 2-fold in the spinal cord extracts of 10 

months old TDP-43
G348C

 mice as compared to non-transgenic mice (Fig. 2.4A). The levels 

of NF-M on the other hand were not significantly altered in any of the transgenic mice. 

Since usual ELISA methods are not suitable for the quantitative measurement of 

neurofilament proteins because of their insolubility. However, neurofilament proteins are 

dissolved in urea at high concentration. Standard curves of NF-L, NF-M and NF-H 

dissolved in various concentrations of urea diluted with the dilution buffer were prepared 

as described elsewhere (Lu et al., 2011) (Supplemental Fig. 2.4A-C). A suitable 

concentration of urea for detection was estimated to be around 0.3 mol/L, because the 

sensitivity was higher in 0.3 mol/L urea than in the other concentrations examined. 

Analysis of ELISA revealed that NF-L levels are significantly reduced in 10-months old 

TDP-43G348C mice as compared to age-matched non-transgenic controls (**p<0.001, 

Supplemental Fig 2.4D). 10-months old spinal cord samples were fractionated in detergent 

soluble and insoluble fractions. Peripherin levels could be detected in both soluble and 

insoluble fractions (Supplemental Fig. 2.5A-B). We also determined the NF-H, NF-M and 

NF-L levels in the sciatic nerve of 3 and 10-months old transgenic mice. We observed a 

slight decrease in NF-L levels in 3-months old TDP-43
G348C

 mice as compared to age-

matched TDP-43
Wt 

and TDP-43
A315T

 mice, which had levels similar to non-transgenic mice 

(Fig. 2.4B). At 10-months of age, TDP-43
G348C

 mice had about 50% reduction in NF-L 

levels in the sciatic nerve (Fig. 2.4B) as compared to TDP-43
Wt

 mice. We then used double 

immunofluorescence techniques to determine which neurofilament forms part of the 

aggregates with peripherin in TDP-43
G348C

 spinal cord sections. We found that NF-H 

clearly forms part of the aggregates (Fig. 2.4C-E), followed by NF-M to a lesser extent 

(Fig. 2.4F-H) and NF-L (Fig. 2.4I-K) does not form part of the aggregates. TDP-43 

aggregates co-localize partially with NF-H and NF-M, but not with NF-L (Supplemental  

Fig. 2.6A-C). 
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Figure 2.4. Neurofilament abnormalities in TDP-43 transgenic mice. (A) Western blots of 

various neurofilament proteins on the spinal cord lysates of 10-months old Ntg (non-transgenic), 

TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 transgenic mice using NF-H, NF-M and NF-L specific 

antibodies. Note the sharp reduction in the protein levels of NF-L and NF-H in TDP-43
G348C

 spinal 

cord lysates as compared to TDP-43
Wt 

lysates. Actin is shown as loading control. (B) Western blots 

of various neurofilament proteins on the spinal cord lysates of 3-months and 10-months old Ntg 

(non-transgenic), TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 transgenic mice using NF-H, NF-M and 

NF-L specific antibodies. Actin is shown as loading control. C-K. Double immuno-fluorescence of 

various neurofilaments (green) – NF-H (C), NF-M (F) and NF-L (I) with polyclonal peripherin 

antibody (red) on the TDP-43
G348C

 spinal cord sections reveal that NF-H is recruited to peripherin 

aggregates (arrows, E), and to a lesser extent NF-H (H), but not NF-L (K).  Scale bar: 25m. 
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Supplemental Figure 2.4.  Neurofilament ELISA. (A-C) Typical standard curves measuring 

neurofilament proteins in various concentrations of urea (0 mol/L, 0.3 mol/L, 0.5mol/L, 1 mol/L 

and 3 mol/L) - (A) NF-L (B) NF-M, (C) NF-H. Purified bovine NF-L, NF-M and NF-H were used 

as standard, respectively. The standard curve under 0 mol/L urea was obtained with the purified 

neurofilaments dialyzed against dilution buffer to remove urea. A suitable concentration 

of urea for ELISA detection was estimated to be around 0.3 mol/L, because the sensitivity was 

higher in 0.3 mol/L urea than in the other concentrations examined. (D) Measurement of total levels 

of neurofilaments by ELISA in spinal cord extracts of 10-months old non-transgenic (Ntg), TDP-

43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 mice using phosphorylation independent N52 (NF-H), NN18 

(NF-M), and NR4 (NF-L) antibodies reveal that NF-L and NF-H levels are reduced in TDP-43
G348C

 

mice compared to non-transgenic control.  One-way ANOVA was used with Tukey’s post-hoc 

comparison for statistical analysis (n=3), *p<0.01, **p<0.001. 
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Supplemental Figure 2.5. Detergent soluble and insoluble fractionation of intermediate 

filaments. (A-B) For enrichment of neuronal intermediate filaments, spinal cords of non-transgenic 

(Ntg), TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 mice were homogenized at 4
0
C in low salt 

extraction buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, and protease inhibitors]. The 

homogenates were then centrifuged at 16 000 g for 10 min at 4
0
C. The pellet fractions were further 

homogenized in high salt Triton X-100 extraction buffer [20 mM Tris–HCl (pH 7.5), 750 mM 

NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, and protease inhibitors] centrifuged at 16 000 g for 10 

min at 4
0
C. The resultant Triton-X 100 insoluble pellets were treated to a final homogenization in 

high salt buffer containing 1 M sucrose and re-centrifuged to remove contaminating lipids. The 

final pellet was solubilized in 2% (w/v) sodium dodecyl sulfate (SDS) in phosphate-buffered saline. 

Western blots of Triton X-100 soluble and insoluble fractions reveal that most of the 

neurofilaments (NF-L, NF-M and NF-H) were detergent insoluble, while peripherin bands were 

seen in both detergent soluble and insoluble fractions. NSE = Neuron specific enolase is used as an 

internal control. 
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Supplemental Figure 2.6. Colocalization of cytoplasmic TDP-43 and neurofilaments. (A-C) 

Double immunofluorescence of spinal cord sections of 10-months old TDP-43
G348C

 mice was 

performed using human specific TDP-43 and NF-H (N52), NF-M (NN18) and NF-L (NR4) 

antibodies. Immunofluorescence studies reveal that TDP-43 co-localizes partially with NF-H and 

NF-M, but not with NF-L. Scale bar: 25m 
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2.5.4 Smaller calibre of peripheral axons in TDP-43 transgenic mice   

Our previous work has demonstrated that over-expression of the wild type peripherin, 

especially in context of NF-L loss, leads to a late onset motor neurons disease and axonal 

degeneration (Jacomy et al., 1999). We analysed at different time points the number of 

axons, the distribution of axonal calibre and their morphology. Axonal counts of the L5 

ventral root from TDP-43 transgenic mice at 10-months age failed to reveal any significant 

differences in the number of motor axons (Fig. 2.5A-E). Normal mice exhibit a bimodal 

distribution of axonal calibre with peaks at ~2 μm and ~7 μm in diameter (Fig. 2.5F). In 

contrast, a skewed bimodal distribution is observed in TDP-43 transgenic mice. There was 

a 10% increase (an increase of 100 axons, p<0.001) in the number of motor axons with 1- 

to 3-μm calibre and a 12% decrease (a decrease of 120 axons) in the number of motor 

axons with 6- to 9-μm calibre in 10-months old TDP-43
G348C 

mice compared to non-

transgenic mice. (Fig.5F). There was similar 7% increase (an increase of 70 axons, p<0.01) 

in the number of motor axons with 1- to 3-μm calibre and a 8% decrease (a decrease of 80 

axons) in the number of motor axons with 6- to 9-μm calibre in 10-months old TDP-43
A315T 

mice as compared to non-transgenic mice. The increase in the number of motor axons with 

1- to 3-μm calibre was less (about 5%) and a slight decrease of 6% in 10-month old TDP-

43
Wt

 mice compared to non-transgenic mice (Fig. 2.5F).  We have quantified the functional 

neuromuscular junctions (NMJs) through fluorescence. NMJ count revealed that 5 ± 4% of 

the analyzed NMJs were denervated in 10-month old TDP-43
Wt

 mice and 10 ± 5% were 

denervated in age-matched TDP-43
G348C

 mice as compared to non-transgenic controls 

(Supplemental Fig. 2.7D). Furthermore, over 20% of NMJs were partially denervated in 

both TDP-43
Wt

 mice and TDP-43
G348C

 mice. The severe alterations in motor axon 

morphology of TDP-43
G348C

 mice prompted us to examine whether this phenomenon was 

associated with caspase-3 activation, a sign of neuronal damage. Using double 

immunofluorescence and antibodies against cleaved caspase-3 and NeuN (a neuronal 

marker), we found many cleaved caspase-3 positive neurons in the spinal cord of TDP-

43
G348C

 mice at 10-months age (Fig. 2.5J-L) compared to 3-months old TDP-43
G348C

 mice 

(Fig. 2.5G-I). Cleaved caspase-3 positive cells were also positive for cytoplasmic TDP-43 
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(Fig. 2.5M-O). However, no caspase-3 positive neurons were detected in TDP-43
Wt

 and 

TDP-43
A315T

 mice at 10 months of age (data not shown). 
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Figure 2.5. Reduced axonal calibre in ventral roots of TDP-43 transgenic mice. (A-D) 

Toluidine blue staining of thin sections of L5 ventral root axons from non-transgenic (A), TDP-

43
Wt

 (B), TDP-43
A315T

 (C) and TDP-43
G348C

 (D) mice showing no significant differences in the 

motor neuron count. (E) Axonal counts of transgenic mouse at 10-months age failed to reveal any 

significant differences in the number of motor axons in the L5 ventral root. (F) Cumulative axon 

calibre distribution of axons at L5 ventral root of 10-months old non-transgenic and transgenic mice 

showing increased number of 1-to 3-m axons and reduced number of 6-to 9-m axons in TDP-

43
G348C

 mice. A two-way ANOVA with repeated measures was used to study the effect of group 

(transgenic and non-transgenic mice) on axonal calibre distribution. Pairwise comparisons were 

made using Bonferroni adjustment *p<0.01 and **p<0.001. Data shown are means ± SEM of 5 

different mice from each group. (G-L) Double immunofluorescence using NeuN (a neuronal 

marker) and cleaved caspase-3 show many cleaved caspase-3 positive neurons in the spinal cord of 

TDP-43
G348C

 mice at 10-months age (L) compared to 3-months old TDP-43
G348C

 mice (I). (M-O) 

Double immunofluorescence using human specific TDP-43 and cleaved caspase-3 show many 

cleaved caspase-3 positive neurons in the spinal cord of TDP-43
G348C

 mice at 10-months age. Scale 

bar: 25m 
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Supplemental Figure 2.7. Neuromuscular junction staining and count. (A-C) Neuromuscular 

junction (NMJ) staining was performed using anti-synaptophysin/neurofilament antibodies and α-

bungarotoxin (BTX). Representative images showing fully innervated muscle in 10-months old 

non-transgenic mice (A), partially denervated muscle in age-matched TDP-43
Wt 

mice (B) and fully 

denervated muscle in TDP-43
G348C

 mice (C). (D) Three hundred neuromuscular junctions were 

counted per animal sample. Frequencies of innervation, partial denervation and denervation were 

then converted to percentages and plotted as graph. (n=5 per group) 
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2.5.5 TDP-43 transgenic mice develop motor dysfunction and cognitive deficits 

Behavioural analysis of the TDP-43 transgenic mice revealed age-related cognitive defects, 

particularly learning and memory deficits. We used passive avoidance test to detect 

deficiencies in contextual memory. No defects were detected until 7 months of age. 

However, after 7 months TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 mice exhibited severe 

cognitive impairments, especially in the 11
th

 and 13
th

 months (Fig. 2.6A). The most robust 

memory deficit occurred in TDP-43
G348C

 mice. We then conducted Barnes maze test to 

specifically discern the spatial learning and memory deficits in these mice. The TDP-

43
G348C

  and to a lesser extent TDP-43
Wt

 mice had significant learning impairment in the 

Barnes maze test at 10 months of age (Fig. 2.6B-C) as depicted by significant reduction in 

the time spent in the target quadrant and increased primary errors. In the probe trial (Day 

5),  TDP-43
G348C

  and TDP-43
Wt 

mice showed a significant reduction in the time spent in 

the target quadrant and increase in the total number of errors as compared to age-matched 

non-transgenic mice (Fig. 2.6B-C). Thus, 10-months old TDP-43
G348C 

mice had severe 

spatial learning and memory deficits. Transgenic mice overexpressing TDP-43
G348C

, TDP-

43
A315T

 or TDP-43
Wt

 exhibited also age-related motor deficits as depicted by significant 

reductions in latency in the accelerating rotarod tests starting at about 42-weeks of age 

(Fig. 2.6D).  
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Figure 2.6. TDP-43 transgenic mice develop cognitive defects and motor dysfunction. A. 

Passive avoidance test of various transgenic mice was performed every month from 5 up to 12-

months. Mice were placed in the light chamber, and mice entering in the dark chamber received a 

small shock. Each test set lasted for 2 days and on the 3
rd

 day, contextual learning/memory of the 

mice was evaluated based on latency (in seconds) to enter the dark chamber. A two-way ANOVA 

with repeated measures was used to study the effect of group (transgenic and non-transgenic mice) 

and time (in months) on latency to go to the dark chamber. Pairwise comparisons were made using 
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Bonferroni adjustment. TDP-43
G348C

 mice showed significant deficits in contextual 

learning/memory at 7-months age (*p<0.01), while TDP-43
A315T

 and TDP-43
Wt

 mice showed 

significant deficiencies at 9-months age (**, p<0.001) as compared to non-transgenic control (Ntg). 

The cut-off time was 300sec; data shown are means ± SEM of 10 different mice from each group. 

(B) Barnes maze test was performed on 10-months old mice (TDP-43
Wt

, TDP-43
G348C

 and Ntg). The 

spatial learning/memory capabilities are expressed as the primary latencies (latency to enter the 

target quadrant) exhibited in five consecutive sessions and one session at Day 12 of the test for 

long-term learning/memory analysis. A two-way ANOVA with repeated measures followed by 

bonferroni adjustment was used for statistical analysis. TDP-43
G348C

 and to a lesser extent TDP-

43
Wt

 transgenic mice have severe spatial learning/memory deficits even at Day 2, which became 

increasingly prominent at Day 5. Long-term memory of TDP-43
G348C

 and TDP-43
Wt

 mice are also 

severely impaired as assessed at Day 12 (*p<0.01, **p<0.001).  Results represent means ± SEM of 

three independent trials (n = 6 mice/group). (C) The spatial learning/memory capabilities are also 

expressed as the primary errors (number of errors before entering the target quadrant) exhibited in 

five consecutive sessions and one session at Day 12 of the test for long-term learning/memory 

analysis. TDP-43
G348C

 and to a lesser extent TDP-43
Wt

 transgenic mice have severe spatial 

learning/memory deficits even at Day 2, which became increasingly prominent at Day 5. Long-term 

memory of TDP-43
G348C

 and TDP-43
Wt

 mice are also severely impaired as assessed at Day 12 

(*p<0.01, **p<0.001).  Results represent means ± SEM of three independent trials (n = 6 

mice/group). (D) Accelerating rotarod analysis of mice at various ages from 8-weeks to 52-weeks 

reveal that TDP-43
G348C

 mice had significant differences in rotarod latencies at 36-weeks of age, 

TDP-43
A315T

 at 38-weeks and TDP-43
Wt 

at 42-weeks of age as compared to non-transgenic control 

mice. A two-way ANOVA with repeated measures followed by bonferroni adjustment was used for 

statistical analysis, *p<0.01, **p<0.001. Data represent means ± SEM of three independent trials (n 

= 12 mice/group).  
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2.5.6 Age-related neuroinflammatory changes in TDP-43 mice precede behavioural 

defects 

The microgliosis and astrogliosis were assessed in spinal cord and brains sections of 

different transgenic mice at presymptomatic stage (3 months) and after appearance of 

behavioural and sensorimotor deficits (10 months). Antibodies against Iba-1, a marker for 

microglial ion channel, revealed the existence of microgliosis in the brain and spinal cord 

sections of 10-months old TDP-43 transgenic mice (Fig. 2.7A-J). The microgliosis in the 

brain and spinal cord sections of 10-months old TDP-43
Wt

 and TDP-43
A315T

 mice was less 

pronounced than in 10-months TDP-43
G348C

 mice (Fig. E-H). Microgliosis was age-

dependent as both spinal cord and brain sections of 3-months old TDP-43
Wt

, TDP-43
A315T

 

(Data not shown) and TDP-43
G348C

 mice (Fig. 2.7B&G) had far less microglial activation 

than 10-months old mice of same genotype.  We also used antibodies against glial fibrillary 

acidic protein (GFAP) to detect astrogliosis in the brain (Fig. 2.7P-T) and spinal cord (Fig. 

2.7K-O) sections of 10-months old TDP-43 transgenic mice. Again, astrogliosis in TDP-

43
Wt

 and TDP-43
A315T

 mice was less severe than in TDP-43
G348C

 mice. Similar to 

microgliosis, astrogliosis was also age-dependent as both spinal cord and brain sections of 

3-months old TDP-43
Wt

, TDP-43
A315T

 (Data not shown) and TDP-43
G348C

 mice (Fig. 

2.7L&Q) had far less astroglial activation than 10-months old mice of same genotype. We 

then quantified mRNA levels of various pro-inflammatory cytokines and chemokines in the 

spinal cord of 10-months old transgenic mice using quantitative real-time PCR. The mRNA 

levels of all studied cytokines and chemokines were upregulated in TDP-43
Wt

, TDP-43
A315T

 

and TDP-43
G348C

 mice when compared to their non-transgenic littermates. For instance, the 

levels of TNF- (2.7-fold), IL-6 (2-fold), and MCP-1(2.5-fold) were all upregulated in 

TDP-43
G348C

 mice as compared to TDP-43
Wt

 mice (Fig. 2.7U). 

We next asked the question whether neuroinflammatory signals can be detected in early, 

pre-onset staged of the disease. Previous results, using the sensitive live imaging 

approaches in SOD1 mutant models, revealed that one of the first signs of the disease is the 

transient induction of the GFAP signals (Keller et al., 2009). To investigate the temporal 

induction of gliosis and to relate it to sensorimotor and learning deficits, we generated by 
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breeding double transgenic mice carrying a TDP-43 transgene and a GFAP-luc transgene 

consisting of the reporter luciferase (luc) driven by the murine GFAP promoter.  

To analyse the spatial and temporal dynamics of astrocytes activation/GFAP induction in 

TDP-43 mouse model, we performed series of live imaging experiments, starting at early 

4–5 weeks of age until 52-weeks. Quantitative analysis of the imaging signals revealed an 

early (~20 weeks) and significant upregulation of GFAP promoter activity (Fig. 2.8A-H) in 

the brain of TDP-43
G348C

/GFAP-luc mice. Starting at 20 weeks of age, the light signal 

intensity from the brain of TDP-43
A315T

/GFAP-luc
 
mice and TDP-43

Wt
/GFAP-luc mice was 

also significantly elevated when compared to wild-type littermates, but the intensity was 

less than in GFAP-luc/TDP-43
G348C

 mice. The GFAP promoter activity in the brain 

progressively increased with age until it peaked at ~50 weeks for GFAP-luc/TDP-43
G348C

, 

and at ~46 weeks for GFAP-luc/TDP-43
A315T 

(Supplemental Fig. 2.8) and GFAP-luc/TDP-

43
Wt 

mice (Fig. 2.8Q). It is noteworthy that the induction of gliosis at 20 weeks in the brain 

of TDP-43 transgenic mice preceded the cognitive deficits first detected at ~28 weeks (Fig. 

2.6). Likewise, in the spinal cord of all three TDP-43 mouse models, the induction of 

GFAP promoter activity signals at ~30 weeks of age (Fig. 2.8I-P & R and Supplemental 

Fig. 2.8) preceded the motor dysfunction first detected by the rotarod test at ~36 weeks of 

age.  Hence, TDP-43 mediated pathogenesis is associated with an early induction of 

astrogliosis/GFAP signals and age dependent neuroinflammation. 
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Figure 2.7. Neuroinflammation in TDP-43 transgenic mice. A-H. Immunofluorescence of the 

spinal cord (A-E) and brain (F-J) sections of Ntg (non-transgenic), TDP-43
Wt

, TDP-43
A315T

 and 

TDP-43
G348C

 mice was performed using anti-Iba-1 antibody. In the spinal cord microglial 

proliferation was abundant in 10-months old TDP-43
G348C

 mice (E), followed by age-matched TDP-

43
A315T

 (D) and TDP-43
Wt

 mice (C) as compared to non-transgenic control mice (A) and 3-months 

old TDP-43
G348C

 mice (B). In brains sections also, microgliosis was intense in TDP-43
G348C

 mice (J) 

as well as in age-matched TDP-43
A315T

 (I) and TDP-43
Wt

 (H) as compared to non-transgenic control 

mice (F) and 3-months old TDP-43
G348C

 mice (G). K-T. Immuno-fluorescence of the spinal cord 

(K-O) and brain (P-T) sections of Ntg, TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 mice was 

performed using anti-GFAP antibody. In the spinal cord astroglial proliferation was abundant in 10-

months old TDP-43
G348C

 mice (O), followed by age-matched TDP-43
A315T

 (N) and TDP-43
Wt

 (M) 

as compared to non-transgenic control mice (K) and 3-months old TDP-43
G348C

 mice (L). In brains 

sections also, microgliosis was abundant in TDP-43
G348C

 mice (T) followed by age-matched TDP-

43
A315T

 (S) and TDP-43
Wt

 (R) as compared to non-transgenic control mice (P) and 3-months old 

TDP-43
G348C

 mice (Q). (U). Quantitative real-time PCR was performed on spinal cord tissue 

samples from 10-months old TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

  transgenic mice and 

expressed as fold change over non-transgenic control littermates normalized to Atp-5 levels. One-

way ANOVA was used with Tukey’s post-hoc comparison for statistical analysis (n = 5 

mice/group), *p<0.01, **p<0.001. The levels of TNF- (2.7-fold, **p<0.001), IL-6 (2-fold, 

*p<0.01), and MCP-1(2.5-fold, **p<0.001) were upregulated in TDP-43
G348C

 mice as compared to 

TDP-43
Wt

 mice. Data represent means ± SEM of three independent experiments. Scale bars: A-T 

50m.  
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Figure 2.8. In vivo imaging revealed onset of astrocytosis before onset of behavioural 

impairments in doubly transgenic mice TDP-43/GFAP-luc. A-H. In vivo bioluminescence 

imaging of astrocytes activation was studied at various time points in the brain of GFAP-luc/TDP-

43
Wt

 (A-D) and GFAP-luc/TDP-43
G348C

 (E-H) mice. Note that the GFAP-luc/TDP-43
G348C

 (F) mice 

had significant increase of GFAP promoter activity at 5-months (20-weeks) age compared to 

GFAP-luc/TDP-43
Wt

 (B) mice.  I-P. Typical sequence of images of the spinal cord area obtained 

from of GFAP-luc/TDP-43
Wt

 (I-L) and GFAP-luc/TDP-43
G348C

 (M-P) mice at different time points 

by in vivo imaging. Significant GFAP promoter activity can be observed in GFAP-luc/TDP-43
Wt

 

(K) and GFAP-luc/TDP-43
G348C

 (O) mice at 8-months (32-weeks) age. Q-R: Longitudinal 

quantitative analysis of the total photon GFAP-signal/ bioluminescence (total flux of photon/s) in 

GFAP-luc/TDP-43
Wt,

 GFAP-luc/TDP-43
A315T 

and GFAP-luc/TDP-43
G348C 

mice in the brain (Q) and 

spinal cord (R). A two-way ANOVA with repeated measures followed by bonferroni adjustment 

was used for statistical analysis, *p<0.01, **p<0.001.Data represent means ± SEM of three 

independent experiments (n = 12 mice/group). 
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Supplemental Figure 2.8. GFAP induction in TDP-43
A315T

/GFAP-luc transgenic mice 

A-H. In vivo bioluminescence imaging of astrocytes activation was studied at various time points 

in the brain of GFAP-luc/control (A-D) and GFAP-luc/TDP-43
A315T

 (E-H) mice. Important to 

notice is that GFAP-luc/TDP-43
A315T

 (F) mice had significant GFAP promoter activity at 5-months 

(20-weeks) age compared to GFAP-luc/control (B) mice.  I-P. Typical sequence of images of the 

spinal cord area obtained from of GFAP-luc/control (I-L) and GFAP-luc/TDP-43
A315T

 (M-P) mice 

at different time points by in vivo imaging. Significant GFAP promoter activity can be observed in 

GFAP-luc/control (K) and GFAP-luc/TDP-43
A315T

 (O) mice at 8-months (32-weeks) age. 
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2.6 Discussion  

We report here the generation and characterization of novel transgenic mouse models of 

ALS-FTLD based on expression of genomic fragments encoding TDP-43 WT or mutants 

(A315T and G348C). The mouse models reported here carry TDP-43 transgenes under its 

own promoter resulting in ubiquitous and moderate expression (~3 fold) of hTDP-43 

mRNA species. Most of the mouse models of TDP-43 reported previously have shown 

early paralysis followed by death. However, these mouse models are based on high 

expression levels of TDP-43 transgenes that can mask age-dependent pathogenic pathways. 

Mice expressing either wild-type or mutant TDP-43 (A315T and M337V) showed 

aggressive paralysis accompanied by increased ubiquitination (Wegorzewska et al., 2009; 

Stallings et al., 2010; Wils et al., 2010; Xu et al., 2010) but the lack of ubiquitinated TDP-

43 positive inclusions raises concerns about their validity as models of human ALS disease. 

Another concern is the restricted expression of TDP-43 species with the use of Thy1.2 and 

Prion promoters. To better mimic the ubiquitous and moderate levels of TDP-43 occurring 

in the human context, it seems more appropriate to generate transgenic mice with genomic 

DNA fragments of TDP-43 gene including its own promoter. As in human 

neurodegenerative disease, our TDP-43 transgenic mice exhibited age-related phenotypic 

defects including impairment in contextual learning/memory and spatial learning/memory 

as determined by passive avoidance test and Barnes maze test. Long term memory of 10-

months old TDP-43
G348C

 transgenic mice was severely impaired according to Barnes maze 

test. The TDP-43
G348C

, TDP-43
A315T

 and to a lesser extent TDP-43
Wt

 mice exhibited also 

motor deficits as depicted by significant reductions in latency in the accelerating rotarod 

test.   

Cognitive and motor deficits in TDP-43 transgenic mice prompted us to test the underlying 

pathological and biochemical changes in these mice. Western blot analysis of spinal cord 

lysates of transgenic mice revealed ~25-kDa and ~35-kDa TDP-43 cleavage fragments 

which increased in levels with age. Previous studies demonstrated cytotoxicity of the ~25-

kDa fragment (Zhang et al., 2009). Immunofluorescence studies with human TDP-43 

specific monoclonal antibodies revealed TDP-43 cytoplasmic aggregates in the spinal cord 
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of TDP-43
G348C

, TDP-43
A315T

 and to lesser extent in TDP-43
Wt

 mice. The cytoplasmic 

TDP-43 positive inclusions were ubiquitinated. The TDP-43 positive ubiquitinated 

cytoplasmic inclusions along with ~25-kDa cytotoxic fragments are reminiscent of those 

described in studies on ALS and FTLD-U patients (Neumann et al., 2006). The co-

immunoprecipitation of ubiquitin with anti-TDP-43 antibody and inversely of TDP-43 with 

anti-ubiquitin antibody (Fig. 2.2U&V) using spinal cord samples from TDP-43
G348C

 mice 

further confirmed the association of TDP-43 with ubiquitinated protein aggregates. 

However, TDP-43 itself was not extensively ubiquitinated. A thorough survey of articles 

on TDP-43 led us to the conclusion that there is no compelling biochemical evidence in 

literature supporting the general belief that TDP-43 is the major poly-ubiquitinated protein 

in the TDP-43 positive inclusions. We could find only one blot from one ALS case in one 

paper (Neumann et al., 2006) that revealed a very weak detection of high molecular weight 

smear with anti-TDP-43 after TDP-43 immunoprecipitation. A subsequent paper by 

(Sanelli et al., 2007) has concluded from 3D-deconvolution imaging that TDP-43 is not in 

fact the major ubiquitinated target in ubiquitinated inclusions of ALS. 

The TDP-43 transgenic mice described here exhibit perikaryal and axonal aggregates of 

intermediate filaments, another hallmark of degenerating motor neurons in ALS 

(Carpenter, 1968; Corbo and Hays, 1992; Migheli et al., 1993). Before the onset of 

behavioural changes in these mice, there is formation of peripherin aggregates in the spinal 

cord and brain sections of TDP-43
G348C

 as well as in TDP-43
A315T

 transgenic mice. These 

peripherin inclusions were also seen in the hippocampal region of the brain of TDP-43
G348C

 

mice. Normally peripherin is not expressed in brain. However, it is known that peripherin 

expression in the brain can be upregulated after injury or stroke (Beaulieu et al., 2002). The 

enhanced peripherin levels in these mice are probably due to an upregulation of IL-6, a 

cytokine that can trigger peripherin expression (Sterneck et al., 1996). Sustained peripherin 

overexpression by over 4 fold in transgenic mice was found previously to provoke 

progressive motor neuron degeneration during aging (Jacomy et al., 1999). In addition, we 

detected in TDP-43 transgenic mice the presence of abnormal splicing variants of 

peripherin, such as Per 61, that can contribute to formation of IF aggregates (Robertson et 

al., 2003). Using Per61 specific antibodies we detected peripherin inclusions in the spinal 
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cord sections of TDP-43
G348C

 mice, but not in TDP-43
Wt

 mice (Fig. 2.3). The occurrence of 

specific splicing peripherin variants has also been reported in human ALS cases (Xiao et 

al., 2008).  

In addition we detected neurofilament protein anomalies in TDP-43
G348C

 mice. Double 

immunofluorescence revealed the detection of neurofilament NF-H and NF-M in inclusion 

bodies with peripherin in the spinal cord of TDP-43
G348C

 mice. Moreover, we found that 

neurofilament NF-L is downregulated in the spinal cord lysates of TDP-43
G348C

 mice, a 

phenomenon which has also been observed in motor neurons of ALS cases (Wong et al., 

2000). A decrease in NF-L levels may explain in part the age-related axonal atrophy 

detected in TDP-43 mice. Previous studies with NF-L knockout mice demonstrated that 

such substantial shift in calibres of large myelinated axons provokes a reduction of axon 

conduction velocity by ~3 fold (Kriz et al., 2000). In large animals with long peripheral 

nerves this would cause neurological disease. A loss of neurofilaments due to a 

homozygous recessive mutation in the NEFL gene was found recently to cause a severe 

early-onset axonal neuropathy (Yum et al., 2009). 

Age-related neuroinflammation constitutes another striking feature of the TDP-43 

transgenic mice. In vivo imaging of biophotonic doubly transgenic mice bearing TDP-43 

and GFAP-luc transgenes showed that astrocytes are activated as early as 20 weeks in the 

brain of GFAP-luc/TDP-43
G348C

 mice followed by activation in the spinal cord at ~30 

weeks of age. The signal intensity for astrocytosis in GFAP-luc/TDP-43
A315T 

and GFAP-

luc/TDP-43
Wt

 was less than in GFAP-luc/TDP-43
G348C

 mice. It is noteworthy that the 

induction of astrogliosis detected in the brain and spinal cord in all three TDP-43 mouse 

models preceded by 6 to 8 weeks the appearance of cognitive and motor defects. This 

finding is in line with the recent view of an involvement of reactive astrocytes in ALS 

pathogenesis (Barbeito et al., 2004; Di Giorgio et al., 2007; Julien, 2007; Nagai et al., 

2007; Di Giorgio et al., 2008). 

In conclusion, the TDP-43 transgenic mice described here mimic several aspects of the 

behavioural, pathological and biochemical features of human ALS/FTLD including age-

related development of motor and cognitive dysfunction, cytoplasmic TDP-43 positive 
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ubiquitinated inclusions, intermediate filament abnormalities, axonopathy and 

neuroinflammation. Why there is no overt degeneration in our TDP-43 mouse models? 

Unlike previous TDP-43 transgenic mice, these transgenics were made with genomic 

fragment that contains 3’ sequence autoregulating TDP-43 synthesis (Polymenidou et al., 

2011). So, the TDP-43 levels remain moderate. The ubiquitous TDP-43 overexpression by 

about 3 folds in these mice mimics the ~2.5-fold increase of TDP-43 mRNA measured in 

the spinal cord of human sporadic ALS by quantitative real-time PCR (our unpublished 

result). We don’t know why in human ALS cases carrying TDP-43 mutations, it takes 

many decades before ALS disease onset. This question remains unanswered but perhaps 

future studies with TDP-43 mouse models might provide some insights. In any case, our 

new TDP-43 mouse models should provide valuable tools for unravelling pathogenic 

pathways of ALS/FTLD and for preclinical drug testing.   
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3.1 Resume 

Il a été démontré que dans la pathogenèse de la sclérose latérale amyotrophique (SLA) et 

de la démence lobaire fronto-temporale (DLFT-U), une mauvaise répartition de la protéine 

TDP-43 dans la cellule, est impliquée. Pour mieux comprendre les mécanismes pathogènes 

impliquant la protéine TDP-43, des lésions du nerf sciatique ont été effectuées chez des 

souris surexprimant la TDP-43 de type sauvage ou mutante (G348C). Suite à la lésion 

axonale, les souris non-transgéniques avaient retrouvé en grande partie leur mobilité 

habituelle, tandis que les souris transgéniques TDP-43, étaient encore nettement paralysées. 

Les analyses phénotypiques et histologiques ont été effectuées à différents moments jusqu'à 

28 jours après la blessure et les niveaux d’expression de la TDP-43, de la périphérine et de 

l’ubiquitine, ont été analysés. Contrairement aux souris contrôles,  la redistribution de 

TDP-43 du cytoplasme vers le noyau a été significativement retardée chez les souris 

transgéniques après lésion du nerf. Nous avons notées que les niveaux de périphérine et 

d'ubiquitine sont significativement plus élevés dans les souris transgéniques TDP-43 par 

rapport aux souris témoins. L’analyse du nerf sciatique 11 jours après la lésion, a montré 

que le nombre d'axones en régénération a été considérablement réduit dans la partie distale 

de la lésion chez les souris transgéniques. Par le fait même, l’analyse du calibre des ces 

mêmes axones,  a également démontré que le calibre est légèrement inférieur par rapport 

aux souris normales. En outre,  la microgliose et la production de cytokines ont été 

maintenues beaucoup plus longtemps dans les souris transgéniques surexprimant la TDP-

43 de type sauvage ou mutant. Nos résultats suggèrent que l’expression de la protéine 

TDP-43, en particulier la forme mutante, est associée à un retard dans les processus de 

croissance et de récupération axonale suite à une lésion du nerf.  
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3.2 Abstract 

Tar DNA Binding protein 43 (TDP-43) mislocalization and aggregation is a hallmark of in 

the pathogenesis of amyotrophic lateral sclerosis (ALS) and frontotemporal lobar dementia 

(FTLD-U). Here we have examined the effects of nerve injury in new transgenic mouse 

models overexpressing wild type (WT) or mutant (G348C) TDP-43. Four weeks after 

axonal crush of sciatic nerve, TDP-43 transgenic mice remained paralyzed at the injured 

limb unlike normal mice which had regained most of their normal mobility. Phenotypic and 

histological analyses were performed at different time points until 28 days after injury and 

TDP-43, peripherin and ubiquitin expression levels were analyzed. In contrast to control 

mice, redistribution of TDP-43 from cytoplasm to nucleus was significantly delayed in 

TDP-43 transgenic mice following nerve crush. Peripherin and ubiquitin levels were 

significantly elevated in TDP-43 transgenic mice compared to control mice. Analysis of the 

sciatic nerve 11 days after nerve crush showed that the number of regenerating axons in the 

distal portion of the lesion was considerably reduced in transgenic mice. Their caliber was 

also slightly lower compared to normal mice. In addition, microgliosis and increases 

cytokine profile were maintained much longer in transgenic mice overexpressing wild-type 

or mutant TDP-43. Our results suggest that TDP-43 expression, especially the mutant form, 

is associated with axonal growth impairment following injury.  
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3.3 Introduction  

ALS is an adult-onset neurodegenerative disorder characterized by the progressive 

degeneration of motor neurons in the brain and spinal cord. TAR DNA binding protein 43 

(TDP-43), a DNA/RNA-binding 43kDa protein, has been implicated in ALS (Arai et al., 

2006; Neumann et al., 2006) and dominant mutations in TARDBP, which codes for TDP-

43, were reported by several groups as a primary cause of ALS (Gitcho et al., 2008; 

Kabashi et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008) and may account for 

~3% of familial ALS cases and ~1.5% of sporadic cases. TDP- 43, normally observed in 

the nucleus, is detected in pathological inclusions in the cytoplasm and nucleus of both 

neurons and glial cells of ALS and frontotemporal lobar degeneration with ubiquitin 

inclusions (FTLD-U) cases (Arai et al., 2006; Neumann et al., 2006).The inclusions consist 

prominently of TDP-43 C-terminal fragments (CTFs) of ~25kDa. The physiological role of 

TDP-43 and the pathogenic pathways of TDP-43 abnormalities are not well understood. 

TDP-43 is essential for embryogenesis (Sephton et al., 2010) and postnatal deletion of the 

TDP-43 gene in mice caused downregulation of Tbc1d1, a gene that alters body fat 

metabolism (Chiang et al., 2010). Neuronal overexpression at high levels of wild-type or 

mutant TDP-43 in transgenic mice caused a dose-dependent degeneration of cortical and 

spinal motor neurons but with no cytoplasmic TDP-43 aggregates (Wegorzewska et al., 

2009; Stallings et al., 2010; Wils et al., 2010; Xu et al., 2010) raising up the possibility that 

an upregulation of TDP-43 in the nucleus rather than TDP-43 cytoplasmic aggregates may 

contribute to neurodegeneration. In fact TDP-43 has been reported to be upregulated in the 

cerebrospinal fluid of patients with ALS (Kasai et al., 2009) and in peripheral blood 

lymphocytes from ALS patients (Mougeot et al., 2011; Nardo et al., 2011). More recently 

work from our lab has shown that TDP-43 is upregulated in the spinal cord of sporadic 

ALS cases both at the mRNA and protein levels (Swarup et al., 2011a). Curiously, such 

upregulation of TDP-43 is also observed in the axotomized spinal motor neurons (Moisse 

et al., 2009b). The fact that TDP-43 is a NFL mRNA binding protein capable of stabilizing 

the mRNA transcript (Strong et al., 2007) suggests that TDP-43 has a critical role in 

mediating the response of the neuronal cytoskeleton to neuronal injury. In order to 

determine the effects of increased levels of TDP-43 on neuronal response to injury, we 
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used our transgenic mice bearing genomic fragments expressing ubiquitously moderate 

levels of human TDP-43 wild-type or mutant TDP-43
G348C 

(Swarup et al., 2011b). We 

determined the response to nerve crush injury prior to the development of clinical 

symptoms and pathological features  

Overexpression of wild-type and mutant TDP-43 in transgenic mice resulted in altered 

cytoplasmic TDP-43 localization following axonal injury. Histochemical analyses of the 

spinal cord and sciatic nerve after crush provided evidence of persistent neuronal injury 

that was accompanied by sustained behavioral deficits. We observed altered levels of 

ubiquitin and peripherin after nerve-injury in transgenic mice. TDP-43
Wt

 and TDP-43
G348C

 

mice exhibited exaggerated microglial response following nerve-injury as evidenced by 

increased Mac-2+ cell count and proinflammatory cytokine levels. Our data indicate that a 

deregulation of TDP-43 in ALS can contribute regeneration impairment after neuronal 

injury.  
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3.4 Materials and Methods: 

Generation of TDP-43 transgenic mice 

TARDBP (NM_007375) was amplified by PCR from a human BAC clone (clone RPCI-11, 

clone number: 829B14) along with the endogenous promoter (~4kB). A315T and G348C 

mutations in TDP-43 were inserted using site-directed mutagenesis. The full-length 

genomic TARDBP (TDP-43
Wt

 and TDP-43
G348C

) was linearized by Swa-1 restriction 

enzyme and 18 kb DNA fragment microinjected in one-day mouse embryos (having a 

background of C3H X C57Bl/6). The embryos were implanted in pseudo-pregnant mothers 

(having ICR CD1 background). Founders were bred with non-transgenic C57Bl/6 mice to 

establish stable transgenic line (Swarup et al., 2011b). The use and maintenance of the 

mice described in this article were performed in accordance to the Guide of Care and Use 

of Experimental Animals of the Canadian Council on Animal Care. 

Axonal crush studies 

Non-transgenic, TDP-43
Wt

 and TDP-43
G348C

 mice of 3 to 4 months old have been used for 

these studies. The sciatic nerve was crushed at the level of obturator tendon three times for 

20 s with No. 5 Dumont forceps either without (n= 6) or with (n=7) prechilling in liquid 

nitrogen. Spinal cord tissue from all strains was examined on post-injury days 1, 3, 7, 14, 

and 28. For neurobehavioral assessment scores, mice were also examined 42 days post-

injury. At 11 days after crush injury, animals were sacrificed and sciatic nerves were 

dissected and processed for light microscopy as described (Zhu et al., 1997). The sections 

were stained with toluidine blue. At least six sections were examined for each experiment 

and the number of newly myelinated axons at 3 mm distal to the crush site was plotted. 

Statistics were carried out by the Student t test. Similarly, the number of myelinated axons 
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was counted at 3 mm proximal to the crush injury and at the corresponding level in the 

contralateral non-axotomixed sciatic nerve.  

 

Immunohistochemistry/Immunofluorescence Microscopy  

4% Paraformaldehyde (PFA) fixed spinal cord and brain sections of mice were sectioned 

and fixed on slides. For immunohistochemistry, tissues were treated with hydrogen-

peroxide solution before permeabilisation. After blocking  with 5% normal goat serum for 

1hr at room temperature, primary antibody incubations were performed in 1% normal goat 

serum in PBST overnight, followed by an appropriate Alexa Fluor 488 or 594 secondary 

antibody (1:500, Invitrogen) for 1hr at room temperature. For immunohistochemistry, 

tissues were incubated in biotinylated secondary antibodies (1:500, Vector labs, 

Burlingame, CA, USA), incubated in avidin-biotin complex and developed using Dab Kit 

(Vector labs). Z-stacked sections were viewed using a 40X or 60 X oil immersion 

objectives on an Olympus Fluoview™ Confocal System (Olympus, Center Valley, PA, 

USA).  

 

Evaluation of immunostaining 

Immunoreactivity scores were assigned as described previously (Ravizza et al., 2006; Iyer 

et al., 2010) by a blinded investigator. Assigned scores represent averages for all cells in 

the sciatic motor neuron pool. This method was validated first by comparing scores 

assigned by a second blinded investigator and finding no significant difference, then by 

using Image J analysis system (National Institute of Mental Health, Bethesda, MD, USA) 

as described here (Carmona et al., 2007). The overall concordance was >90% and the 

overall κ value ranged from 0.86 to 0.95. In case of disagreement, independent re-

evaluation was performed by both observers to define the final score. Briefly, day 28 post-

axonal crush images containing TDP-43 immunostained cells were threshold weighted as 

described previously (Moisse et al., 2009). The percent immunostained area was measured 
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and the area occupied by Harris's Haematoxylin-counterstained nuclei was subtracted to 

give a quantitative cytosolic TDP-43 immunoreactivity value. A minimum of 4 mice per 

strain per time point were used for analysis (n=4– 6). Two spinal cord sections, >50 μm 

apart, were analyzed in 2 levels of lumbar cord between L3 and L5 (4 sections per mouse). 

For peripherin and ubiquitin staining, the percent immunostained area was measured as 

described previously using Image J imaging software (Carmona et al., 2007) .   

Neurobehavioural assessment 

Neurobehavioural symptoms of the axotomies were assessed on post-injury days 1, 3, 7, 

14, and 28 using a rating scale published by (Marsala and Yaksh, 1994; Moisse et al., 

2009a) consisting of two criteria: (A) walking with hind limbs: 0—normal; 1—toes flat 

under body when walking but ataxia is present; 2—knuckle walking; 3—movements in 

hind limbs but unable to walk; and 4—no hind limb movement/drags hind limbs; and (B) 

placing/stepping reflex: 0—normal; 1—weak; and 2—no stepping. The final score was 

obtained by adding the score from A with that from B for a total out of 6. 

Mac-2 cell count 

For Mac-2 cell count experiment, every sixth sample section of horizontal spinal cord 

sections were immunostained for Mac-2 for microglial cell counts or Nissl stained to 

identify motor neurons in the lumbar spinal cord as described in detail previously (Gowing 

et al., 2008). Briefly, the L3–L5 spinal cord sections were individually traced with a 4× 

objective and sampled using a 40× objective. Lumbar segments were identified during 

dissection and stereological analysis. An average distance for each segment was 

determined and was applied during stereological analyses. The density of labeled cells was 

estimated by the optical fractionator method using Stereo Investigator software (MBF 

Bioscience). For Mac-2-, positive cells to be counted, a distinct cell body had to be within 

the optical dissector height. The counting parameters were the distance between counting 

frames (600 μm), the counting frame size (150 × 150 μm), the dissector height (8 μm), and 

the guard zone thickness (1 μm).  
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ELISA 

The levels of TNF-, IL-1, IL-6, MCP-1 and IFN- were assayed by multi-analyte ELISA 

and MIX-N-MATCH ELISAarray kits (mouse inflammatory cytokine array, 

SABiosciences, Frederick, MD, USA) and were carried out according to manufacturer’s 

instructions. 

 

Statistical Analysis 

For statistical analysis, the data obtained from independent experiments are presented as 

the mean ± SEM. A two-way analysis of variance (ANOVA) with repeated measures was 

used for all IR score, Mac-2+ count and NBA data. Two-way ANOVA was used for axonal 

calibre distribution and ELISArray using GraphPad Software. Post-hoc comparisons 

were performed by Tukey's test, with the statistical significance set at p<0.05.  
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3.5 Results: 

3.5.1 Sustained behavioral deficits in TDP-43 transgenic mice after nerve crush. 

We used pre-symptomatic 3-months old mice in all these experiments. Clinical evaluation 

of the mice paralysis was performed by neurobehavioral assessment score (NBA). Mice 

undergoing nerve crush injury from all strains exhibited extreme left hindlimb paralysis 

immediately following crush such that they dragged the limb while walking and only 

extended toes slightly if at all when prompted to place the foot of the lesioned side on a bar 

and grasp. Although all the mice’s scores were comparable one day after nerve crush, non-

transgenic and TDP-43
Wt

 mice recovered significantly after 3 days as compared to TDP-

43
G348C

 mice (Figure 3.1). NBA score of TDP43
G348C

 mice was significantly higher from 

three days after nerve crush and had a severely impaired mobility even at post-injury day 

28 (p < 0.001, n = 5) as compared to non-transgenic mice. Behavioral scores for TDP-

43
G348C

 mice improved at post-injury day 42, but still significantly different from non-

transgenic mice (p<0.05). Similarly TDP-43
Wt

 mice recovered slowly than non-transgenic 

mice at post-injury days 14 and 28 (p < 0.001, n = 5) as compared to non-transgenic mice 

(Figure 3.1).  
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Figure 3.1.Clinical evaluation of the mice paralysis by neurobehavioral assessment 

score (NBA). Although all the mice’s scores were comparable one day after nerve crush, 

TDP-43
Wt

 mice recovered slightly more slowly than non-transgenic mice and their NBA 

score was significantly higher 14 days (#, p<0.05) and 28 days after surgery (####, p < 

0.001, n = 5, compared to non-transgenic mice). NBA score of TDP43
G348C

 mice was 

significantly higher from three days after nerve crush (*, p<0.05) and they still had a 

severely impaired mobility at 28 days (****, p < 0.001, n = 5, compared to non-transgenic 

mice) and 42 days (*p<0.05). Error bar represents mean ± SEM.  
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3.5.2 Sustained increases in cytoplasmic TDP-43 and peripherin immunoreactivity 

following axonal crush. 

 

Cytoplasmic localization of TDP-43 following injury has been reported previously (Moisse 

et al., 2009a; Moisse et al., 2009b). We wanted to know if overexpression of wild-type or 

mutant TDP-43 in transgenic mice had any effect on the localization of TDP-43. We used 

TDP-43 polyclonal antibody which recognizes both endogenous mouse and human TDP-

43. In non-transgenic control mice, TDP-43 was translocated in the cytoplasm ipsilateral to 

nerve-crush with peak immunoreactivity at 7 days after nerve crush, and sharply returned 

to the nucleus 14 and 28 days after the injury (Figure 3.2A-B). In the spinal cord sections, 

cytoplasmic TDP-43 was seen mostly in the neurons as determined by their shape and size 

in the staining. In TDP-43
Wt

 mice, the peak immunoreactivity in the cytoplasm was also 

seen at 7 days but it remained much higher than non-transgenic mice at 14 and 28 days 

post-injury (p<0.001). Moreover, in TDP-43
G348C

 mice cytosolic TDP-43 immunoreactivity 

was significantly higher 7 days after nerve crush and its mislocalization was substantially 

maintained at 28 days (p < 0.001) as compared to non-transgenic mice (Figure 3.2A-B). 

Nonetheless, in many neurons ipsilateral to the nerve-crush site, TDP-43 was found 

relocalized to the nucleus at 42 days after injury in both TDP-43
Wt

 and TDP-43
G348C

 mutant 

mice (Data not shown). 

 

We then investigated the immunoreactivity and the distribution of peripherin, a type III 

neuronal intermediate filament (IF) protein, in axotomised TDP-43
Wt

 and TDP-43
G348C

 

transgenic mice and compared them to non-transgenic mice. We chose to study peripherin 

immunoreactivity as peripherin inclusions are hallmark of ALS patients (Corbo and Hays, 

1992; Migheli et al., 1993) and  peripherin expression levels are increased by up to 300% 

in spinal motor neurons after injury of the sciatic nerve (Troy et al., 1990). In the spinal 

cord sections, peripherin immunoreactivity was highest in the cytoplasm 7 days post-injury 

in non-transgenic mice and gradually decreased in immunoreactivity at 14 and 28 days 

post-injury (Figure 3.2C-D). In both TDP-43
Wt

 and TDP-43
G348C

 transgenic mice, the peak 
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immunoreactivity of peripherin was at 7 days post-injury. However, TDP-43
G348C

 mice had 

significantly higher peripherin immunoreactivity at post-injury days 14 and 28 (p<0.001) 

and higher peripherin levels were also seen in TDP-43
Wt

 mice (p<0.001). 
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Figure 3.2. Quantification of cytoplasmic TDP-43 and peripherin in spinal cord of 

mice following nerve crush by immunoreactivity (IR) score. (A-B) In non-transgenic 

mice, TDP-43 was translocated in the cytosol with a peak at 7 days after nerve crush, and 

mainly returned in the nucleus 28 days after injury. In TDP-43
Wt

 mice, the peak is also at 7 

days but cytosolic TDP-43 was still much higher than non-transgenic mice at 14 and 28 

days post-injury (###, p < 0.001, compared to non-transgenic mice). In TDP-43
G348C

 mice 

cytosolic TDP-43 was higher on all days after nerve crush and its mislocalization was 

substantially maintained at 28 days (***, p < 0.001, compared to non-transgenic mice) (C-

D). Peripherin was found to be unregulated 7 days after injury in non-transgenic mice and 

decreased rapidly on 14 and 28 days post-injury. In both TDP-43
Wt

 and TDP-43
G348C

 

transgenic mice, the peak immunoreactivity was at 7 days but the peripherin levels were 

significantly upregulated 14 and 28 days post-injury (***, p < 0.001, ** p < 0.01, ###, p < 

0.001, ## p < 0. 01, #p<0.05 compared to non-transgenic mice). Scale bars: 50 µm, n = 5 

for all quantifications. Error bar represents mean ± SEM. 
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3.5.3. Increased ubiquitin expression and microglial proliferation in TDP-43 

transgenic mice following nerve crush 

The role of increased ubiquitin expression in motor neurons have been reported before 

(Savedia and Kiernan, 1994). We thus analyzed immunoreactivity score for ubiquitin using 

commercially available polyclonal anti-ubiquitin antibody. In non-transgenic control mice 

ubiquitin immunoreactivity in the spinal cord showed peak levels at 7 days after injury and 

gradually decreased at 14 and 28 days post-injury (Figure 3.3A-B). Ubiquitin 

immunoreactivity also reached its peak at 7 days post-injury in TDP-43
Wt

 mice and TDP-

43
G348C

 mice, but maintained significantly higher ubiquitin immunoreactivity at 14 and 28 

days (p < 0.001) as compared to non-transgenic mice (Figure 3.3A-B).  

We studied the inflammatory response to nerve crush in TDP-43 transgenic mice using 

Mac-2 positive microglial cell counts and mouse inflammatory multianalyte ELISArray 

(SABiosciences). Nerve crush provoked a progressive microgliosis in non-transgenic mice 

with highest Mac-2+ cells (15000 ± 750/mm
3
) at 7 days post-injury and gradually declined 

at 14 and 28-days (2000 ± 200/mm
3
) post-injury (Figure 3.3C). In TDP-43

Wt
 mice Mac-2+ 

cells were also highest at day 7, but their numbers were significantly higher (25000 ± 

600/mm
3
)
 
than non-transgenic mice. At post-injury day 14 and 28, Mac-2+ counts were 

significantly higher in TDP-43
Wt

 mice as compared to non-transgenic mice. In contrast 

Mac-2+ cells counts were higher at 3, 7, 14 and 28 days in TDP-43
G348C

 mice compared to 

non-transgenic mice (Figure 3.3C). 

To further evaluate the inflammatory response to nerve crush, we measured the protein 

levels of pro-inflammtory cytokines using mouse multianalyte ELISA system. We 

dissected ipsilateral and contralateral spinal cord and compared the ipsilateral side to nerve 

crush with the contralateral side for non-transgenic, TDP-43
Wt

 and TDP-43
G348C

 transgenic 

mice. The protein levels of all studied pro-inflammatory cytokines and chemokines were 

significantly upregulated in the ispsilateral side of TDP-43
Wt

 and TDP-43
G348C

 mice at 7 

days post-injury when compared to their non-transgenic littermates. At 7 days post-injury, 

the levels of TNF- (2.5-fold), IL-6 (2.5-fold), IL-1 (2-fold), IFNγ (1.5 fold) and MCP-

1(2 -fold) were all upregulated in TDP-43
Wt

 mice compared to non-transgenic control and 
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the levels of TNF- (2.8-fold), IL-6 (3.2 -fold), IL-1 (2.5-fold), IFNγ (2.5 fold) and MCP-

1(3.2-fold) were all upregulated in TDP-43
G348C

 mice compared to non-transgenic control 

(Figure 3.3D). While most of the cytokine and chemokine levels had reduced 28-days after 

axonal crush in non-transgenic mice, the levels of TNF- (1.5-fold in TDP-43
Wt 

and 2.0-

fold in TDP-43
G348C

), IL-6 (1.3-fold in TDP-43
Wt 

and 1.6-fold in TDP-43
G348C

) and IL-1 

(1.5-fold in TDP-43
Wt 

and 2.2-fold in TDP-43
G348C

) were significantly upregulated as 

compared to non-transgenic control (Figure 3.3E). 
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Figure 3.3. Quantification of ubiquitin and microgliosis in spinal cord of mice 

following nerve crush by immunoreactivity (IR) score. (A-B) Nerve crush-induced 

upregulation of ubiquitin was at its highest level 7 days after injury in non-transgenic mice 

and in TDP-43
Wt

 mice. Nevertheless, TDP-43
Wt

 mice maintained more ubiquitin expression 

at 28 days (### p < 0.001, ##p<0.01, #p<0.05 compared to non-transgenic mice). The peak 

level of ubiquitin was also at 7 days in TDP-43
G348C

 mice and stayed higher at 14 and 28 

days (***p < 0.001, compared to non-transgenic mice). (C) Nerve crush provoked a 

progressive microgliosis as seen by Mac-2+ cell count with a peak at 7 days in non-

transgenic, TDP-43
Wt

 and TDP-43
G348C

 mice. In TDP-43
Wt

 mice Mac-2+ cell counts were 

significantly higher (25000 ± 600/mm
3
)
 
than non-transgenic mice (###p<0.001). At post-

injury day 14 and 28, Mac-2+ counts were significantly higher in TDP-43
Wt

 mice as 

compared to non-transgenic mice (###p<0.001, ##p<0.01). Mac-2+ cells counts were 

higher at 3, 7, 14 and 28 days in TDP-43
G348C

 mice compared to non-transgenic mice TDP-

43
Wt

 mice had its maximum number of Mac-2+ cells  7 days after injury and it was 

sustained until the end of the observations (***p < 0.001, compared to non-transgenic 

mice).  (D-E) Mouse inflammatory multiplex ELISA was performed at 7 days (D) and 42 

days (E). At 7 days post-injury, the levels of TNF- (2.5-fold in TDP-43
Wt 

and 2.8-fold in 

TDP-43
G348C

), IL-6 (2.5-fold in TDP-43
Wt 

and 3.2-fold in TDP-43
G348C

), IL-1 (2-fold in 

TDP-43
Wt 

and 2.5-fold in TDP-43
G348C

), IFNγ (1.5-fold in TDP-43
Wt 

and 2.5-fold in TDP-

43
G348C

) and MCP-1(2-fold in TDP-43
Wt 

and 3.2-fold in TDP-43
G348C

) were all upregulated 

as compared to non-transgenic control. While most of the cytokine and chemokine levels 

had reduced 28-days after axonal crush in non-transgenic mice, the levels of TNF- (1.5-

fold in TDP-43
Wt 

and 2.0-fold in TDP-43
G348C

), IL-6 (1.3-fold in TDP-43
Wt 

and 1.6-fold in 

TDP-43
G348C

) and IL-1 (1.5-fold in TDP-43
Wt 

and 2.2-fold in TDP-43
G348C

) were 

significantly upregulated as compared to non-transgenic control. Error bar represents mean 

± SEM. Scale bars: 50 µm, n = 5 for all quantifications. 
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3.5.4. Delayed Regeneration of Myelinated Axons in TDP-43 transgenic mice 

following nerve crush  

We wanted to examine how myelinated axons of peripheral nerves would regenerate in the 

presence of wild-type or mutant TDP-43 following axonal crush. We examined the sciatic 

nerve in the region proximal and distal to the initial crush 11 days after injury as illustrated 

in Figure 3.4A. Axonal responses in the dorsal root ganglia and in the distal sciatic nerve 

11 days following nerve crush were evaluated. Electron microscopy of transversal sections 

of the distal nerve showed massive degeneration in ipsilateral sections to injury compared 

to contralateral control nerves (Figure 3.4B). No sign of degeneration of myelinated axons 

was evident in the nerve region 3 mm proximal to crush site (Data not shown). 

Quantifications of the total number of regenerating nerves (Figure 3.4C) surrounded by 

myelin (arrows in E.M.) reveals a significant difference between non-transgenic (mean = 

571 ± 27) and TDP-43
G348C

 transgenic mice (mean = 335 ± 63). We conclude from these 

results that TDP-43
G348C

 mice had lower regeneration capacity of myelinated axons in the 

peripheral nerves as compared to non-transgenic controls. Similar to TDP-43
G348C

 mice, 

TDP-43
Wt

 mice also had lower regeneration capacity than non-transgenic mice but to a 

lesser extent than TDP-43
G348C

 mice.  

We then investigated if nerve crush in TDP-43 transgenic mice change the number and 

distribution of axon caliber of the sciatic nerve. The axonal caliber was slightly lower in 

TDP-43
G348C

 and in TDP-43
Wt

 mice as compared to non-transgenic (Figure 3.4D-E). An 

analysis of the plotted distribution of axonal caliber confirms a significant shift of TDP-

43
G348C

 axon caliber (p = 0.0261, n = 3, compared to non-transgenic mice) (Figure 3.4E). 

However, the numbers of axons in the ventral and dorsal root of the DRG are not 

significantly different (Figure 3.4F-G), neither between the contralateral and the ipsilateral 

sections nor between any of the transgenic or non-transgenic mice.  
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Figure 3.4. Axonal responses in the dorsal root ganglia and in the distal sciatic nerve 

11 days following nerve crush. (A) Schematic representation of the mice indicating the 

nerve crush site (forceps) and showing where the nerve analysis has been made (DRG: 

dorsal root ganglion sections; D.N.: distal nerve sections, 3 mm distal to the nerve crush 

site) (B). Electron microscopy (E.M.) of transversal sections of the distal nerve shows 

massive degeneration in ipsilateral (axotomized) sections compared to contralateral (non-

axotomized) control nerves (left panel in B). (C) Quantifications of the total number of 

regenerating nerves surrounded by myelin (arrows in E.M.) reveals a significant difference 

(p = 0.0264, n = 3) between non-transgenic (mean = 571 ± 27) and TDP-43
G348C

 transgenic 

mice (mean = 335 ± 63) (upper right panel in B). (D) Toluidine blue staining of thin 

sections of sciatic nerve from non-transgenic TDP-43
Wt

, TDP-and TDP-43
G348C

 mice 

showing no significant differences in the axonal count.(E) The axonal caliber was 

measured 11 days post-injury in non-transgenic and transgenic mice and was slightly lower 

in TDP-43
G348C

 mice, mean = 74.31 compared to 91.48 in non-transgenic and 87.86 in 

TDP-43
Wt

 mice and an analysis of the plotted distribution confirms a significant shift the of 

TDP-43
G348C

 axon caliber (p = 0.0261, n = 3, compared to non-transgenic mice) (F-G) 

Axonal count was performed 11 days post-injury in the ventral (F) and dorsal root (G) of 

the DRG are not significantly different, neither between the contralateral and the ipsilateral 

sections nor between any of the axotomized sections groups. Error bar represents mean ± 

SEM. Scale bar: 5 µm (B) and 50 µm (D).  
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3.6 Discussion 

The recent finding of cytosolic TDP-43 in ALS (Arai et al., 2006; Neumann et al., 2006) in 

particular its upregulation in spinal cord  of sporadic ALS patients (Strong et al., 2007; 

Swarup et al., 2011a) prompted us to investigate whether overexpression of TDP-43 

followed by nerve crush changes the biological response to neuronal injury. In sporadic 

ALS, TDP-43 expression is upregulated in both mRNA and protein levels with prominent 

cytosolic localization of TDP-43. We used our transgenic mice model overexpressing 

modest levels of TDP-43 encoded by genomic fragments to understand the effect of sciatic 

nerve crush on the overexpression of wild-type and mutant forms of TDP-43.  

Neurobehavioral assessment score of TDP43
G348C

 mice was significantly higher from three 

days after nerve crush and had a severely impaired mobility even at post-injury day 28 and 

the behavioral score of TDP-43
Wt

 mice was significantly higher at 14 and 28 days post-

injury as compared to non-transgenic mice. TDP-43
G348C

 mice did not recover from nerve 

crush after 28 days, in contrast to non-transgenic mice which recovered almost completely, 

and TDP-43
Wt

 recovered partially. NBA score of TDP-43
Wt

 and TDP-43
G348C

 mice after 

nerve injury suggests that these mice had slower recovery process compared to non-

transgenic mice which can be attributed to inherent genetic defects of mice overexpressing 

wild-type or mutant TDP-43. TDP-43 has both nuclear export and import sequences 

(Strong et al., 2007; Winton et al., 2008) suggesting that TDP-43 may have a physiological 

role in the shuttling of mRNA from the nucleus to the cytosol. In response to axonal injury, 

TDP-43 relocalizes to the cytosol in a time-dependent manner (Moisse et al., 2009a). 

Immunohistochemical studies of the spinal cord sections indicate that sciatic nerve crush in 

TDP-43
Wt

 and TDP-43
G348C 

mice results in nuclear exclusion of TDP-43 followed by its 

cytoplasmic expression and the duration for cytoplasmic expression is significantly 

different from that in non-transgenic mice. Following nerve-crush injury, TDP-43 

redistributes to the cytoplasm reaching peak cytoplasmic distribution 7 days post-injury in 

non-transgenic mice and expression patterns were restored 28 days post-injury. 

Interestingly the peak TDP-43 cytoplasmic distribution shifts to 14 days after nerve injury 
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in TDP-43
Wt

 and TDP-43
G348C 

mice and expression patterns were only restored 42 days 

post-injury.   

Perikaryal and axonal aggregates of intermediate filaments is a hallmark of degenerating 

motor neurons in ALS (Carpenter, 1968; Corbo and Hays, 1992; Migheli et al., 1993). 

Peripherin is a type III intermediate filament whose expression is known to be upregulated 

in neuronal injury or stroke (Beaulieu et al., 2002). Using immunohisto-chemistry we 

found that peripherin was upregulated in a time-dependent manner reaching peak levels in 

cytoplasm 7 days post-injury in non-transgenic mice. Interestingly, peripherin levels in 

TDP-43
G348C

 mice were significantly higher at all days post-injury. Though peripherin 

levels returned back to normal levels 28 days post-injury in non-transgenic mice, 

peripherin was significantly upregulated at 28 days post-injury in TDP-43
Wt

 and TDP-

43
G348C

 mice. Ubiquitin, another protein involved in injury (Yamauchi et al., 2008) was 

examined for its expression levels in our nerve-injury model. Ubiquitin levels were 

upregulated post-injury and were reversible events in that the baseline distribution and 

expression patterns were restored 28 days post-injury. It is important to note that ubiquitin 

expression levels were significantly upregulated 28 days post-injury in both TDP-43
Wt

 and 

TDP-43
G348C 

mice as compared to non-transgenic mice.  

We then examined inflammatory response to sciatic nerve crush in transgenic mice and 

compared them to non-transgenic mice. Mac-2 positive microglial cell counts were highest 

at 7 days post-injury and gradually declined at 14 and 28-days post-injury in non-

transgenic mice. In contrast Mac-2+ cells were significantly higher in both TDP-43
Wt

 and 

TDP-43
G348C 

mice. Higher number of Mac-2+ microglial cells prompted us to evaluate the 

cytokine and chemokine profile in the spinal cord tissue samples of 7 and 28 days post-

injury mice. Consistent with Mac-2+ cell count, many inflammatory cytokines like TNF-, 

IL-1and chemokine like MCP-1were upregulated 7 days post-injury in non-transgenic 

mice and gradually declined to normal levels 28 days post-injury. However, TDP-43
Wt

 and 

TDP-43
G348C

 mice had higher levels of cytokine levels at both 7 and 28 days post-injury 

compared to non-transgenic mice.  
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The slower recovery of TDP-43
Wt

 and TDP-43
G348C

 mice as assessed by NBA test 

compounded with increased cytoplasmic TDP-43 levels, peripherin and ubiquitin levels, 

and higher inflammatory repertoire in these mice prompted us to investigate if regeneration 

of myelinating axons is affected. We examined the sciatic nerve in the region proximal to 

the initial crush 11 days after injury (Fig 4A). Using electron microscopy in the transversal 

sections of the distal nerve massive degeneration in ipsilateral sections to injury can be 

seen as compared to contralateral control nerves. Quantifications of the total number of 

regenerating nerves surrounded by myelin reveals a significant decrease between non-

transgenic and TDP-43
Wt

 or TDP-43
G348C

 transgenic mice. It can be concluded that TDP-

43
G348C

 mice and to a lesser extent TDP-43
Wt

 mice had lower regeneration capacity of 

myelinated axons in the peripheral nerves as compared to non-transgenic controls.  

The sciatic nerve crush model constitutes an acute injury model in which affected motor 

neurons recover following a series of highly regulated events involving the transport and 

stabilization of necessary mRNA species and their translation into protein at appropriate 

sites (Price and Porter, 1972; Zhu et al., 1997). Since TDP-43 is upregulated at protein and 

mRNA levels in sporadic ALS cases (Swarup et al., 2011a), we used transgenic TDP-43
Wt

 

and TDP-43
G348C

 mice overexpressing modest levels of TDP-43 before the onset of disease 

(Swarup et al., 2011b) and performed sciatic nerve crush to understand their response to 

nerve injury. Our data suggest that TDP-43
Wt

 and TDP-43
G348C

 mice recover slowly 

following nerve crush. This fact is further substantiated by the observation that 

redistribution of cytoplasmic TDP-43 to the nucleus post injury is slower in TDP-43 

transgenic mice, upregulated peripherin and ubiquitin levels return to normal more slowly 

in these mice and levels of pro-inflammatory cytokines are higher in these mice compared 

to control non-transgenic mice. As a result of these molecular changes, the regeneration of 

the myelinated axons is delayed in TDP-43
Wt

 and TDP-43
G348C

 mice. In all our data suggest 

that TDP-43
Wt

 and TDP-43
G348C

 mice have inherent genetic defects and provides new 

insights into the pathogenesis of ALS. 
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4.1 Résumé 

Les inclusions de la protéine TDP-43 sont une caractéristique de la sclérose latérale 

amyotrophique (SLA). Dans l’étude de nos modèles de souris transgéniques, nous 

démontrons que les niveaux d’expression d’ARNm des protéines TDP-43 et de la sous-

unité p65 du NF-B,  sont plus élevées dans la moelle épinière des patients atteints de la 

SLA que chez les individus en bonne santé. La protéine TDP-43 interagit et colocalise avec 

la sous-unité p65 dans les cellules gliales et dans les neurones de patients atteints de la 

SLA, ainsi que chez les souris exprimant la TDP-43 de type sauvage et mutant. Par contre, 

cette interaction n’est pas présente dans les cellules de sujets sains ou chez des souris non 

transgéniques. TDP-43 agit donc comme un co-activateur de p65, et les cellules gliales 

exprimant des quantités plus importantes de la protéine TDP-43, produisent des cytokines 

pro-inflammatoires et des médiateurs plus neurotoxiques.  Cette expression est causée par 

la stimulation des lipopolysaccharides ou des espèces oxygénées réactives.  La 

surexpression de TDP-43 dans les neurones, concorde également avec une hausse de leur 

vulnérabilité aux médiateurs toxiques. Le traitement des souris transgéniques TDP-43 avec 

la Withaférine A, un inhibiteur de l’activité NF-B, réduit le niveau de dénervation des 

jonctions neuromusculaires et des symptômes liés à la SLA.  Nous suggérons donc que le 

dérèglement de la protéine TDP-43, contribue à la pathogenèse de la SLA en partie par 

l'augmentation de l'activation de NF-B, et que NF-B pourrait constituer une cible 

thérapeutique pour la maladie. 
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4.2 Abstract 

TDP-43 inclusions are a hallmark of amyotrophic lateral sclerosis (ALS). Here, we report 

that TDP-43 and NF-B p65 mRNA and protein expression is higher in spinal cords if 

ALS patients than healthy individuals. TDP-43 interacts with and colocalizes with p65 in 

glial and neuronal cells from ALS patients and mice expressing wild-type and mutant TDP-

43 transgenes, but not in cells from healthy individuals or nontransgenic mice. TDP-43 

acted as a co-activator of p65, and glial cells expressing higher amounts of TDP-43 

produced more proinflammatory cytokines and neurotoxic mediators after stimulation with 

lipopolysaccharide or reactive oxygen species. TDP-43 overexpression in neurons also 

increased their vulnerability to toxic mediators. Treatment of TDP-43 mice with Withaferin 

A, an inhibitor of NF-B activity, reduced denervation in the neuromuscular junction and 

ALS disease symptoms. We propose that TDP-43 deregulation contributes to ALS 

pathogenesis in part by enhancing NF-B activation, and that NF-B may constitute a 

therapeutic target for the disease. 
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4.3 Introduction 

ALS is an adult-onset neurodegenerative disorder characterized by the progressive 

degeneration of motor neurons in the brain and spinal cord. Approximately 10% of ALS 

cases are familial and 90% are sporadic.  Recently, TAR DNA binding protein 43 (TDP-

43) has been implicated in ALS(Neumann et al., 2006). TDP-43 is a DNA/RNA-binding 

43kDa protein that contains a N-terminal domain, two RNA recognition motifs (RRMs) 

and a glycine-rich C-terminal domain, characteristic of the heterogeneous nuclear 

ribonucleoprotein (hnRNP) class of proteins (Dreyfuss et al., 1993). TDP- 43, normally 

observed in the nucleus, is detected in pathological inclusions in the cytoplasm and nucleus 

of both neurons and glial cells of ALS and frontotemporal lobar degeneration with 

ubiquitin inclusions (FTLD-U) cases (Arai et al., 2006; Neumann et al., 2006). The 

inclusions consist prominently of TDP-43 C-terminal fragments (CTFs) of ~25kDa. The 

involvement of TDP-43 with ALS cases led to the discovery of TDP-43 mutations found in 

ALS patients. Dominant mutations in TARDBP, which codes for TDP-43, were reported by 

several groups as a primary cause of ALS(Corrado et al., 2009; Daoud et al., 2009; Gitcho 

et al., 2008; Kabashi et al., 2008; Sreedharan et al., 2008; Van Deerlin et al., 2008) and 

may account for ~3% of familial ALS cases and ~1.5% of sporadic cases. 

 

Neuronal overexpression at high levels of wild-type or mutant TDP-43 in transgenic mice 

caused a dose-dependent degeneration of cortical and spinal motor neurons but with no 

cytoplasmic TDP-43 aggregates (Stallings et al., 2010; Wegorzewska et al., 2009; Wils et 

al., 2010; Xu et al., 2010), raising up the possibility that an upregulation of TDP-43 in the 

nucleus rather than TDP-43 cytoplasmic aggregates may contribute to neurodegeneration. 

The physiological role of TDP-43 and the pathogenic pathways of TDP-43 abnormalities 

are not well understood. TDP-43 is essential for embryogenesis(Sephton et al., 2010) and 

postnatal deletion of the TDP-43 gene in mice caused downregulation of Tbc1d1, a gene 

that alters body fat metabolism(Chiang et al., 2010). Proteins known to interact with TDP-

43 have also been implicated in protein refolding or proteasomal degradation including 

ubiquitin, proteasome-beta subunits, SUMO-2/3 and Hsp70(Seyfried et al., 2010).  
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Because TDP-43 is ubiquitously expressed and several studies have supported the 

importance of glial cells in mediating motor neuron injury (Boillee et al., 2006a; Boillee et 

al., 2006b; Clement et al., 2003), we have searched for additional proteins which might 

interact with TDP-43 in LPS-stimulated microglial (BV-2) cells. Our rationale for choosing 

microglial BV-2 cells was that TDP-43 deregulation may occur not only in neurons but 

also in microglial cells. Moreover, there are recent reports of increased levels of LPS in the 

blood of ALS patients (Zhang et al., 2009a) and of an upregulation of LPS/TLR-4 signaling 

associated genes in peripheral blood monocytes from ALS patients (Zhang et al., 2011). 

Accordingly, we have biased our search for proteins interacting with TDP-43 when 

microglia are activated by LPS. Surprisingly, co-immunoprecipitation assays and mass 

spectrometry led to identify the p65 subunit of NF-B as a binding partner of TDP-43. 

Furthermore, we discovered that TDP-43 mRNA was abnormally upregulated in the spinal 

cord of ALS subjects. These results reported here led us to further explore the 

physiological significance of the interaction between TDP-43 and p65 NF-B.  
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4.4 Materials and Methods 

Human subjects 

The spinal cords of 16 subjects with sporadic ALS and 6 control cases were used in this 

study. The diagnosis of ALS was made on both clinical and pathological grounds. The ages 

at death ranged from 42 to 79 years, and the duration of illness ranged from 21 to 48 

months (Table 4.1). TDP-43-positive inclusions were found in all ALS cases. We also used 

spinal cord samples from 6 neurologically normal individuals (normal controls), aged 

between 55 and 84 years.  For routine histological examination, the spinal cord of each 

subject was fixed with 10% buffered formalin for 3 weeks and then embedded in paraffin; 

4-µm-thick sections were cut and stained with hematoxylin. The use of the human tissue 

samples described in this article were performed in accordance to the committee on 

research ethics of Enfant-Jesus Hospital (comité d’éthique de la recherche de l’hôpital de 

l’Enfant-Jésus du CHA), Quebec. 

 

Generation of TDP-43 transgenic mice 

TARDBP (NM_007375) was amplified by PCR from a human BAC clone (clone RPCI-11, 

clone number: 829B14) along with the endogenous promoter (~4kB). A315T and G348C 

mutations in TDP-43 were inserted using site-directed mutagenesis. The full-length 

genomic TARDBP (TDP-43
Wt

 and TDP-43
G348C

) was linearized by Swa-1 restriction 

enzyme and 18 kb DNA fragment microinjected in one-day mouse embryos (having a 

background of C3H X C57Bl/6). The embryos were implanted in pseudo-pregnant mothers 

(having ICR CD1 background). Founders were bred with non-transgenic C57Bl/6 mice to 

establish stable transgenic lines (Swarup et al., 2011a). Transgene expression was analyzed 

in brain and spinal cord by real-time PCR and in brain, spinal cord, muscle, liver by 

western blot using monoclonal human TDP-43 antibody (Clone E2-D3, Abnova).  The use 

and maintenance of the mice described in this article were performed in accordance to the 

Guide of Care and Use of Experimental Animals of the Canadian Council on Animal Care. 
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Table 4.1 Details of Patients Examined During the Study 

Patients Sex Age 

(yr) 

Duration 

of Illness 

(yr) 

Postmorte

m Delay 

(hr) 

Diseases Spinal Cord 

Neuropathology 

Motor neuron 

Loss/ Gliosis 

ALS1 F 69 1.8 6 ALS(B,UL,LL) Severe/severe 

ALS2 F 72 1.9 5 ALS(LL,UL,B) Severe/mild 

ALS3 F 65 2.3 6 ALS(UL,LL,B) Mild/moderate 

ALS4 M 78 3.2 4 ALS(B,UL,LL) Moderate/mild 

ALS5 M 79 2.8 6 ALS(UL,LL) Mild/mild 

ALS6 F 65 2.6 5 ALS(UL,B) Moderate/mild 

ALS7 M 64 2.0 6 ALS(UL) Mild/severe 

ALS8 M 65 3.0 9 ALS(LL,B) Moderate/severe 

ALS9 M 53 3.5 5 ALS(UL,B) Mild/mild 

ALS10 M 59 2.2 10 ALS(LL,UL) Mild/moderate 

ALS11 F 42 2.5 7 ALS(B,UL,LL) Moderate/mild 

ALS12 M 69 1.9 9 ALS(UL,LL,B) Severe/severe 

ALS13 M 70 2.0 8 ALS(UL,LL,B) Moderate/severe 

ALS14 M 72 4.0 5 ALS(LL,B) Mild/mild 

ALS15 M 74 3.5 8 ALS(UL,B) Mild/mild 

ALS16 M 67 2.5 6 ALS(UL,LL,B) Moderate/severe 

Control1 M 57 - 7 Heart 

failure 

No 

Control2 F 55 - 10 Pneumonia No 

Control3 F 68 - 8 Heart 

Failure 

No 

Control4 M 72 - 8 Heart 

Failure 

No 
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Control5 M 84 - 7 Pneumonia No 

Control6 M 74 - 5 Myocardial 

infarction 

No 

 

The age, duration of illness, and postmortem delay are indicated for the ALS and control cases. 

Predominant clinical features of ALS are shown: UL - upper limbs; LL - lower limbs; B - bulbar. 

Neuropathological involvement of spinal cords was graded as previously. All ALS and control 

samples were used for real-time RT-PCR and ELISA assays. Nine ALS (1–9) and all control 

samples were used for co-immunoprecipitation assays. Five ALS (1, 4, 8, 14, 15) and four control 

(1, 2, 4,6) samples were used for immunofluorescence. ALS -amyotrophic lateral sclerosis. 

 

 

Withaferin A treatment 

Withaferin A (Enzo life sciences, Plymouth meeting, PA, USA) were injected intra-

peritoneally twice a week for 10-consecutive weeks at 3mg/kg body weight in 30-weeks 

old TDP-43
Wt

 mice (n=10). Age matched control non-transgenic animals (n=10) and in 

TDP-43
Wt

 (n=10) littermates were injected twice a week with 0.9% saline intra-

peritoneally. All the behavioral and imaging experiments were conducted in a double blind 

manner as such the experimenter had no knowledge of the drug treatment or the genotype 

of animals.   

 

 

Plasmids 

Mammalian expression vector plasmids pCMV-p65, pCMV-p50, ICAM-luc (positions -

340 to -25) and luciferase reporter plasmids 4B
Wt

-luc or 4B
mut

-luc, containing four 

tandem copies of the human immunodeficiency virus-B sequence upstream of minimal 

SV40 promoter and mutant IB- (IB
SR

) containing Ser 
32

 and Ser 
36

-to-alanine mutations 

were generous gifts from the lab of Dr. Michel J. Tremblay, CRCHUQ. To create a human 

pCMV-TDP43, the cDNA library from human myeloid cells was amplified by polymerase 
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chain reaction (PCR) using primers as described in Supplementary Table 1. These products 

were subcloned into TOPO-vector (Invitrogen, Carlsbad, CA, USA) and later digested with 

Kpn1-BamHI restriction enzymes and subcloned in frame into pcDNA3.0 vector to form 

pCMV-TDP43
Wt

. The hemagglutinin (HA) tag was later added by PCR. HA tagged TDP-

43
N

, TDP-43
RRM-1

, TDP-43
RRM-2

 and TDP-43
C

 deletion mutants were constructed by 

PCR amplification and cloned between Kpn1-BamHI sites using the primers described in 

Table 4.2. Point mutations (pCMV-TDP43
A315T

 and pCMV-TDP43
G348C

) were inserted by 

PCR using site directed mutagenesis. Dual luciferase assay was used for ICAM-luc and 

kB-luc vectors (Clonetech). 

 

 

 

Table 4.2 

Primers for TDP-43 Cloning 

 

Construct Forward Primer Reverse Primer 

TDP-43
Wt

 GCGGGAAAAGTAAAAGATGTC ATTCCTGCAGCCCGGGGGATCC 

TDP-

43
A315T

 

GGGATGAACTTTGGTACGTTCAGCA

TTAATCC 

GGATTAATGCTGAACGTACCAA

AGTTCATCCC 

TDP-

43
G348C

 

CCAGCAGAACCAGTCATGCCCATCG

GGTAA 

GTTATTACCCGATGGGCATGAC

TGGTTCTGC 

N CGGGAAAAGTAAAAGATGTTAATA

GTGTT 

ATTCCTGCAGCCCGGGGGATCC 

RRM-1 GCGGGAAAAGTAAAAGATGTC AGAAAACATCCGATCTTCCTAA

TT 
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RRM-2 GCGGGAAAAGTAAAAGATGTC TTTGAGAAGCAAGCACAATAG 

C GCGGGAAAAGTAAAAGATGTC TTAGAAAGAAGTAGACAGTGG

GG 

 

Cell Culture and Transfection 

Mouse microglial BV-2 and mouse neuroblastoma N2a cells were maintained in 

Dulbecco’s modified Eagle’s medium (Gibco, Carlsbad, CA, USA) with 10% fetal bovine 

serum and antibiotics. Cells were transfected using Lipofectamine 2000 transfection 

reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. At 

48 h post-transfection, the cells were harvested, and the extracts were prepared for 

downstream assays.  

 

Primary Cell Cultures 

Primary microglial culture from brain tissues of neonatal (P0-P1) C57Bl/6 , TDP-43
Wt

, 

TDP-43
A315T

 and TDP-43
G348C

 mice were prepared as described previously(Weydt et al., 

2004). Briefly, the brain tissues were stripped of their meninges and minced with scissors 

under a dissecting microscope in DMEM. After trypsinization (0.5% trypsin, 10 min, 

37°C/5% CO2) the tissue was triturated. The cell suspension was washed in culture medium 

for glial cells [DMEM supplemented with 10% FBS (Gibco), L-glutamine (1 mM), sodium 

pyruvate (1 mM), penicillin (100 units/ml), and streptomycin (100 mg/ml)] and cultured at 

37°C/5% CO2 in 75-cm
2
 Falcon tissue-culture flasks (BD, San Jose, CA, USA) coated with 

polyD-lysine (PDL) (10 mg/ml; Sigma-Aldrich) in borate buffer [2.37 g of borax and 1.55 

g of boric acid dissolved in 500 ml of sterile water (pH 8.4)] for 1 h, then rinsed thoroughly 

with sterile, glass-distilled water. Half of the medium was changed after 6 h in culture and 

every second day thereafter, starting on day 2, for a total culture time of 10-14 days. 

Microglia were shaken off the primary mixed brain glial cell cultures (150 rpm, 37°C, 6 h) 

with maximum yields between days 12 and 16, seeded (10
5
 cells per milliliter) onto PDL-

pretreated 24-well plates (1 ml per well), and grown in culture medium for microglia 

[DMEM supplemented with 10% FBS, L-glutamine (1 mM), sodium pyruvate (1 mM), 2-
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mercaptoethanol (50 mM), penicillin (100 units/ml), and streptomycin (100 mg/ml)]. The 

cells were allowed to adhere to the surface of a PDL-coated culture flask (30 min, 37°C/5% 

CO2). After removal of primary microglial culture, the remaining cells were mainly 

astrocytes. Purity of the astrocytes was more than 90%.  Astrocytes were maintained in a 

medium consisting of DMEM supplemented with 10% FBS, L-glutamine (1 mM), sodium 

pyruvate (1 mM), 2-mercaptoethanol (50 mM), penicillin (100 units/ml), and streptomycin 

(100 mg/ml). Primary cortical cultures from brain tissues of gestation day 16 (E16) 

C57Bl/6, TDP-43
Wt

, TDP-43
A315T

 and TDP-43
G348C

 mice were prepared as described.  

Briefly, dissociated cortical cells (2.5–3.5 hemispheres) were plated onto PDL-coated 24-

well , containing DMEM supplemented with 20 mM glucose, 2 mM glutamine, 5% fetal 

bovine serum, and 5% horse serum. Cytosine arabinoside was added 4–5 days after the 

plating to halt the groWth of non-neuronal cells. Cultures were maintained at 37°C in a 

humidified CO2 incubator and used for experiments between 14 and 21 days in vitro. Cells 

were treated with Withaferin A (Enzo life sciences, Plymouth meeting, PA, USA) at a final 

concentration of 1M for 24 hrs. Bone-marrow derived macrophages (BMMs) were 

isolated and cultured using established protocols as described elsewhere(Davies and 

Gordon, 2005).  

 

Co-immunoprecipitation and Western Blot Assays 

After transfection of plasmids, BV-2 cells were cultured for 48 h and then harvested with 

lysis buffer (25 mM HEPES-NaOH (pH 7.9), 150 mM NaCl, 1.5 mM MgCl2, 0.2 mM 

EDTA, 0.5% Triton-X-100, 1 mM dithiothreitol, protease inhibitor cocktail). Alternatively, 

spinal cords from TDP-43 transgenic mice or sporadic ALS subjects along with controls 

were lysed in the buffer. The lysate was incubated with 50l of Dynabeads (Protein-G 

beads, Invitrogen), anti-TDP-43 polyclonal (ProteinTech, Chicago, IL, USA) and anti-HA 

antibody (clone 3F10, Roche, San Francisco, CA, USA). After subsequent washing, the 

beads were incubated overnight at 4
o
 with 400g of cell lysate. Antibody-bound complexes 

were eluted by boiling in Laemmli sample buffer. Supernatants were resolved by 10% 

SDS-PAGE and transferred on nitrocellulose membrane (Biorad, Hercules, CA, USA). The 

membrane was incubated with anti-p65 antibody, and immunoreactive proteins were 
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visualized by chemiluminescence (Perkin and Elmer, Santa Clara, CA, USA) as described 

previously(Dequen et al., 2008). In some cases, phospho-p65
Ser536

 , (Cell Signaling, 

Boston, MA, USA) and phospho-p50
337   

(Santa Cruz) were used at a concentration of 

1:1000. 

 

Mass Spectrometer Analysis 

BV-2 microglial cells were transiently transfected with plasmid vector pCMV-TDP43
Wt

 

coding for TDP-43
Wt

 tagged with hemagglutinin (HA) and subsequently treated with LPS. 

48 hrs after transfection, the LPS-challenged BV-2 cells were then harvested and cell 

extracts co-immunoprecipitated with anti-HA antibody. Proteins were resolved in 4-20% 

Tris-glycine gels (Precast gels, Biorad) and stained with Sypro-Ruby (Biorad). Protein 

bands from the gel were excised and subjected to mass spectrometer analysis at the 

Proteomics Platform, Quebec Genomics Centre, Quebec. The experiments were performed 

on a Thermo Surveyor
 
MS pump connected to a LTQ linear ion trap mass 

spectrometer
 
(Thermo Electron, San Jose, CA, USA) equipped with a nanoelectrospray

 
ion 

source (Thermo Electron). Scaffold (version 1.7; Proteome Software Inc., Portland, OR, 

USA) was used to validate MS/MS-based peptide and protein identifications. Peptide 

identifications were accepted if they could be established at >90.0% probability as 

specified by the Peptide Prophet algorithm (Keller et al., 2002).  

 

Immunofluorescence Microscopy  

Cells were grown to 70% confluence on glass coverslips and fixed in 2% 

paraformaldehyde for 30 min. In some cases BV-2 cells were transiently transfected with 

the pCMV-TDP-43
Wt

 and pCMV-p65 vectors using the Lipofectamine2000 reagent. After 

fixation with 4% paraformaldehyde (PFA), cells were washed in phosphate-buffered saline 

(PBS), and permeabilized with 0.2% Triton X-100 in PBS for 15 min. After blocking 

coverslips with 5% normal goat serum for 1hr at room temperature, primary antibody 

incubations were performed in 1% normal goat serum in PBS overnight, followed by an 

appropriate Alexa Fluor 488 or 594 secondary antibody (Invitrogen) for 1hr at room 

temperature. Similar procedures were used for staining spinal cord sections from TDP-43 
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transgenic mice and sections of sporadic ALS cases. Cells were viewed using a 40X or 63 

X oil immersion objectives on a Leica DM5000B microscope (Leica Microsystems, 

Bannockburn, IL, USA).  

 

Quantitative Real-Time RT-PCR 

Real-time RT-PCR was performed with a LightCycler 480 (Roche Diagnostics) sequence 

detection system using LightCycler SYBR Green I at the Quebec genomics Centre, 

Quebec. Total RNA was extracted from cell culture experiments using Trizol reagent 

(Invitrogen). Total RNA was treated with DNase (Qiagen, Valencia, CA, USA) to get rid 

of genomic DNA contaminations. Total RNA was the quantified using Nanodrop and its 

purity verified by Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Gene-

specific primers were constructed using the GeneTools (Biotools Inc.) software. 3 genes 

Atp5, Hprt1 and GAPDH were used as internal control genes. The primers used for the 

analysis of genes are given in Table 4.3. 

 

Cytotoxicity Assay  

N2a cells were transfected with pCMV-hTDP-43 (both wild type and mutants). 48 hrs after 

transfection, cells were treated with the conditioned media derived from BV-2 cells, some 

of which were treated with Lipopolysaccharide (0111:B4 serotype; Sigma). 24 hrs after 

challenging N2a cells, culture supernatants were assayed for CytoTox-ONE Homogeneous 

Membrane Integrity Assay (Promega, WI, USA), a fluorimetric assay which depends on 

the levels of lactate dehydrogenase (LDH) released due to cell death (Swarup et al., 2007a). 

The assay was performed according to the manufacturer’s protocol. Fluorescence was 

measured using a SpectraMAX Gemini EM (Molecular Devices, Sunnyvale, CA, USA) 

fluorescence plate reader at an excitation wavelength of 560 nm and an emission 

wavelength of 590 nm. Similar techniques were used for primary cortical neurons derived 

from TDP-43 transgenic mice. 
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Table 4.3 

Primers for quantitative RT-PCR 

Gene Symbol Forward Primer Sequences Reverse Primer Sequences 

TNF- CCAGACCCTCACACTCAGATCATC CCTTGAAGAGAACCTGGGAGTAGAC 

IL-6 GTCCTTCCTACCCCAATTTCCAA GAATGTCCACAAACTGATATGCTTAGG 

IL-1 GCCCATCCTCTGTGACTCAT CGACAAAATACCTGTGGCCT 

Nox2 TTGGAATTGCAGATGAGGAAGCGAG CGATCCTGGGCATTGGTGAGT 

RelA (p65) GAGCGACTGGGGTTGAGAAGC CCCATAGGCACTGTCTTCTTTCACC 

Tlr2 GCTCTTTGGCTCTTCTGGAT AGGTTCTGATGTTGAAGTCC 

MyD88 GGACTGCCAGAAATACTTAGGT AGACTATCGGCTTAAGTTG 

IL-12p40 TTAGCCAGTCCCGAAACCTGCTG TGGAACTACACAAGAACGAGAGT 

Cox-2 GCTGTACAAGCAGTGGCAAA GCTCGGCTTCCAGTATTGAG 

IP-10 AAGTGCTGCCGTCATTTTCT CATTCTTTTTCATCGTGGCA 

iNOS AGTCCTTCATGAAGCACATGC TTAGAGTCTTGGTGAAAGT 

CXCL12 

AGTAGTGGCTCCCCAGGTTT 

GAGACAGTCTTGCGGACACA 

CCL5 CCCTCACCATCATCCTCACT CCTTCGAGTGACAAACACGA 
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CSF-1 GACCCTCGAGTCAACAGAGC TGTCAGTCTCTGCCTGGATG 

IL-1 CCCGTCCTTAAAGCTGTCTG AATTGGAATCCAGGGGAAAC 

IL-18 ACGTGTTCCAGGACACAACA ACAAACCCTCCCCACCTAAC 

RANTES CCCTCACCATCATCCTCACT CTTCTTCTCTGGGTTGGCAC 

Atp5 GCTATGCAACCGCCCTGTACTCTG ACGGTGCGCTTGATGTAGGGATTC 

Hprt1 CAGGACTGAAAGACTTGCTCGAGAT CAGCAGGTCAGCAAAGAACTTATAGC 

GAPDH GGCTGCCCAGAACATCATCCCT ATGCCTGCTTCACCACCTTCTTG 
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ELISA 

The levels of TNF-, IL-1, IL-6 and IFN- were assayed by multi-analyte ELISA and 

MIX-N-MATCH ELISAarray kits (mouse inflammatory cytokine array, SABiosciences, 

Frederick, MD, USA). Mouse p65 ELISA (Stressgen, Ann Arbor, MI, USA) and human 

p65 ELISA (SABiosciences) were carried out according to manufacturer’s instructions. For 

TDP-43 ELISA, we used sandwich-ELISA protocol. Briefly ELISA plates were incubated 

in mouse monoclonal antibody against TDP-43 (Abnova, clone E2-D3) overnight and the 

total protein extracts (both soluble and insoluble fractions) were incubated in pre-coated 

plates. A second TDP-43 polyclonal antibody (ProteinTech) was further added and ELISA 

performed as described elsewhere(Kasai et al., 2009; Noto et al., 2010).  The standard 

curve for the ELISA assay was carried out with triplicate measurements using 100 l/well 

of recombinant TDP-43 protein (MW 54.3 kDa, AAH01487, recombinant protein with 

GST tag, Abnova Corporation, Walnut, USA) solution at different concentrations (0.24, 

0.48, 0.97, 1.9, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500, 1000 and 1250 ng/ml) of the 

protein in PBS. The relative concentration estimates of TDP-43 were calculated according 

to each standard curve. 

Nitrite and Reactive Oxygen Species Assays  

The cell culture supernatants from cortical neurons or N2a cells were assayed for nitrite 

concentration using Griess Reagent (Invitrogen) as described elsewhere (Swarup et al., 

2007b). The supernatants were also assayed for reactive oxygen species (ROS) using 

H2DCFDA (Sigma, St. Louis, MO, USA). 

 

Electrophoretic Mobility Shift Assay (EMSA)  

48 hrs after transfection of CMV-p65 with pCMV-TDP43
WT

 or pCMV-TDP43
G348C 

and 

treatment with LPS, BV-2 cells were harvested and nuclear extracts prepared. Nuclear 

proteins were extracted using a protein extraction kit Panomics (Redwood City, CA, USA) 

as per the manufacturer's instructions. Concentrations of nuclear proteins were determined 

on diluted samples using a Bradford assay (Biorad). Interaction between p65 in the protein 

extract and DNA probe was investigated using EMSA kit from Panomics as per the 

manufacturer's instructions. These nuclear extracts were incubated with NF-B binding site 



196 
 
 

specific oligonucleotides coated with streptavidin. Electrophoretic mobility shift assay 

(EMSA) was then performed using the NF-B EMSA kit. For supershift assays, antibodies 

against p50, p65 or TDP-43 were added during the sample preparation step.  

 

 

 

 

Reporter gene Assays  

BV2 cells were harvested in 120 μl of cell lysis buffer (Promega, Madison, WI, USA), and 

an ensuing 1-min centrifugation step (20,000 ×g) yielded a luciferase-containing 

supernatant. In both cases aliquots of 20-μl supernatant were tested for luciferase activity 

(luciferase assay kit, Promega) and for β-galactosidase activity (β-galactosidase assay kit, 

Promega) to adjust for transfection efficiency. 

 

RNA Intereference 

To selectively prevent TDP-43 expression, we employed the RNA interference technology. 

A double-stranded RNA (siRNA) was employed to degrade TDP-43 mRNA and thus to 

limit the available protein. The siRNA experiments were designed and conducted as 

described earlier (Swarup et al., 2007a). The siRNAs directed against the murine TDP-43 

mRNA (NM_145556.4) consisted of sequences with symmetrical 3'-UU overhangs 

using siRNA Target Finder (Ambion, TX, USA). The sequence of the most effective TDP-

43 siRNAs represented is as follows: 5'- AGGAAUCAGCGUGCAUAUAUU-3', 5'- 

UAUAUGCACGCUGAUUCCUUU-3'. To account for the non-sequence-specific effects, 

scrambled siRNA was used. The sequence of scrambled siRNA is as follows: 5'-

GUGCACAU GAGUGAGAUUU3' and 5'-CACGUGUACUCACUCUAAA-3'. TDP-43 

siRNAs or the scrambled siRNAs were suspended in diethyl pyro-carbonate water to yield 

desired concentration. For in vitro transfection, cells were plated in 24-well plates and 

transfected with 0.6 μmol/L siRNAs with 2 μL Lipofectamine 2000 (Invitrogen). The cells 

were then kept for 72 h in OptiMEM medium (Gibco).  
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Accelerating rotarod.  

Accelerating rotarod was performed on mice at 4rpm speed with 0.25rpm/sec acceleration 

as described elsewhere (Gros-Louis et al., 2008). Mice were subjected to three trials per 

session and every two weeks.  

 

 

In vivo bioluminescence imaging 

As previously described(Cordeau et al., 2008; Maysinger et al., 2007), the images were 

gathered using IVIS® 200 Imaging System (CaliperLSXenogen, Alameda, CA, USA). 

Twenty-five minutes prior to imaging session, the mice received intraperitoneal (i.p.) 

injection of the luciferase substrate D-luciferine (150 mg/kg—for mice between 20 and 25 

g, 150–187.5 ml of a solution of 20 mg/ml of D-luciferine dissolved in 0.9% saline was 

injected) (CaliperLS-Xenogen).  

 

Statistical Analysis 

 For statistical analysis, the data obtained from independent experiments are presented as 

the mean ± SEM; they were analyzed using a paired t-test with Mann-Whitney test, 1-way 

ANOVA with Kruskal-Wallis test or 2-way ANOVA with Bonferroni adjustment for 

multiple comparisons using the GraphPad Prism Software version 5.0 (La Jolla, CA, USA). 

For rotarod and GFAP imaging studies, repeated measures ANOVA was used. In some 

experiments, an unpaired t-test followed by a Welch’s test was performed. Differences 

were considered significant at p < 0.05. 
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4.5 Results 

4.5.1 TDP-43 interacts with p65 subunit of NF-κB 

Mass spectrometry analysis and co-immunoprecipitation experiments were carried out to 

identify proteins which interact with TDP-43 in mouse microglia (BV-2) cells after LPS 

stimulation, as described in Materials and Methods. Many proteins were co-

immunoprecitated with TDP-43, including proteins responsible for RNA granule transport 

(kinesin), molecular chaperones (Hsp70) and cytoskeletal proteins (Data not shown). In 

addition, our analysis revealed p65 (REL-A) as a novel protein interacting with TDP-43.  

An interaction between TDP-43 with p65 NF-B was confirmed by a 

coimmunoprecipitation assay with a polyclonal antibody against TDP-43 using spinal cord 

extracts from transgenic mice overexpressing human TDP-43
Wt

 and TDP-43
G348C

 mutant 

(Swarup et al., 2011a) by 3-fold (Figure 4.1B). Additional coimmunoprecipitation 

experiments carried out using BV-2 cells which were transiently transfected with pCMV-

TDP43
Wt

 and pCMV-p65 plasmids clearly show that TDP-43 interacts with p65.  

To further determine the significance of TDP-43 interaction with p65 in context of human 

ALS, TDP-43 was pulled down with the polyclonal anti-TDP43 antibody using spinal cord 

extracts from 9 sporadic ALS cases and 6 control subjects (Figure 4.1A). In protein extracts 

from ALS cases, p65 NF-B was co-immunoprecipitated with TDP-43. In contrast, no p65 

was pulled down with TDP-43 using extracts of control spinal cords. To further validate, 

TDP-43:p65 interaction we performed reverse co-immunoprecipitation using p65 antibody 

to immunoprecipitate TDP-43 in human spinal cord tissues. Indeed p65 was able to co-

immunoprecipitate TDP-43 in all 9 ALS cases, but not in 6 control cases (Supplemental 

Figure 4.1A). Along with p65, p50 was also co-immunoprecipitated with TDP-43 from the 

spinal cord samples of TDP-43
Wt

, TDP-43
G348C

 mice and ALS samples, but not from non-

transgenic or control spinal cord tissues, suggesting that TDP-43, p50 and p65 are a part of 

a complex (Figure 4.1B). To determine whether TDP-43 interacts directly with p65 or p50, 

we have carried out overexpression studies using pCMV-expression vectors transfected 

into mouse neuroblastoma Neuro2a cells (Figure 4.1C). Neuro2a cells were transfected 

with pCMV-p65 or pCMV-p50 expression vectors along with vectors encoding either HA-
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tagged TDP-43
Wt

 or TDP-43
NR1-30

, a deletion mutant lacking the region required for 

binding to p65 as described in section 4.5.3. It should be noted that the cells were not 

stimulated by LPS or any other means. After overexpression of p65 and TDP-43
Wt

 in the 

Neuro2a cells, p65 was co-immunoprecipitated with TDP-43
Wt

 but not with TDP-43
NR1-30 

using anti-HA antibody. In contrast, p50 was not co-immunoprecipitated with TDP-43
Wt

 

when overexpressed alone with TDP-43. These results suggest that TDP-43 interacts 

directly to p65, but not directly to p50 (Figure 4.1C and Supplemental Figure 4.2). 

Immunofluorescence microscopy corroborated these results. In the spinal cord of sporadic 

ALS subjects p65 was detected predominantly in the nucleus of cells in co-localization 

with TDP-43 (Figure 4.1M-O). On the contrary, in control spinal cord, there was absence 

of p65 in nucleus reflecting a lack of p65 activation (Figure 4.1J-L). It is remarkable that 

microscopy of the spinal cord from TDP-43
Wt 

transgenic mice revealed ALS-like 

immunofluorescence with active p65 that co-localized perfectly with TDP-43 in the nuclei 

of cells (Figure 4.1G-I). To elucidate which cell types in the spinal cord of ALS cases 

express TDP-43 and p65, we carried out three-color immunofluorescence with CD11b as 

microglial specific marker and GFAP as astroglial marker. We found that TDP-43 and p65 

co-localize in many microglial and astroglial cells (Figure 4.2D-F; inset). We have 

quantified our data and found that 20±5% of microglia and 8±3% of astrocytes have TDP-

43:p65 co-localization. We also found that many of the TDP-43 p65 co-localisation was in 

neurons, some also in motor neurons in many ALS cases (Figure 4.2A-C). In many ALS 

cases where TDP-43 forms aggregates in the cytoplasm, p65 is still in the nucleus (Figure 

4.2A-C, arrow-heads). In non-transgenic C57Bl/6 mice, the lack of p65 activation resulted 

in partial co-localization of TDP-43 with p65 mainly in cytoplasm (Figure 4.1D-F).  LPS-

stimulated BV-2 cells transfected with pCMV-p65 and pCMV-TDP43
Wt

 had most p65 co-

localized with nuclear TDP-43
Wt

 whereas in unstimulated cells p65 did not co-localize with 

nuclear TDP-43
Wt

.While p65 was mainly cytoplasmic in 3-months old TDP-43
Wt

 spinal 

cord, there was gradual age dependent p65 activation in 6-months and 10-months old TDP-

43
Wt

 spinal cord (Supplemental Figure 4.1D).  
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Figure 4.1. TDP-43 interacts with NF-B p65. (A) Protein extracts from the spinal cords of nine 

sporadic ALS subjects (1-9) and six control individuals (1-6) were used for the 

immunoprecipitation (IP) with TDP-43 specific polyclonal antibody where indicated. 

Immunoprecipitates or whole cells extracts were subjected to immunoblot (IB) with indicated 

antibodies. Two experiments were performed (one with control 1-5 and ALS patients 1-4, and the 

other with control 6 and ALS patients 5-9). (B) Total protein extract from spinal cords of TDP-43
Wt

 

and TDP-43
G348C

 transgenic mice, B6 nontransgenic mice (Ntg), 2 control individuals and 2 

sporadic ALS patients were subjected to immunoprecipitation and immunoblot where indicated. 

Representative blot from two independent experiments is shown. (C) Neuro2a cells were 

transfected with pCMV-p65 and pCMV-p50 expression vectors along with TDP-43
Wt

 or TDP-

43
NR1-30

. Extracts were immunoprecipitated with anti-TDP-43 or control IgG where indicated, and 

immunoblotted with anti-p65 and anti-p50. Representative blot from two independent experiments 

is shown. (D) Spinal cords of B6 nontransgenic or TDP-43
Wt

 transgenic mice or control or ALS 

patients were stained with anti-p65 and anti-TDP-43 and analyzed by immunofluorescence. 

Brightness and contrast adjustments were made to the whole image to make background intensities 

equal in control and ALS cases. The images represent at least four sections from two experiments 

using ALS and control patient material. Scale bar = 20m.  
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Figure 4.2. TDP-43 co-localizes with p65 in neuronal and glial cells (A-C) TDP-43 and 

p65 double immunofluorescence was performed in different sporadic ALS cases as 

indicated. Double immunofluorescence pictures were taken at various magnifications. 

Arrowheads represent cytoplasmic localization of TDP-43 and nuclear p65 staining. The 

image shown is representative of at least four sections from two experiments from ALS 

patients. (D-E)  A three-color immunofluorescence was performed using rabbit TDP-43, 

mouse p65 and rat CD11b (marker for microglia) as primary antibodies and Alexa Fluor 

488 (Green), 594 (Red) and 633 (far-red, pseudo-color Blue) as secondary antibody. Inset 

of higher magnification, showing triple co-localization (white) of TDP-43, p65 and CD11b 

positive cells (arrows). The images shown are representative of at least four sections from 

two experiments from ALS patients. (F) A three-color immunofluorescence was performed 

using rabbit TDP-43, mouse p65 and rat GFAP (marker for astrocytes) as primary 

antibodies and Alexa Fluor 488 (Green), 594 (Red) and 633 (far-red, pseudo-color Blue) as 

secondary antibody. Inset of higher magnification, showing triple co-localization (white) of 

TDP-43, p65 and GFAP positive cells (arrows). The images shown are representative of at 

least four sections from two experiments from ALS patients. Scale bar = 20m. 
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Supplemental Figure 4.1. TDP-43 co-immunoprecipitates with antibodies against p65 and 

age-dependent increase in p65 activation in TDP-43
Wt

 transgenic mice. (A) Protein extracts 

from the spinal cords of nine sporadic ALS subjects (1-9) and six control individuals (1-6) were 

used for the immunoprecipitation (IP) with p65 specific polyclonal antibody where indicated. 

Immunoprecipitates or whole cells extracts were subjected to immunoblot (IB) with indicated 

antibodies. (B) BV-2 cells were transfected with either 10ng TDP-43 or with 10ng p65. Nuclear 

extracts were subjected to p65 EMSA. Representative EMSA from two different experiments is 

shown. (C) Supershift p65 EMSA was performed with nuclear extracts from LPS stimulated BV-2 

cells which were transfected with TDP-43
Wt

 (LPS+TDP-43
Wt

) or empty vector (LPS only). 

Addition of p65, p50 or TDP-43 specific antibodies resulted in the supershift in the EMSA. Cold 

probe was added as a control. (D) Double immunofluorescence with TDP-43 (polyclonal) and p65 

antibody in the spinal cord of TDP-43
Wt 

transgenic mice at various ages – 3 months, 6-months and 

10-months as indicated.  Scale bar = 20m. 
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Supplemental Figure 4.2 TDP-43 co-immunoprecipitates with p65 in transfected BV-2 cells 

(A) pCMV-TDP43
wt

 (HA-tagged) and pCMV-p65 were co-transfected in BV-2 cells. 48 hrs after 

transfection, cells were harvested and total protein extracted.  Cell extract was incubated with 

dynabeads magnetic beads coupled with anti-HA antibody. After incubation and further washing, 

the complexes were resolved by 10% SDS-PAGE and subjected to chemiluminescence detection.  

p65 was co-immunoprecipitated with anti-p65 mouse monoclonal antibody showing that TDP-43 

interacts with p65 in vitro. The positions of TDP-43 and mouse IgG heavy chain are indicated. (B-

E) A double immunofluorescence experiment was set up by transfecting BV-2 cells with pCMV-

TDP43
wt

 and pCMV-p65. 24 hrs after transfection, cells were either LPS (100ng/ml) or mock-

stimulated. 12 hrs after stimulation, cells were fixed in 4% PFA and stained with Anti-HA antibody 

(for TDP-43) and mouse monoclonal p65 antibody and counterstained with nuclear marker -DAPI. 

Mock stimulated TDP-43wt transfected cells show some co-localization (arrow heads) of p65 

(mostly in cytoplasm) and TDP-43wt. (F-I) LPS stimulated TDP-43wt cells had significant co-

localization (white arrow) of p65 and TDP-43
wt

. Magnification 40X. Inset showing cells at a higher 

63X magnification. Scale bar = 20m. 

 



206 
 
 

4.5.2 TDP-43 acts as a co-activator of p65  

A gene reporter assay was carried out to study the effect of TDP-43 on NF-B-dependent 

gene expression. The effect of TDP-43 was studied on gene expression of the reporter 

plasmid 4B
Wt

-luc by transfecting pCMV-TDP43
Wt

 in BV-2 cells with or without co-

transfection of pCMV-p65 (Figure 4.3A). When expressed alone, TDP-43 had no 

detectable effect on the basal transcription level of plasmid 4B
Wt

-luc, suggesting that 

TDP-43 does not alter the basal transcription level of NF-B. However, in co-expression 

with p65, TDP-43 augmented the gene expression of plasmid 4B
Wt

-luc in a dose-

dependent manner. pCMV-p65 (20ng) alone activated gene expression of 4B
Wt

-luc by 10-

fold (Figure 4.3A). However, upon co-transfection with pCMV-TDP-43
Wt

 (20 ng), the 

extent of gene activation was elevated to 22-fold (2.2-fold augmentation by the effect of 

TDP-43). Further increase in NF-B-dependent gene expression was recorded as the levels 

of TDP-43
Wt

 were elevated to 50ng (2.8-fold activation) and 100ng (3.2- fold activation, 

n=4, p<0.05). The boosting effects of TDP-43 were not due to increased levels in p65 as 

shown by immunoblotting (Figure 4.3B). Similarly, pCMV-TDP43
A315T

 and pCMV-

TDP43
G348C

 augmented p65-mediated gene expression from the reporter plasmid 4B
Wt

-luc 

(data not shown).   

 

To further examine the effect of TDP-43 on the activation of p65, we performed p65 

electrophoretic mobility shift assays (EMSA). Transfection in BV2 cells of pCMV-p65 

with pCMV-TDP43
Wt

 or pCMV-TDP43
G348C

 and LPS treatment was followed by 

extraction of nuclear proteins. Subsequently the interaction between p65 in the protein 

extract and DNA probe was investigated using EMSA kit from Panomics (Redwood City, 

CA, USA) following the manufacturer's instructions.TDP-43 increased the binding of p65 

to the NF-B DNA probe in a dose-dependent manner. LPS alone induced the binding of 

p65 to the DNA probe by about 2-fold as compared to control (Figure 4.3C). The co-

transfection of TDP-43
Wt 

(50ng and 100ng) or of TDP-43
G348C

 (100ng) resulted in a 

significant dose-dependent increase in the DNA binding of p65. The specificity of the gel 

shift assay was assessed by adding a cold probe. TDP-43 alone does not bind to p65 EMSA 

probes (Supplemental Figure 4.1B). Moreover, adding an anti-HA antibody which 



207 
 
 

recognizes the transfected TDP-43 or an anti-p65 antibody caused supershifts of bands in 

the p65 EMSA (Figure 4.3D).   Along with p65 and TDP-43, p50 is also part of the 

activated complex as seen by supershifts of bands in p65 EMSA studies in BV-2 cells 

using antibodies specific to p65, TDP-43 and p50 (Supplemental Figure 4.1C).  
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Figure 4.3. TDP-43 acts as a co-activator of NF-B p65. (A) BV-2 cells were transfected with 

20 ng of 4B
Wt

-luc (containing wild type NF-B binding sites) or 4B
mut

-luc (containing mutated 

NF-B binding sites) together with the indicated amounts of pCMV-TDP43
Wt

 expression 

plasmid. Cells were harvested 48 h after transfection, and luciferase activity was measured. 

Values represent the luciferase activity mean ± SEM of three independent transfections and 

statistical analysis was done by two-way ANOVA with Bonferroni adjustment. (B) BV-2 cells 

were transfected with 20ng pCMV-p65 and various concentrations of pCMV-TDP43
Wt

. TDP-43 

levels are shown when blotted with Anti-HA antibody (Sigma), Actin is shown as a loading 

control. (C) 48 hrs after transfection, BV-2 cells were harvested and nuclear extracts were then 

incubated with NF-B p65 binding site specific oligonucleotides coated with streptavidin. EMSA 

was then performed using the NF-B EMSA kit. (D) Supershift assay was performed by adding 

anti-HA antibody, which specifically recognizes human TDP-43, during the EMSA assay.p65 

antibody was also added in a separate lane as a positive control.  
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4.5.3 p65 interacts with the N-terminal and RRM-1 domains of TDP-43  

To determine which domains of TDP-43 interacts with p65, we constructed a series of 

deletion mutants of various TDP-43 domains. Various pCMV-HA tagged deletion mutants 

like TDP-43
N

 (1-105AAs), TDP-43
RRM-1

 (106-176AAs), TDP-43
RRM-2

 (191-262AAs) 

and TDP-43
C

 (274-414AAs) were transfected in BV-2 cells with pCMV-p65 (Figure 

4.4A). TDP-43
RRM-1 

co-immunoprecipitated p65 partially whereas TDP-43
RRM-2

 and 

TDP-43
C

 interacted well with p65, suggesting that RRM-1 is important, but RRM-2 and 

C-terminal domains are dispensable for interaction with p65. Following transfection we 

found that TDP-43
N

 had much reduced interaction with p65 (Figure 4.4B), thereby 

suggesting that N-terminal domain of TDP-43 is essential for the interaction of TDP-43 

with p65. Since the nuclear localization signal (NLS) is in the N-terminal, the reduced 

interaction of TDP-43
N

 to p65 could have been the result of a mislocalization of TDP-

43
N

. To address this issue and to further define the interacting domain, we constructed 

series of N-terminal and RRM-1 deletion mutants - TDP-43
NR1-81 

(98-176AAs), TDP-

43
NR1-50

 (51-81 and 98-176 AAs) and TDP-43
NR1-30

 (31-81 and 98-176 AAs) with the 

NLS signal attached so that the mutant proteins are able to be directed to the nucleus. Co-

immunoprecipitation with these constructs suggested that even though TDP-43
NR1-30

 is in 

the nucleus (Figure 4.4C), it cannot effectively interact with p65, TDP-43
NR1-81 

and TDP-

43
NR1-50

 whereas can interact with p65 (Figure 4.4B). These results indicate that TDP-43 

interacts with p65 through its N-terminal domain (31-81 and 98-106 AAs) and RRM-1 

(107-176 AAs) domain.  

To assess the effect of these deletion mutants on the activation of NF-B gene, we used the 

gene reporter assay. Various deletion mutants of TDP-43 were co-transfected along with 

4B
Wt

-luc or 4B
mut

-luc.  When compared to full length TDP-43
Wt

, TDP-43
N

 had reduced 

effect (2-fold, n=3, p<0.05) on the gene activation. TDP-43
RRM-1

 also exhibited 

attenuation of gene activation but to lesser extent than TDP-43
N

 (Figure 4.4D). In contrast, 

TDP-43
RRM-2

 and TDP-43
C

 deletion mutants had effects similar to full length TDP-43
Wt

. 

As expected, because TDP-43
NR1-30

 does not effectively interact with p65, the level of NF-
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B activation detected by the 4B
Wt

-luc reporter assay was extremely low, 6-fold lower 

than full-length TDP-43
Wt

 (n=3, p<0.001) (Figure 4.4D). p65 and luciferase vectors were 

used as control for the experiment. Note that the amount of pCMV-p65 vector transfected 

in control was more than in other experiments to keep similar amounts of total transfected 

DNA. Transfection of a control luciferase reporter construct, 4B
mut

-luc, in which all four 

B sites were mutated, had no effect on the basal-level activation of p65.To determine, if 

the interaction between TDP-43 and p65 is a protein-protein interaction, we performed 

immunoprecipitation experiments by adding either proteinase K, RNase A or DNase 1 

(Figure 4.4E). Addition of proteinase K abolished TDP-43-p65 interaction, whereas RNase 

A or DNase 1 had no effect, suggesting that the interaction is not DNA/RNA dependent.   
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Figure 4.4. The N-terminal and RRM-1 domains of TDP-43 are crucial for interaction with 

p65. (A) 2-dimensional cartoon of TDP-43 protein showing various deletion mutants used in this 

study. Deletion mutants TDP-43
N

 (1-105AAs), TDP-43
RRM-1

(106-176AAs), TDP-43
RRM-2

 (191-

262AAs) and TDP-43
C

 (274-414AAs) and full-length TDP-43 (TDP-43
Wt

) are shown. Serial N-

terminal and RRM-1 domain deletion mutants are also shown. TDP-43
NR1-81 

(98-176AAs), TDP-

43
NR1-50

 (51-81 and 98-176 AAs) and TDP-43
NR1-30

 (31-81 and 98-176 AAs) were generated. (B) 

All constructs (Wt and deletion mutants) were cloned in pcDNA3.0 with HA tag at extreme C-

terminal of the encoded protein. BV-2 cells were transfected with TDP-43
Wt

 or deletion constructs 

and pCMV-p65. 24 hrs after transfection, cells were harvested and immunoprecipitated (IP) with 

anti-HA antibody. Immunoprecipitates or whole cells extracts were subjected to immunoblot (IB) 

with indicated antibodies. A representative gel from three independent experiments is shown. (C) 

BV-2 cells transfected with TDP-43
Wt

, TDP-43
NR1-50 

or TDP-43
NR1-30 

were fractionated into 

nuclear and cytoplasmic fractions using sucrose-density gradient centrifugation. These fractions 

were then probed with Anti-HA antibody for the expression of transfected TDP-43 species. Histone 

H1 is used as a nuclear and tubulin as a cytoplasmic marker. A representative gel from two 

independent experiments is shown. (D) Various deletion mutants of TDP-43 were co-transfected 

along with 4B
Wt

-luc (containing wild type NF-B binding sites) or 4B
mut

-luc (containing mutated 

NF-B binding sites). 48 h after transfection, luciferase activity was measured.  Statistical analysis 

was done by two-way ANOVA with Bonferroni adjustment. Error bars represent mean ± SEM from 

three independent experiments. (E) TDP-43 antibody was added to BV-2 transfected cell lysates 

and proteins were immunoprecipitated (IP) with indicated antibody. After TDP-43 

immunoprecipitation, samples were treated with either proteinase K (1μg/ml), RNase(1μg/ml) or 

DNase 1(1μg/ml). To monitor the effectiveness of RNase and DNase digestion, RNase or DNase 

were added to cell lysates before immunoprecipitation and subjected to PCR. GAPDH RT-PCR 

was used to monitor RNase digestion, while Rn18s gene (which codes for 18SrRNA) genomic PCR 

was used to monitor DNase digestion. Representative blots and gels from three different 

experiments are shown. 
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4.5.4. TDP-43 siRNA inhibits activation of NF-B 

If correct that TDP-43 acts as a co-activator of p65, then reducing the levels of TDP-43 

should attenuate p65 activation. To reduce the expression levels of TDP-43, microglial BV-

2 cells were transfected with either TDP-43 siRNA or scrambled siRNA together with 

4B
Wt

-luc vectors. 72 hrs after transfection some of the cells were either stimulated with 

LPS (100ng/ml) or mock stimulated for 12 hrs. As shown in (Figure 4.5A), TDP-43 siRNA 

reduced the endogenous mouse TDP-43 levels significantly as compared to scrambled 

siRNA transfected cells in two different experiments. To examine the effect of reducing 

TDP-43 levels on NF-B activation, BV-2 cells were transfected with pCMV-p65 and 

4B
Wt

-luc vectors. TDP-43 siRNA decreased activation of NF-B reporter gene in 

transfected cells. The decrease in NF-B activation was about 3-fold for 5ng pCMV-p65 

(n=4, p<0.01) and about 2.5-fold for 10 and 20ng pCMV-p65 (n=4, p<0.05) and 2-fold for 

50ng pCMV-p65 (n=4, p<0.05) as compared to scrambled siRNA transfected cells (Figure 

4.5B).  To examine the physiological significance of TDP-43 inhibition by siRNA, we 

transfected BV-2 cells with ICAM1-luc vector together with TDP-43 siRNA or scrambled 

siRNA. 72 hrs after transfection, cells were stimulated with varying concentrations of TNF-

. When stimulated at 0.5ng/ml of TNF-, TDP-43 siRNA transfected cells exhibited a 2-

fold decrease in ICAM-1 luciferase activity (n=4, p<0.05) as compared to cells transfected 

with scrambled siRNA. Similarly, TDP-43 siRNA transfected BV-2 cells exhibited at 

1.0ng/ml and 1.5ng/ml TNF-concentrations decrease of 2.5-fold (n=4, p<0.01) and 2-fold 

(n=4, p<0.05) in ICAM-1 luciferase activity, respectively (Figure 4.5C). We also tested the 

effect of TDP-43 siRNA transfected in bone-marrow derived macrophages (BMMs) from 

normal mice. We compared the level of innate immunity activation when stimulated with 

LPS. BMMs transfected with TDP-43 siRNA had reduced levels of TLR2 mRNA (1.5-

fold, p<0.05), p65 (3-fold, p<0.01), TNF- (3-fold, p<0.01), IL-1 (2-fold, p<0.05), IP-10 

(2-fold, p<0.05), IL-6 (2.5-fold, p<0.01) and Cox-2 (2-fold, p<0.05) as compared to 

scrambled siRNA transfected BMMs (Figure 4.5D).   
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Figure 4.5. TDP-43 siRNA inhibits activation of NF-B. BV-2 cells were transfected either with 

mouse TDP-43 siRNA or scrambled siRNA. 72 hrs after transfection some of the cells were either 

stimulated with LPS (100ng/ml) or mock stimulated for 12 hrs. (A) Protein extracted from siRNA 

experiment was subjected to western blot analysis. Mouse endogenous TDP-43 levels in TDP-43 

siRNA or scrambled siRNA were compared in two different experiments (expt1 and expt2) as 

determined by rabbit polyclonal TDP-43 antibody. (B) Additionally BV-2 cells were transfected 

with pCMV-p65 (concentrations as indicated) and 4B
Wt

-luc vector and luciferase assay was 

performed. Statistical analysis was done by two-way ANOVA with Bonferroni adjustment. Error 

bars represent mean ± SEM from three independent experiments. (C) We transfected BV-2 cells 

with ICAM1-luc vector in addition to TDP-43 siRNA or scrambled siRNA in three different 

expeiments. 72 hrs after transfection, cells were stimulated with varying concentrations (as 

indicated) of TNF-. Statistical analysis was done by two-way ANOVA with Bonferroni 

adjustment. (D) Real-time quantitative PCR levels of various mRNAs were compared with TDP-43 

siRNA transfected (and LPS stimulated) bone-marrow derived macrophages (BMMs) and 

scrambled siRNA transfected (and LPS stimulated) BMMs. Statistical analysis was done by two-

way ANOVA with Bonferroni adjustment. Error bars represent mean ± SEM from three different 

experiments. 
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4.5.5 TDP-43 and p65 mRNA levels are upregulated in the spinal cord of sporadic 

ALS patients  

The findings that TDP-43 can interact with p65 and that TDP-43 overexpression in 

transgenic mice was sufficient to provoke abnormal nuclear co-localization of p65 as 

observed in sporadic ALS (Figure 4.1 M-O), prompted us to compare the levels of mRNA 

coding for TDP-43 and p65 NF-B in spinal cord samples from sporadic ALS cases and 

control individuals. Real-time RT-PCR data revealed that the levels of TDP-43 mRNA in 

the spinal cord of sporadic ALS cases (n=16) were upregulated by about 2.5-fold (p<0.01) 

compared to controls (n=6) (Figure 4.6A). It is also noteworthy that the levels of p65 NF-

B mRNA were upregulated by about 4-fold (p<0.001) in ALS cases as compared to 

controls. Since TDP-43 forms many bands in western blot analysis, we quantified the total 

level of TDP-43 protein using sandwich ELISA as described in the materials and methods. 

The ELISA results suggest that TDP-43 protein levels are in fact upregulated in total spinal 

cord protein extracts of ALS cases (n=16) by 1.82-fold (241.2 ± 8.5 pg/g of total protein) 

as compared to control cases (132.8 ± 5.6 pg/g of total protein, n=6) (Figure 4.6B). For 

human p65 ELISA, we used an ELISA kit from SABioscience, Qiagen. The levels of p65 

were also upregulated in total spinal cord extracts of ALS cases (n=16) by 3.5-fold (222.5 

± 11.5 pg/g of total protein) as compared to control cases (62.83 ± 3.8 pg/g of total 

protein, n=6) (Figure 4.6C).  
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Figure 4.6. Analysis of TDP-43 and NF-B p65 mRNA expression in sporadic ALS spinal 

cord. (A) Spinal cord tissue samples from 16 different sporadic ALS patients and 6 controls were 

subjected to real-time RT-PCR analysis using primers specific for TDP-43 (TARDBP) and p65 

(RELA). Statistical analysis was done using unpaired student’s t-test with Welch's correction. Error 

bars represent mean ± SEM from three different experiments. All real-time RT-PCR values are 

normalized to Atp-5 levels. (B) Sandwich ELISA was performed for TDP-43 using TDP-43 

monoclonal and polyclonal antibodies. After coating the ELISA plates with TDP-43 monoclonal 

antibody, the plate were incubated with the protein lysates (containing both soluble and insoluble 

fragments in between) followed by TDP-43 polyclonal antibody and subsequent detection. 

Statistical analysis was done using unpaired student’s t-test with Welch's correction. Error bars 

represent mean ± SEM from three different experiments. (C) For p65 ELISA, an ELISA kit from 

SABioscience, Qiagen was used. Statistical analysis was done using unpaired student’s t-test with 

Welch's correction. Error bars represent mean ± SEM from three different experiments. 
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4.5.6 TDP-43 overexpression in glia or macrophages causes hyperactive inflammatory 

responses to LPS  

Since NF-B is involved in pro-inflammatory and innate immunity response, we tested the 

effects of increasing TDP-43 mRNA expression in BV-2 cells. Because LPS is a strong 

pro-inflammatory stimulator (Horvath et al., 2008), we used it to determine the differences 

in levels of pro-inflammatory cytokines produced by TDP-43-transfected or mock-

transfected BV-2 cells. BV-2 cells were transiently transfected either with pCMV-

TDP43
Wt

, pCMV-TDP43
A315T

, pCMV-TDP43
G348C

 or empty vector. 48 hrs after 

transfection and 12hrs after LPS challenge (100ng/ml), RNA extracted from various 

samples were subjected to real-time quantitative RT-PCR to determine the mRNA levels of 

various pro-inflammatory genes. As expected, there was a 4-fold increase in mRNA levels 

of TNF- following LPS stimulation of BV-2 cells compared to controls (Figure 4.7A). 

However in LPS treated cells transfected with wild-type TDP-43, there was an additional 

3-fold (n=5, p<0.05) increase in TNF- levels. TDP-43 harboring the A315T and G348C 

mutations had similar effects on boosting the levels of TNF-upon LPS stimulation. 

Similarly, in response to LPS, the extra levels of TDP-43 species in transfected microglial 

cells caused a significant 5-fold increase (n=5, p<0.001) in the mRNA levels of IL-1 

(Figure 4.8A) and 9-fold increase in mRNA levels of IL-6 (Figure 4.7B, n=5, p<0.001) as 

compared to LPS-treated mock-transfected cells. The levels of NADPH oxidase 2 (Nox-2 

gene) was increased by about 2.8-fold (Figure 4.8B, n=5, p<0.05) in LPS-challenged TDP-

43 transfected cells as compared to LPS treated mock-transfected cells. Remarkably, 

overexpression of TDP-43 species resulted in 10-fold (n=5, p<0.001) increase in levels of 

p65 (RELA) mRNA in LPS-treated transfected cells as compared to LPS-treated mock-

transfected cells (Figure 4.7C). Note that, in absence of LPS stimulation, microglial cells 

transfected with TDP-43 species (both wild-type and mutants) exhibited no significant 

differences in levels of TNF-, IL-1, Nox-2 and NF-B when compared to mock-

transfected controls.  

To further evaluate the effect of LPS stimulation in TDP-43 overexpressing microglia, we 

prepared primary microglial cultures from C57Bl/6 mice and from transgenic mice 



218 
 
 

overexpressing by 3-fold TDP-43
Wt. 

Primary microglial cells were challenged with LPS at a 

concentration of 100ng/ml of media. 12 hrs after LPS challenge, cells were harvested and 

total protein extracted and used for multi-analyte ELISA. LPS-treated TDP-43
Wt

 transgenic 

microglia had significantly higher levels of TNF- (2.5-fold, p<0.01), IL-1 (2.3-fold, 

p<0.01), IL-6 (2-fold, p<0.05) and IFN- (2-fold, p<0.05) as compared to LPS-treated 

microglia from C57Bl/6 non-transgenic mice (Figure 4.7D). However, in absence of LPS 

stimulation, no significant differences in cytokines levels were detected between microglia 

from TDP-43
Wt

 transgenic mice and from non-transgenic mice (Data not shown). The p65 

level was significantly higher (3-fold; p<0.01) in LPS-treated TDP-43
Wt

 microglia as 

compared to non-transgenic microglia (Figure 4.7D). We also treated primary microglial 

cultures with 1mM H2O2 for 1hr (and incubated in serum-free media for 12hrs) to study the 

effect of reactive-oxygen species (ROS) on primary microglial cultures. H2O2-treated TDP-

43
Wt

 transgenic microglia had significantly higher levels of TNF- (3-fold, p<0.01), IL-1 

(2.5-fold, p<0.01), IL-6 (1.7-fold, p<0.05), IFN- (2-fold, p<0.05) and p65 (RELA) levels 

(2.2-fold, p<0.05) when compared to H2O2-treated microglia from C57Bl/6 non-transgenic 

mice (Figure 4.7E) as determined by multi-analyte ELISA.  

LPS stimulation of primary microglial cells caused degradation of IkB- as shown in 

Figure 4.7G. The decrease in IkB- levels was more pronounced in microglia 

overexpressing TDP-43 species. After LPS treatment, the increases in levels of p65, 

phospho-p65
Ser 536

, p50 and phospho-
p50Ser 337

 were also more robust in transgenic microglia 

overexpressing TDP-43 species (Figure 4.7G). Similarly, H2O2-treatment led to reduction 

in IkB-levels and increase in levels of p65 and phospho-p65
Ser536

 in TDP-43
Wt 

(Figure 

4.8C). Again, the effects were more pronounced in transgenic microglia overexpressing 

TDP-43 species (Figure 4.8C). We then treated primary astrocytes with LPS and studied 

their response to LPS using real-time RT-PCR. LPS-treated TDP-43
Wt

 transgenic 

astrocytes had significantly higher levels of IL- (1.75-fold, p<0.05), IL-1 (1.67-fold, 

p<0.05), IL-6 (2.8-fold, p<0.01), IL-18 (1.8-fold, p<0.05) and chemokines like colony 

stimulating factor (CSF) (1.6-fold, p<0.05), CCL5 (1.9-fold, p<0.05) and CXCL12 (2.67-
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fold, p<0.01) as compared to LPS-treated microglia from C57Bl/6 non-transgenic mice 

(Figure 4.7F).   

To further evaluate the innate immune response in TDP-43
Wt

 transgenic mice, we isolated 

bone-marrow derived macrophages (BMM) from TDP-43
Wt 

transgenic mice and from 

C57Bl/6 non-transgenic mice. In LPS-stimulated TDP-43
Wt

 macrophages there was an 

increase of 1.6-fold (p<0.05) in TLR2 mRNA levels, 1.8-fold (p<0.05) in MyD88 levels, 

2.6-fold (p<0.01) in p65 (RELA, p<0.01) levels as compared to LPS stimulated control 

(non-transgenic) macrophages (Figure 4.7H). We also found in LPS-stimulated TDP-43
Wt

 

macrophages that there was an increase of 3.2-fold (p<0.01) in TNF- , 3.5-fold in IL-1 

(p<0.01) and 2.6-fold in IL-12p40 levels, 2.5-fold (p<0.01) in IL-6 levels, 2-fold (p<0.05) 

in Cox-2 and iNOS levels, 3-fold in IP-10 levels (p<0.01) and 2.1-fold in RANTES 

(p<0.05) mRNA levels as  compared to LPS stimulated control (non-transgenic) 

macrophages (Figure 4.7H).  
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Figure 4.7. Analysis of genes involved in inflammation of mouse microglial and macrophage 

cells overexpressing human TDP-43. Mouse microglial cells BV-2 were either transfected with 

pCMV-TDP43
Wt

, pCMV-TDP43
A315T

, and pCMV-TDP43
G348C

 or with empty vectors for 48 hrs. 

These cells were then either stimulated with LPS at a concentration of 100ng/ml or unstimulated (as 

indicated). 12hrs after stimulation, total RNA was extracted with Trizol. The total RNA samples 

were then subjected to real-time quantitative RT-PCR for TNF- (A), IL-6 (B) and Rel-A (p65) 

(C). Error bars represent mean ± SEM from five different experiments. Statistical analysis was done 

by two-way ANOVA with Bonferroni adjustment. (D) Primary microglial cultures from TDP-43
Wt

 

and B6 nontransgenic mice were stimulated with 100ng/ml of LPS. Proteins from LPS stimulated 

microglial cultures were subjected to multi-analyte ELISA for inflammatory cytokines and p65. 

Error bars represent mean ± SEM from four different experiments. Statistical analysis was done by 

two-way ANOVA with Bonferroni adjustment. (E) Primary microglial cultures from TDP-43
Wt

 and 

B6 nontransgenic mice were treated with 1mM H2O2 for 1hr and incubated in serum-free media for 

12hrs to study the effect of reactive-oxygen species (ROS). Error bars represent mean ± SEM from 

three different experiments. Statistical analysis was done by two-way ANOVA with Bonferroni 

adjustment. (F) Pure (>90%) primary astrocytes from TDP-43
Wt

 and B6 nontransgenic mice were 

stimulated with LPS and their response studied using real-time PCR for various genes as indicated. 

Error bars represent mean ± SEM from three different experiments. Statistical analysis was done by 

two-way ANOVA with Bonferroni adjustment. (G) Primary microglial cells from TDP-43
Wt

, TDP-

43
A315T

, TDP-43
G348C

 and B6 nontransgenic mice (Ntg) were stimulated or unstimulated with LPS. 

Immunoblots were run to determine the levels of various proteins using specific antibodies as 

indicated. Representative blot from two independent experiments is shown. (H) Bone marrow 

derived macrophages (BMMs) isolated from TDP-43
Wt

 and B6 nontransgenic mice were stimulated 

by 100ng/ml of LPS for 12 hrs. The total RNA samples were then subjected to real-time 

quantitative RT-PCR for various genes as indicated. Results are displayed as fold change over 

unstimulated control. All real-time RT-PCR values are normalized to Atp-5 levels. Error bars 

represent mean ± SEM from four different experiments. Statistical analysis was done by two-way 

ANOVA with Bonferroni adjustment. 
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4.5.7. TDP-43 upregulation increases microglia-mediated neurotoxicity  

We then examined the effect of TDP-43 overexpression on toxicity of microglia towards 

neuronal cells. This was done with the use of primary microglia and of cortical neurons 

derived from transgenic mice overexpressing TDP-43 species (TDP-43
Wt

, TDP-43
A315T

 or 

TDP-43
G348C

) and C57Bl/6 non-transgenic mice. Primary cortical neurons were cultured for 

12 hrs in conditioned media from LPS-stimulated microglial cells. All conditioned media 

from LPS-challenged microglia increased the death of cortical neurons in culture (Figure 

4.8D). The media from LPS-stimulated non-transgenic microglial cells increased the 

neuronal death of non-transgenic mice by 3.5-fold (p<0.01). However, there were marked 

increases of neuronal death caused by conditioned media from LPS challenged microglia 

(of same genotype) overexpressing TDP-43 species: 5.5-fold (p<0.001) for TDP-43
Wt

, 6.5-

fold (p<0.001) for TDP-43
A315T

 and 7.5-fold (p<0.001) for TDP-43
G348C

. The increased 

neurotoxicity of the conditioned media was associated with increased ROS and NO 

production. The ROS production, as determined by H2DCFDA fluorescence, was 

significantly higher in conditioned media challenged neurons from TDP-43
Wt

 (1.5-fold, 

p<0.05), TDP-43
A315T

 (1.8-fold, p<0.05) or TDP-43
G348C

 (2-fold, p<0.05) as compared 

individually to conditioned media challenged non-transgenic control neurons (Figure 4.8E). 

Similarly, the nitrite (NO) production was significantly higher in TDP-43
Wt

 (1.5-fold, 

p<0.05), TDP-43
A315T

 (2.3-fold, p<0.05) or TDP-43
G348C

 (3-fold, p<0.01) as compared 

individually to non-transgenic control (Figure 4.8F).  
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Figure 4.8. TDP-43 upregulation enhances neuronal vulnerability to death by microglia-

mediated cytotoxicity. (A-B) TDP-43 (Wt and mutants) transfected BV-2 cells were stimulated 

with LPS.  12hrs after stimulation, total RNA was extracted with Trizol. The total RNA samples 

were then subjected to real-time quantitative RT-PCR for IL1- (A) and Nox-2 (B). Error bars 

represent mean ± SEM from five different experiments. Statistical analysis was done by two-way 

ANOVA with Bonferroni adjustment.  (C) Primary microglial cells from TDP-43
Wt

, TDP-43
A315T

, 

TDP-43
G348C

 and B6 nontransgenic mice (Ntg) were stimulated or unstimulated with H2O2. 

Immunoblots were run to determine the levels of various proteins using specific antibodies as 

indicated. Representative blot from two independent experiments is shown. (D-F) Primary cortical 

neurons from TDP43
Wt

, TDP43
A315T

, TDP43
G348C 

and control B6 nontrangenic (Ntg) mice were 

incubated with the conditioned media (con. media) derived from primary microglial cells treated 

with 100ng/ml LPS. 12 hrs after challenging cortical cells, cell-culture supernatants were used for 

lactate dehydrogenase (LDH) assay (D). ROS production was determined by H2DCFDA 

fluorescence (E) and nitrite production was evaluated by griess reagent (F).  Error bars represent 

mean ± SEM from four independent experiments. 
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4.5.8. Inhibition of NF-B activation reduces vulnerability of TDP-43 overexpressing 

neurons to toxic injury     

NF-B is known to modulate p53-p38MAPK dependent apoptosis in neurons, when treated 

with DNA damage inducing chemicals like camptothecin (Aleyasin et al., 2004), glutamate 

excitotoxicity (Pizzi et al., 2005) or general bystander mediated killing of neurons by 

microglia (Sephton et al., 2010). To assess the potential contribution of NF-B to the death 

of TDP-43 overexpressing neurons exposed to toxic injury, we prepared cultures of 

primary cortical neurons and microglia from transgenic mice overexpressing TDP-43
Wt

 or 

TDP-43 mutants. Cortical neurons were exposed to 10M glutamate for 15 min, with or 

without 1M withaferin A (WA), a known inhibitor of NF-B (Oh et al., 2008). The LDH 

cytotoxicity was determined 24 hrs later (Figure 4.10A). We found that neurons 

overexpressing TDP-43 species were more vulnerable than non-transgenic neurons to 

glutamate cytotoxicity and that inhibition of NF-B by WA resulted in marked decrease in 

cell death: TDP-43
Wt

 (2-fold, p<0.01), TDP-43
A315T 

(3-fold, p<0.01) and TDP-43
G348C

 (3-

fold, p<0.01). The addition of WA inhibited NF-B, as detected by reduced levels of 

phospho-p65
Ser536

 (Figure 4.10B). We then incubated cortical neurons with the conditioned 

media from primary microglial culture, which were challenged with LPS at a concentration 

of 100ng/ml of media. Treatment of neuronal cultures with WA resulted in substantial 

decrease in microglia-mediated death of neurons overexpressing TDP-43
Wt

 (2-fold, 

p<0.01), TDP-43
A315T 

(3-fold, p<0.01) or TDP-43
G348C

 (3-fold, p<0.01). As WA might 

exert multiple pharmacological actions, we tested a more specific molecular approach for 

inhibiting NF-B. We expressed a stable mutant super-repressive form of IB- (Ser 32/ 

Ser36-to-alanine mutant; IB
SR

) and evaluated its effects on neuronal death. IB
SR 

transfected cortical neurons from TDP-43 transgenic and non-transgenic mice were 

exposed to either 10M glutamate for 30min or incubated in conditioned media from LPS-

stimulated microglia of same genotype. Similar to WA treatment, we found that IB
SR

 

inhibited NF-B activation and it attenuated the glutamate-induced or microglia-mediated 

death of neurons overexpressing TDP-43
Wt

 (1.3-fold, p<0.01), TDP-43
A315T 

(1.5-fold, 

p<0.01) and TDP-43
G348C

 (2-fold, p<0.01) (Figure 4.9A and 4.9D).  
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Figure 4.9. Withaferin A, an inhibitor of NF-B, reduces neuronal vulnerability to toxic 

injury and ameliorates disease phenotypes in TDP-43 transgenic mice (A) A stable mutant 

super-repressive form of IB- (IB
SR

) was expressed and its effects on neuronal death were 

evaluated. The phosphorylation-defective IBαS32A/S36A acts by sequestering the cytoplasmic 

NF-B pool in a manner that is insensitive to extracellular stimuli. Cultured cortical neurons from 

TDP-43
Wt

, TDP-43
A315T

, TDP-43
G348C 

and B6 nontransgenic (Ntg) mice were transfected with a 

plasmid construct, expressing IB
SR

, and exposed to either 10M glutamate for 30min or incubated 

in conditioned media from LPS-stimulated microglia of same genotype. Cytotoxicity to the cells 

was measured by lactate dehydrogenase (LDH) assay using a commercially available kit. Statistical 

analysis was done by two-way ANOVA with Bonferroni adjustment. Data represent mean ± SEM 

from three independent experiments.  (B) In vivo bioluminescence imaging of astrocyte activation 

was analysed at various time points in the spinal cord of GFAP-luc/TDP-43
Wt

 mice. Typical 

sequence of images of the spinal cord area obtained from of GFAP-luc/TDP-43
Wt

 mice at different 

time points (12, 32, 36, and 40 weeks) by in vivo imaging (n=10, each group). Withaferin A was 

injected in GFAP-luc/TDP-43
Wt

 for 10 weeks starting at 30-weeks of age till 40-weeks. 

Representative images are shown. (C) Longitudinal quantitative analysis of the total photon GFAP-

signal/ bioluminescence (total flux of photon/s) in withaferin A treated and untreated GFAP-

luc/TDP-43
Wt 

mice and control GFAP-luc mice in the spinal cord are displayed. Duration of drug 

treatment is indicated. * represents a statistically significant difference between treated and 

untreated groups (p<0.05) and ** (p<0.01) using repeated-measures 2-way ANOVA (n=10, each 

group). (D) Accelerating rotarod analysis was performed in GFAP-luc/TDP-43
Wt

 mice at various 

ages from 8-weeks to 52-weeks and time taken by the mice to fall from the rotarod is used as 

rotarod performance. Withaferin A treatment period is marked as drug treatment period. * 

represents a statistically significant difference between treated and untreated groups (p<0.05) and 

** (p<0.01) using repeated-measures 2-way ANOVA (n=10, each group). (E) Immunofluorescence 

of spinal cord sections of non-transgenic (control), TDP-43
Wt

 (untreated) and TDP-43
Wt

 (Withaferin 

treated) mice with polyclonal peripherin antibody is shown. Double immunofluorescence of spinal 

cord sections with activated microglial marker Mac-2 and cyclooxygenase -2 (Cox-2) is shown. 

Representative images from four different mice per genotype is shown. Neuromuscular junction 

(NMJ) staining was performed using anti-synaptophysin/neurofilament antibodies (green) and α-

bungarotoxin (BTX - red). Representative images from four different mice per genotype showing 

fully innervated muscle in 10-months old non-transgenic mice, fully denervated muscle in TDP-

43
Wt

 mice (untreated) and partially denervated muscle in age-matched withaferin treated TDP-43
Wt 

mice. Scale bar = 20m. (F) Immunofluorescence using GFAP antibody was performed in the 

spinal cord sections of withaferin treated and untreated GFAP-luc/TDP-43
Wt 

mice Representative 

images from five different mice per genotype are shown. Scale bar = 20m. (G) Three hundred 

neuromuscular junctions were counted per animal sample. Frequencies of innervation, partial 

denervation and denervation were then converted to percentages and plotted as graph. Statistical 

analysis was done by Student’s t-test. * represents a statistically significant difference between 

treated and untreated groups (p<0.01) using repeated-measures 2-way ANOVA. Error bars 

represent mean ± SEM from three different experiments. 
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4.5.9. NF-B inhibition by Withaferin A treatment reduces inflammation and 

ameliorates motor impairment of TDP-43 transgenic mice 

To study the in vivo effect of NF-B inhibition on disease progression, we injected TDP-

43
Wt

;GFAP-luc double transgenic mice with 3mg/kg body weight of WA twice a week for 

10-weeks starting at 30-weeks. The pharmacokinetic parameters of withaferin A has been 

published recently (Thaiparambil et al., 2011) and we have determined that this compound 

passes the blood-brain barrier (Supplemental Figure 4.3). We used TDP-43
Wt

;GFAP-luc 

double transgenic mice because the reporter luciferase (luc) allowed the longitudinal and 

non-invasive biophotonic imaging with CCD camera of the GFAP promoter activity which 

is a target of activated NF-B.  To analyse the spatial and temporal dynamics of astrocytes 

activation/GFAP induction in TDP-43 mouse model, we performed series of live imaging 

experiments. These live imaging experiments revealed that treatment of TDP-43
Wt

;GFAP-

luc mice with WA caused progressive reduction in GFAP-luc expression in the spinal 

(Figure 4.9B,C) compared to untreated TDP-43
Wt

 mice which continued to exhibit high 

GFAP-luc expression. The downregulation of GFAP promoter activity was further 

confirmed in these mice using GFAP immunofluorescence of spinal cord sections of TDP-

43
Wt

 mice (both drug-treated and untreated) (Figure 4.9F).This downregulation of GFAP in 

withaferin-treated mice was actually caused by reduced amount of active p65 in the 

nucleus of cells as indicated by p65 EMSA (Figure 4.10C). Analysis of motor behaviour 

using accelerating rotarod showed that withaferin-treated TDP-43
Wt

 mice had significantly 

better motor performance compared to untreated TDP-43
Wt

 mice as indicated by improved 

rotarod testing times (Figure 4.9D). We performed peripherin immunofluorescence and 

found reduction of peripherin aggregates in withaferin treated TDP-43Wt mice (Figure 

4.9E). Peripherin levels were also reduced in withaferin treated TDP-43
Wt

 mice as seen by 

immunoblot (Figure 4.10E). Double immunofluorescence of activated microglial marker 

Mac-2 and cyclo-oxygenase-2 (Cox-2) shows a marked reduction in activated microglia in 

withaferin treated TDP-43
Wt

 mice (Figure 4.9E and Figure 4.10F). The withaferin-treated 

mice also had 40% reduction in the number of partially denervated neuromuscular junction 

(NMJ) (Figure 4.9E&G). 
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Figure 4.10. Withaferin A ameliorates disease phenotypes in TDP-43 transgenic mice (A) 

Primary cortical neurons from TDP-43
Wt

, TDP-43
A315T

, TDP-43
G348C 

and B6 nontransgenic (Ntg) 

mice were exposed to 10M glutamate for 15 min or incubated in conditioned media from LPS-

stimulated microglia of same genotype with or without 1M withaferin A (WA) and were evaluated 

for lactate dehydrogenase (LDH) cytotoxicity 24 hrs later. * represents a statistically significant 

difference between treated and untreated groups (*p<0.05) and ** (p<0.01) using repeated-

measures 2-way ANOVA. Error bars represent mean ± SEM from three independent experiments. 

(B) Protein samples from cortical neurons (isolated from TDP-43
Wt

, TDP-43
A315T

, TDP-43
G348C 

and 

B6 nontransgenic (Ntg) mice) were subjected to immunoblot against various antibodies as 

indicated. (C) p65 EMSA was performed on the spinal cord tissue nuclear lysates from withaferin 

treated and untreated GFAP-luc/TDP-43
Wt

 mice. Representative EMSA of two independent 

experiments is shown.  (D) IB levels were measured by western blot analysis of the cell lysates 

from cortical neurons of various genotypes as indicated. Actin is shown as loading control. Various 

conditions are also shown. Representative blot from two different experiments is shown. (E) 

Western blot analysis of spinal cord sections of non-transgenic (control), TDP-43
Wt

 (untreated) and 

TDP-43
Wt

 (Withaferin treated) mice with monoclonal peripherin antibody. Representative blot from 

two different experiments is shown. (F) Quantification of microglial Mac-2 positive cells in the 

spinal cord sections of non-transgenic (control), TDP-43
Wt

 (untreated) and TDP-43
Wt

 (Withaferin 

treated) mice. Mac-2
+ 

cells in TDP-43
Wt

 (untreated) L5 spinal cord 13000 ± 500/mm
3 
and TDP-43

Wt
 

(Withaferin treated) L5 spinal cord 6000 ± 300/mm
3
  **p<0.001. Error bars represent mean ± SEM 

for four mice of each genotype. 
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Supplemental Figure 4.3 Detection of Withaferin A in the CSF of mice using HPLC. (A) 

Chemical structure of withaferin A. (B-D) Withaferin A was injected (3mg/kg body weight) intra-

peritoneally in 8-months old control non-transgenic and TDP-43
Wt

 mice. For blank samples (B), 

0.9% saline was injected in non-transgenic mice. 1.5hrs after injection, CSF samples from the mice 

were obtained using stereotaxic injection into the cistern magna. 50l of the sample was mixed with 

60% ACN 0.1% formic acid, centrifuged and the supernatant was injected into HPLC. Blank CSF 

sample showing absence of Withaferin-A and drug injected CSF samples showing presence of 

Withaferin-A (D). 1000ng/ml withaferin-a chemical served as a standard (C). Withaferin retention 

time was 1.6mins. Data shown is a representative of three independent experiments. 
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4.6 Discussion 

From the data presented here, we propose that a TDP-43 deregulation in ALS may 

contribute to pathogenic pathways through abnormal activation of p65 NF-B. Several 

lines of evidence support this scheme: (i) proof of a direct interaction between TDP-43 and 

p65 NF-B was provided by immunoprecipitation experiments using protein extracts from 

cultured cells, from TDP-43 transgenic mice and from human ALS spinal cord samples, (ii) 

reporter gene transcription assays and gel shift experiments demonstrated that TDP-43 was 

acting as co-activator of p65 NF-B through binding of its N-terminal and RRM-1 domains 

to p65, (iii) the levels of mRNAs for both TDP-43 and p65 NF-B were substantially 

elevated in the spinal cord of ALS subjects as compared to non-ALS subjects whereas 

immunofluorescence microscopy of ALS spinal cord samples revealed an abnormal nuclear 

localization p65 NF-B, (iv) cell transfection studies demonstrated that an overexpression 

of TDP-43 can provoke hyperactive innate immune responses with ensuing enhanced 

toxicity on neuronal cells whereas in neurons TDP-43 overexpression increased their 

vulnerability to toxic environment, (v) in vivo treatment of TDP-43 transgenic mice with 

an inhibitor of NF-B reduced inflammation and ameliorated motor deficits.  

This is the first report of an upregulation of mRNAs encoding TDP-43 in post-

mortem frozen spinal cords of sporadic ALS. A recent study has provided evidence of 

increased TDP-43 immuno-detection in the skin of ALS patients(Suzuki et al., 2010) but it 

failed to demonstrate whether this was due to upregulation in TDP-43 mRNA expression. 

The process that underlies a 2.5-fold increase in TDP-43 mRNA levels in ALS, whether it 

is transcriptional or mRNA stability remains to be investigated. It seems unlikely that copy 

number variants could explain an increase of TDP-43 gene transcription as variations in 

copy number of TARDBP have not been detected in cohorts of ALS (Baumer et al., 2009; 

Gitcho et al., 2009; Guerreiro et al., 2008). Actually, the pathogenic pathways of TDP-43 

abnormalities in ALS are not well understood. To date, much attention has been focused of 

cytoplasmic C-terminal TDP-43 fragments that can elicit toxicity in cell culture systems 

(Dormann et al., 2009; Igaz et al., 2009; Johnson et al., 2008; Zhang et al., 2009b). 

However, it is noteworthy that neuronal overexpression at high levels of wild-type or 
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mutant TDP-43 in transgenic mice caused a dose-dependent degeneration of cortical and 

spinal motor neurons but without massive cytoplasmic TDP-43 aggregates (Wils et al., 

2010). This suggests that an upregulation of TDP-43 in the nucleus rather than TDP-43 

cytoplasmic aggregates may contribute to neurodegeneration in these mouse models. As 

shown here, an overexpression of TDP-43 can trigger pathogenic pathways via NF-κB 

activation.    

The transcription factor NF-κB is a key regulator of hundreds of genes involved in 

innate immunity, cell survival and inflammation. Since the nuclear translocation and DNA 

binding of NF-B are not sufficient for gene induction (Bergmann et al., 1998; Yoza et al., 

1996), it has been suggested that interactions with other protein molecules through the 

transactivation domain (Gerritsen et al., 1997; Perkins et al., 1997; Schmitz et al., 1995b) 

as well as its modification by phosphorylation (Schmitz et al., 1995a) might play a critical 

role. It has been reported that transcriptional activation of NF-B requires multiple co-

activator proteins including CREB-binding protein (CBP)/p300 (Gerritsen et al., 1997; 

Perkins et al., 1997), CBP-associated factor, and steroid receptor coactivator 1(Sheppard et 

al., 1999). These coactivators have histone acetyltransferase activity to modify the 

chromatin structure and also provide molecular bridges to the basal transcriptional 

machinery. NF-B p65 was also found to interact specifically with Fused in Sarcoma 

(FUS) protein, another DNA/RNA binding protein which is involved in ALS (Deng et al., 

2010; Kwiatkowski et al., 2009; Vance et al., 2009).  

Our results revealed robust effects of TDP-43 on the activation of NF-B and 

innate immune responses. After transfection with TDP-43 species, microglial cells 

challenged with LPS exhibited much higher mRNA levels for pro-inflammatory cytokines, 

Nox-2 and NF-B mRNA when compared to untransfected cells after LPS stimulation. 

TDP-43 overexpression makes microglia hyperactive to immune stimulation resulting in 

enhanced toxicity toward neighboring neuronal cells with involvement of reactive oxygen 

species (ROS) and increased nitrite levels (NO). Moreover, the adverse effects of TDP-43 

upregulation are not limited to microglial cells. TDP-43 overexpression in transgenic 

astrocytes caused exaggerated responses to LPS (Figure 4.7F) whereas primary cortical 



234 
 
 

neurons overexpressing TDP-43 transgenes by ~3-fold exhibited increased susceptibility to 

the toxic effects of excess glutamate or LPS-activated microglia (Figure 4.9A and 8D). 

The presence of ALS-linked mutations in TDP-43 (A315T or G348C) did not affect the 

binding and activation of p65 NF-κB. This is not surprising because our deletion mutant 

analysis revealed that a region spanning part of the N-terminal domain and RRM1 of TDP-

43 is responsible for interaction with p65 whereas most TDP-43 mutations in ALS occur in 

the C-terminal domain, which is dispensable for p65 NF-κB activation (Figure 4.4). In fact, 

our cytotoxicity assays with primary cells from TDP-43 transgenic mice revealed that, at 

similar levels of mRNA expression, the adverse effects of mutant TDP-43 were more 

pronounced than TDP-43
Wt

. These results could be explained by the observation that ALS-

linked mutations in TDP-43 increase its protein stability (Ling et al., 2010). From the data 

presented here, we propose the involvement in ALS of a pathogenic pathway due to 

nuclear increase in TDP-43 levels (Figure 4.6). This scheme does not exclude adverse 

effects due to cytoplasmic TDP-43 aggregates that might occur concomitantly or later on 

during the disease process. Recent TDP-43 studies with Drosophila suggested that the 

TDP-43 toxicity may occur in absence of inclusions formation and that neurotoxicity 

requires TDP-43 RNA-binding domain (Voigt et al., 2010). These results are consistent 

with our model of TDP-43 toxicity and with data demonstrating interaction of TDP-43 with 

p65 via the RNA recognition motif RMM1.  

Our finding that TDP-43 acts as co-activator of p65 suggests a key role for NF-κB 

signaling in ALS pathogenesis. This is corroborated by the abnormal 4-fold increase of p65 

NF-κB mRNA in the spinal cord of human ALS (Figure 4.6) and by the nuclear 

localization of p65 (Figure 4.1M-O; Figure 4.2-inset). Remarkably, an overexpression of 

TDP-43 species by ~3-fold in transgenic mice (Swarup et al., 2011a), at levels similar to 

the human ALS situation (2.5-fold), was sufficient to cause during aging nuclear 

translocation of p65 NF-κB in the spinal cord (Figure 4.1G-I). It should be noted that TDP-

43 itself does not cause NF-B activation (Figure 4.7) and that it does not upregulate p65. 

It seems that a second hit is required. For example, LPS or other inducers such as 

pathogen-associated molecular patterns can trigger through TLR signaling p65 NF-B 
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nuclear localization. Cytokines such as TNF-and IL-1 can also trigger p65 activation. In 

ALS, the second hit(s) triggering innate immune responses remain to be identified. There is 

recent evidence for involvement of LPS in ALS (Zhang et al., 2011; Zhang et al., 2009a) 

and of endogenous retrovirus (HEVR-K) expression (Douville et al., 2011). Here we show 

that aging is associated with p65 nuclear translocation in the spinal cord of TDP-43 

transgenic mice (Supplemental Figure 4.1D) but the exact factors underlying this 

phenomenon remain to be defined  

There is a recent report of mutations in the gene coding for vasolin-containing protein 

(VCP) associated with 1-2% familial ALS cases (Johnson et al., 2010). It is well 

established that VCP is involved in the control of the NF-kB pathway through regulation of 

ubiquitin-dependent degradation of IκB-α. For instance, mutant VCP expression in mice 

resulted in increased TDP-43 levels and hyper-activation of NF-κB signalling (Badadani et 

al., 2010; Custer et al., 2010). Moreover, some ALS-linked mutations have been discovered 

in the gene coding for optineurin, a protein which activates the suppressor of  NF-κB 

(Maruyama et al., 2010), further supporting a convergent NF-κB-pathogenic pathway. 

Thus, the data presented in our paper as well as ALS-linked mutations in the VCP and 

optineurin genes (Badadani et al., 2010; Johnson et al., 2010; Maruyama et al., 2010) are 

all supporting a convergent NF- B pathogenic pathway in ALS. Recently the NF-B 

signalling complex was identified as a major contributor of astrocyte mediated toxicity to 

motor neurons (Haidet-Phillips et al., 2011). Here, we show that inhibitors of NF-κB 

activation are able to attenuate the vulnerability of cultured neurons overexpressing TDP-

43 species to glutamate-induced or microglia-mediated toxicity. Moreover, 

pharmacological inhibition of NF-κB by WA treatment attenuated disease phenotypes in 

TDP-43 transgenic mice. From these results, we propose that NF-κB signaling should be 

considered as potential therapeutic target in ALS treatment.  
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5.1 Lessons learned from TDP-43 transgenic models 

With the implication of TDP-43 in ALS and FTLD-U (Arai et al., 2006; Neumann et al., 

2006), there has been a boom in the reports of animal models of TDP-43. Most of the 

mouse models of TDP-43 reported show early paralysis followed by death. However, these 

mouse models are based on high expression levels of TDP-43 transgenes that can mask 

age-dependent pathogenic pathways (Swarup and Julien, 2010). Mice expressing either 

wild type or mutant TDP-43 (A315T and M337V) showed aggressive paralysis 

accompanied by increased ubiquitination (Wegorzewska et al., 2009; Stallings et al., 2010; 

Wils et al., 2010; Zhou et al., 2010; Igaz et al., 2011; Xu et al., 2011) but the lack of 

ubiquitinated TDP-43 inclusions raises concerns about their validity as models of human 

ALS disease (Wegorzewska et al., 2009). Another concern is restricted expression of TDP-

43 species with the use of Thy1.2 and Prion promoters. Are these models based on TDP-43 

transgene overexpression mimicking the human ALS disease? To better mimic the 

ubiquitous and moderate levels of TDP-43 occurring in the human context, it seems more 

appropriate to generate transgenic mice with genomic DNA fragments of TDP-43 gene 

including its own promoter. While different approaches are needed to reveal the 

mechanism of pathogenicity of TDP-43, it would be essential to critically evaluate each 

one of them to judge their usefulness in modeling the human disease.  

Our new TDP-43 transgenic mouse model (Swarup et al., 2011a) as well as other models 

(summarized in chapter 1.2) recapitulate key features of ALS and FTLD (Figure 5.1). What 

insight do they provide into the pathogenic mechanism of TDP-43- associated 

neurodegeneration as witnessed in ALS/FTLD-U and possibly other disorders where 

abnormal TDP-43 pathology like cytoplasmic inclusions, nuclear clearing, etc. is present? 

Based on observations from human pathological samples and studies in cultured cells, 

(Chen-Plotkin et al., 2010; Lagier-Tourenne et al., 2010). These can be broadly divided 

into 2 phenomenon nuclear toxicity and cytoplasmic toxicity -  

1. The nuclear toxicity hypothesis postulates that either gain or loss of TDP-43 nuclear 

function like transcription, splicing, miRNA processing, altered protein-protein 

interaction etc. leads to toxicity.  
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2. The cytoplasmic toxicity theory states that TDP-43 is mislocalized to the cytoplasm 

(either soluble or insoluble, full length or cleaved into C-terminal fragments) which 

triggers chain of events leading to protein aggregation and neurotoxicity. This 

cytoplasmic toxicity may occur either by sequestering and inactivating endogenous 

nuclear TDP-43 or through some other unrelated toxic gain of function like 

promotion of stress granule formation, etc.  

In the following sections insights into these proposed mechanisms will be discussed that 

have come to light from existing rodent models. It is important to note that one cannot 

exclude mechanism(s) where both of the above hypotheses or some part of them causes the 

toxicity. Let’s examine what lessons have we actually learned from the various animal 

models of TDP-43 so far.  
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Figure 5.1 Key features of transgenic mice encoding genomic fragments of TDP-43 

The diagram highlights the key pathological and behavioral changes seen in transgenic 

mice expressing human wild-type or mutant TDP-43 (G348C and A315T) encoded by 

genomic fragments. Many key features of ALS and FTLD-U are recapitulated in this 

mouse model described in Chapter 2 and published Swarup et al., 2011a Brain; 

Sep;134(9):2610-26. IF = intermediate filaments 
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5.1.1 TDP-43 autoregulation – a reason for toxicity? 

It has been recently reported that TDP-43 can bind to its own 3’-untranslated region 

(3’UTR) and regulate its expression, a phenomenon called autoregulation and common in 

hnRNP class of proteins, of which TDP-43 is a member (Buratti and Baralle, 2008; 

Polymenidou et al., 2011). Reports from our transgenic mouse models as well from others 

(Swarup et al., 2011a; Xu et al., 2011) suggest that overexpression of full-length human 

TDP-43 actually downregulates mouse endogenous TDP-43 levels. So how does this 

autoregulatory process influence ALS pathogenesis?   

It is probable to assume that the export of TDP-43 from the nucleus to the cytoplasm for 

various reasons like injury as seen in our axotomy results (Chapter 3) and its sequestration 

in insoluble aggregates can stimulate the autoregulatory system. This autoregulatory 

stimulation will cause a major increase in the rate of TDP-43 production that would be 

needed to overcome any ‘loss-of-function’ effects in the nucleus. Ironically, such an ‘auto-

protective’ process even when successful may have potential drawbacks. Increased overall 

production of TDP-43 may also lead to an increase in aggregate formation or aberrant 

cleavage/phosphorylation within the cytoplasm, and thus to an increase in any eventual 

‘gain-of-toxic-function’ (in the cytoplasm) effects that might occur as a consequence. With 

regard to this issue it is important to note that our studies have observed increased TDP-43 

mRNA and protein levels in the spinal cord of sporadic ALS patients (Swarup et al., 

2011b) and other studies have also revealed upregulation of TDP-43 mRNA in the brains 

of patients affected by frontotemporal lobar degeneration (Mishra et al., 2007; Chen-

Plotkin et al., 2008). Moreover, overexpression of TDP-43 in several animal models has 

consistently been demonstrated to be pathogenic in a dose-dependent manner 

(Wegorzewska et al., 2009; Stallings et al., 2010).  In addition to the full-length protein, 

numerous reports have also demonstrated that overexpressing different portions of  TDP-43 

C-terminal region, including the 25- and 35-kDa, can induce aggregation, and this process 

may also recruit the full-length TDP-43 into these aggregates (Arai et al., 2010; Chen et al., 

2010; Brady et al., 2011). A potential mechanism explaining how TDP-43 C-terminal 

fragments may trigger aggregation has been recently proposed in a “two-hit” model which 
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suggests that C-terminal fragments can efficiently enhance this phenomenon only if 

coupled with loss of their association with RNA (either direct or indirect) or RNP transport 

(Pesiridis et al., 2011). Additionally, many disease-associated mutations that fall in the C-

terminal region of TDP-43 (Barmada and Finkbeiner, 2010; Barmada et al., 2010; Lagier-

Tourenne et al., 2010) have been suggested to enhance the aggregation properties of TDP-

43 in cell culture (Johnson et al., 2009; Nonaka et al., 2009). Recently, prion like Q/N 

domain have been reported in the C-terminus of TDP-43 (Udan and Baloh, 2011); wild-

type protein is prone to aggregates and mutation associated with ALS in this protein 

increase the aggregation propensity (Guo et al., 2011). At the moment, the role of 

aggregation in causing neurodegeneration is still controversial, especially based on recent 

results obtained in rodent models where the evident neurodegeneration does not always 

correlate with the observation of insoluble TDP-43 inclusions (Wegorzewska et al., 2009; 

Stallings et al., 2010; Wils et al., 2010; Xu et al., 2010; Zhou et al., 2010; Igaz et al., 2011; 

Xu et al., 2011). However, it is conceivable to think that uncontrolled TDP-43 expression 

levels, due to a loss in the autoregulation mechanism, could generate TDP-43 aggregate 

formation through an increased production of this mRNA in the nucleus and hence of 

protein in the cytoplasm. As supported by a previous observation from other aggregation 

proteins (Furukawa et al., 2009)and TDP-43 itself (Furukawa et al., 2011), these aggregates 

would then serve as a seed by recruiting more overexpressed TDP-43, causing inclusion 

body formations, mislocalization of TDP-43, and both gain- and loss-of-functions. Taken 

together, all these evidences suggest that overproduction of TDP-43 caused by 

misregulation of its autoregulatory mechanism is an important mechanism and may 

therefore enhance both its intrinsic aggregation potential and the production of potentially 

toxic, aggregation prone, CTF fragments. Increased sequestration of TDP-43 in the 

cytoplasm by the aggregates would then lead to a major increase of its production in an 

attempt to overcome eventual loss-of-function effects in the nucleus, setting up a vicious 

circle that in the long run could prove to be very harmful for the cell. With regard to the 

overproduction issue, it is important to note that two studies have observed increased TDP-

43 mRNA levels in the brains of patients affected by various forms of FTLD (Mishra et al., 

2007; Chen-Plotkin et al., 2008)in the presence of a nucleotide substitution in the 3′UTR 



252 
 
 

region of TDP-43 (Gitcho et al., 2009) and in several other types of pathological samples 

(Weihl et al., 2008; Swarup et al., 2011b). 

5.1.2. Cytoplasmic TDP-43 inclusions causing toxicity  

Cytoplasmic TDP-43 inclusions are present in more than 90% cases of ALS and FTLD-U 

(Arai et al., 2006; Neumann et al., 2006). Abnormal protein inclusions are a hallmark 

finding in many other neurodegenerative diseases including AD, PD and HD and research 

continues in each of these diseases as to whether inclusions are toxic to neurons, are 

neuroprotective, or are simply a by-product of another toxic process involving the protein 

in question. Cytoplasmic inclusions of TDP-43 form the basis of the cytoplasmic toxicity 

theory which states that inclusions of TDP-43 themselves mediate neurodegeneration. 

While our mouse models have cytoplasmic TDP-43 aggregates that are ubiquitin positive 

as seen by double immunofluorescence and co-immunoprecipitation with ubiquitin and 

TDP-43 antibodies (Swarup et al., 2011a), most of the reported rodent models have 

ubiquitinated inclusions that are common in vulnerable neurons prior to degeneration and 

these inclusions either rarely (Stallings et al., 2010; Wils et al., 2010; Xu et al., 2011) or 

never (Wegorzewska et al., 2009; Shan et al., 2010) stain for TDP-43 itself. Antibodies 

staining phosphorylated TDP-43 appear to be more sensitive at detecting these rare TDP-43 

positive inclusions (Stallings et al., 2010; Xu et al., 2010). Thus, the fact remains that the 

majority of ubiquitinated inclusions in the reported TDP-43 transgenic rodent models do 

not stain for TDP-43 or phospho-TDP-43, except that in our model (Swarup et al., 2011a). 

If not TDP-43, what do the frequent ubiquitinated inclusions in TDP-43- based transgenic 

models (other than our model) contain? Two reports used electron microscopy and 

immunostaining to show that spinal motor neurons of TDP-43 transgenic animals 

contained large perinuclear accumulations of mitochondria (Shan et al., 2010; Xu et al., 

2010).  These mitochondrial accumulations were observed whether wild-type TDP-43 was 

driven with Thy-1.2 or mPrp, indicating this is not specific to a particular promoter or 

expression of wild-type versus ALS disease mutant constructs. The only common 

underlying factor among these studies is the fact that these studies focus on high expression 

levels of TDP-43 in restricted cell lineage, resulting in misregulation of TDP-43 function 
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and causing disease distinct from classical ALS. Clearly, the fact that TDP-43 inclusions 

are rare in these rodent models (Wegorzewska et al., 2009; Shan et al., 2010; Wils et al., 

2010; Xu et al., 2010) despite widespread neurodegeneration is in contrary to the 

hypothesis that cytoplasmic inclusions of TDP-43 are a necessary step for TDP-43-related 

neurodegeneration. TDP-43 is an inherently aggregation-prone protein (Johnson et al., 

2009) as has been recently reported that the C-terminal region of TDP-43 contains a Q/N 

rich prion-related domain (Fuentealba et al., 2010).Thus our mouse model which show age-

dependent increase in C-terminal fragments and ubiquitinated TDP-43 will provide an 

invaluable tool in determining the role of cytoplasmic TDP-43 associated toxicity.  

 

5.1.3. Gain of nuclear function of TDP-43 as a mechanism of neurodegeneration  

While loss of nuclear TDP-43 function is frequently discussed (see section 5.1.4) as a 

potential basis of TDP-43-related neurodegeneration, our recent data suggest that it is more 

probable that ALS-associated TDP-43 mutations or increased levels of wild-type TDP-43 

may alter protein binding partners or DNA/RNA targets thus leading to toxicity, either 

through changes in alternative splicing, transcriptional regulation, or other nuclear TDP-43 

functions (Swarup et al., 2011b). In this respect, our finding suggests that increased protein 

and mRNA levels of TDP-43, which acts as a co-activator of p65 NF-B, can result in 

altered innate immune response and increased neurotoxicity (Swarup et al., 2011b). 

Interestingly, it has also been reported that overexpression of wild-type TDP-43 in mice led 

to an increased number of Gemini bodies in the nucleus (Shan et al., 2010). Gemini bodies 

are rich in SMN (survival motor neuron) protein, and are required for assembling snRNPs, 

critical components of the pre-mRNA splicing apparatus. Overexpression of TDP-43 

especially the mutations associated with ALS is known to be aggregate prone and toxic to 

cultured mouse primary neurons (Johnson et al., 2009; Barmada et al., 2010). The reports 

of TDP-43 binding to literally hundreds of RNA species in human and murine samples 

further raises the possibility that overexpression of TDP-43 can misregulate RNA 

metabolism (Polymenidou et al., 2011; Tollervey et al., 2011).   
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Figure 5.2 Possible pathogenic mechanisms involving TDP-43. Cytoplsmic exclusion of 

TDP-43, a toxic gain of function in cytoplasm, or a potential loss- of function in the 

cytoplasm or a combination of all of these may contribute to the pathogenesis of TDP-43. 

Modified from Buratti et al., 2010 
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5.1.4. Loss of nuclear function of TDP-43 as a mechanism of neurodegeneration 

In striking contrast to gain of TDP-43 functions, loss of nuclear TDP-43 staining is 

commonly observed in affected neurons in ALS and FTLD [9] leading to the suggestion 

that a secondary loss of TDP-43 function may be involved in neurodegeneration [13] 

.While at first it seemed obvious that redistribution of TDP-43 from the nucleus to 

cytoplasm is a potential loss-of function in the nucleus, recent reports have suggested just 

the opposite. Contrary to the popular belief TDP-43 is actually upregulated in the spinal 

cord (Swarup et al., 2011b) and in PBMCs of ALS patients (Nardo et al., 2011).  To 

understand the effects of loss of TDP-43, several groups have generated TDP-43 knockout 

in mice (Kraemer et al., 2010; Sephton et al., 2010; Wu et al., 2010) . In all cases, 

homozygous null mice showed early embryonic lethality due to defective outgrowth of the 

inner cell mass. The importance of this finding supporting loss-of-function theory is weak 

as this toxicity can also be attributed to the fact that TDP-43 acts as a co-activator of NF-

B, and absence of TDP-43 (siRNA or knockout in mice) fails to activate NF-B properly 

which is essential in embryogenesis (Swarup et al., 2011b). Heterozygous mutant mice 

were normal and did not display pathologic changes in the brain or spinal cord, though a 

group reported subtle behavioral abnormalities in aged mice (Kraemer et al., 2010) . These 

studies indicate that TDP-43 is essential for embryonic development, and are consistent 

with a role for TDP-43 in fundamental aspects of RNA metabolism. Furthermore it is 

consistent with the observation that loss of TDP-43 is toxic even in cultured cells (Ayala et 

al., 2008), and may relate to why TDP-43 shows such marked toxicity when overexpressed 

during development. Whether loss of TDP-43 in mature neurons causes neurodegeneration 

in ALS or FTLD may never be answered, as a recent report showed that removal of TDP-

43 globally from adult mice using a floxed Tardbp allele crossed to Rosa26-ErCre mice, 

treated as adults with tamoxifen led to rapid demise within 9 days (Chiang et al., 2010) 

resulting to study TDP-43 downregulation in adult mice difficult. These mice had selective 

loss of body fat due to increased fatty acid oxidation, possibly from to misregulation of the 

putative TDP-43 target gene Tbc1d1, though the relevance of this finding to 

neurodegeneration in ALS and FTLD remains unclear. Similar to observations in human 

ALS and FTLD brains and spinal cords, several of the transgenic rodent models showed 



256 
 
 

loss of nuclear TDP-43 staining in selectively vulnerable neurons prior to overt 

degeneration (Wegorzewska et al., 2009; Wils et al., 2010). One consideration is that 

translocation of TDP-43 from the nucleus to the cytosol has also been observed in motor 

neurons after axotomy (Moisse et al., 2009) and our unpublished data, and therefore further 

studies are needed to determine if this change in the subcellular distribution of TDP-43 is 

pathogenic and contributing to the disease or is simply a response to injury. 

Thus the evidences till date heavy point that TDP-43 and associated mutations in ALS are 

responsible for toxic gain-of-function. This is especially looking convincing as more 

researchers are reporting that TDP-43 is actually upregulated in ALS/FTLD-U and that 

overexpression of TDP-43 (wild-type or mutations) are neurotoxic. 

 

5.2 TDP-43 as a novel co-activator of NF-B 

The transcription factor NF-κB is a key regulator of hundreds of genes involved in innate 

immunity, cell survival and inflammation. Since the nuclear translocation and DNA 

binding of NF-B are not sufficient for gene induction (Yoza et al., 1996; Bergmann et al., 

1998), it has been suggested that interactions with other protein molecules through the 

transactivation domain (Schmitz et al., 1995b; Gerritsen et al., 1997; Perkins et al., 1997) 

as well as its modification by phosphorylation (Schmitz et al., 1995a) might play a critical 

role. It has been reported that transcriptional activation of NF-B requires multiple co-

activator proteins including CREB-binding protein (CBP)/p300 (Gerritsen et al., 1997; 

Perkins et al., 1997), CBP-associated factor, and steroid receptor coactivator 1(Sheppard et 

al., 1999). These coactivators have histone acetyltransferase (HAT) activity to modify the 

chromatin structure and also provide molecular bridges to the basal transcriptional 

machinery. NF-B p65 was also found to interact specifically with Fused in Sarcoma 

(FUS) protein (Uranishi et al., 2001), another DNA/RNA binding protein which is involved 

in ALS (Kwiatkowski et al., 2009; Vance et al., 2009; Deng et al., 2010).  
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A study of literature reveals that several approaches have been made to demonstrate that 

multiple co-activators are required for NF-κB dependent gene expression. Notably, steroid 

receptor-coactivator-1(SRC-1) or nuclear receptor coactivator-1 (NCoA-1) interacts with 

p65 and potentiates NF-B-mediated transactivation (Sheppard et al., 1998). Similarly in 

vivo approaches were used to establish that both CBP and p/CAF are essential coactivators 

(Zhong et al., 1998). Multiple interactions are involved in the assembly of the NF-κB 

transcription complex. Transcriptional activation by p65 requires CBP, or its homolog 

p300, which also exerts an essential co-activator role for many other classes of regulated 

transcription factors (Shiama, 1997). Our work suggests that TDP-43 acts as a co-activator 

of NF-B. We provide many pathbreaking discoveries listed as below: 

1. We have provided proof of a direct interaction between TDP-43 and p65 NF-B by 

co-immunoprecipitation experiments using protein extracts from cultured cells, 

from TDP-43 transgenic mice and from human ALS spinal cord samples. This 

interaction of TDP-43 with p65 is not affected by mutations in the C-terminal 

domain of TDP-43. 

2. Reporter gene transcription assays and gel shift experiments demonstrated that 

TDP-43 acts as co-activator of p65 NF-B through binding of its N-terminal 

domain to p65. Using deletion mutants of TDP-43, we mapped the region where 

TDP-43 binds to p65. Our results indicate that p65 interacts with the N-terminal and 

RRM-1 domains of TDP-43. In particular, TDP-43 interacts with p65 through its N-

terminal domain (31-81 and 98-106 AAs) and RRM-1 (107-176 AAs) domain.  

3. The presence of ALS-linked mutations in TDP-43 (A315T or G348C) did not affect 

the binding and activation of p65 NF-B. This is not surprising because our 

deletion mutant analysis revealed that a region spanning part of the N-terminal 

domain and RRM1 of TDP-43 is responsible for interaction with p65 whereas most 

TDP-43 mutations in ALS occur in the C-terminal domain, which is dispensable for 

p65 NF-B activation. 

4. The levels of mRNAs for both TDP-43 and p65 NF-B were substantially elevated 

in the spinal cord of ALS subjects as compared to non-ALS subjects whereas 
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immunofluorescence microscopy of ALS spinal cord samples revealed an abnormal 

nuclear localization p65 NF-B.  

5. In vitro studies have demonstrated that reducing the levels of TDP-43 by siRNA in 

a cell-culture model led to attenuation of p65 activation. TDP-43 siRNA transfected 

mouse microglial BV-2 cells exhibited at varying TNF- concentrations decrease of 

2 to 2.5-fold in ICAM-1 luciferase activity. 

6. Cell transfection studies have demonstrated that an overexpression of TDP-43 can 

provoke hyperactive innate immune responses with ensuing enhanced toxicity on 

neuronal cells whereas in neurons TDP-43 overexpression increased their 

vulnerability to toxic environment. 

7. Using primary cortical neuronal and microglial culture from TDP-43 transgenic 

mice, we showed that media from LPS-stimulated transgenic microglial cells were 

more neurotoxic than that from non-transgenic microglia. 

8. In vivo treatment of TDP-43 transgenic mice with an inhibitor of NF-B, 

Withaferin A, reduced inflammation, ameliorated motor deficits, restored NMJ 

innervation and reduced peripherin pathology.  

This is the first report of an upregulation of mRNAs encoding TDP-43 in post-mortem 

frozen spinal cords of sporadic ALS. A recent study has provided evidence of increased 

TDP-43 immunodetection in the skin of ALS patients(Suzuki et al., 2010) but it failed to 

demonstrate whether this was due to upregulation in TDP-43 mRNA expression. The 

process that underlies a 2.5-fold increase in TDP-43 mRNA levels in ALS, whether it is 

transcriptional or mRNA stability remains to be investigated. It seems unlikely that copy 

number variants could explain an increase of TDP-43 gene transcription as variations in 

copy number of TARDBP have not been detected in cohorts of ALS (Guerreiro et al., 2008; 

Baumer et al., 2009; Gitcho et al., 2009). Actually, the pathogenic pathways of TDP-43 

abnormalities in ALS are not well understood. To date, much attention has been focused of 

cytoplasmic C-terminal TDP-43 fragments that can elicit toxicity in cell culture systems 

(Johnson et al., 2008; Dormann et al., 2009; Igaz et al., 2009; Zhang et al., 2009). 

However, it is noteworthy that neuronal overexpression at high levels of wild-type or 

mutant TDP-43 in transgenic mice caused a dose-dependent degeneration of cortical and 
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spinal motor neurons but without massive cytoplasmic TDP-43 aggregates (Wils et al., 

2010). This suggests that an upregulation of TDP-43 in the nucleus rather than TDP-43 

cytoplasmic aggregates may contribute to neurodegeneration in these mouse models. As 

shown here, an overexpression of TDP-43 can trigger pathogenic pathways via NF-κB 

activation.    

In fact, our cytotoxicity assays with primary cells from TDP-43 transgenic mice revealed 

that, at similar levels of mRNA expression, the adverse effects of mutant TDP-43 were 

more pronounced than TDP-43
wt

. These results could be explained by the observation that 

ALS-linked mutations in TDP-43 increase its protein stability(Ling et al., 2010). From the 

data presented here, we propose the involvement in ALS of a pathogenic pathway due to 

nuclear increase in TDP-43 levels. Even in cells that exhibit cytoplasmic TDP-43 

accumulations in ALS, as commonly detected with antibodies against the C-terminal 

region, evidence is presented here that TDP-43 N-terminal cleavage fragments could 

remain in the nuclear compartment as detected with antibody against N-terminal sequences. 

Accordingly, hyperactivation of p65 by nuclear accumulation of N-terminal TDP-43 

fragments may occur concomitantly with cytoplasmic accumulations of TDP-43 C-terminal 

species. 

Our results revealed robust effects of TDP-43 on the activation of NF-B and innate 

immune responses. After transfection with TDP-43 species, microglial cells challenged 

with LPS exhibited much higher mRNA levels for pro-inflammatory cytokines, Nox-2 and 

NF-B mRNA when compared to untransfected cells after LPS stimulation. TDP-43 

overexpression makes microglia hyperactive to immune stimulation resulting in enhanced 

toxicity toward neighboring neuronal cells with involvement of reactive oxygen species 

(ROS) and increased nitrite levels (NO). Moreover, the adverse effects of TDP-43 

upregulation are not limited to microglial cells. Primary cortical neurons overexpressing 

TDP-43 transgenes by ~3-folds exhibited increased susceptibility to the toxic effects of 

excess glutamate or LPS-activated microglia. 
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Our finding that TDP-43 acts as co-activator of p65 suggests a key role for NF-B 

signaling in ALS pathogenesis. This is corroborated by the abnormal 4-folds increase of 

p65 NF-B mRNA in the spinal cord of human ALS and by the nuclear localization of p65. 

Remarkably, an overexpression of TDP-43 species by ~3-folds in transgenic mice, at levels 

similar to the human ALS situation (2.5-folds), was sufficient to cause nuclear 

translocation of p65 NF-B in the spinal cord. Recently, some ALS-linked mutations have 

been discovered in the gene coding for optineurin, a protein which activates the suppressor 

of  NF-B (Maruyama et al., 2010), further supporting a convergent NF-B-pathogenic 

pathway. Here, we show that inhibitors of NF-B activation are able to attenuate the 

vulnerability of cultured neurons overexpressing TDP-43 species to glutamate-induced or 

microglia-mediated toxicity. Moreover, pharmacological inhibition of NF-B by WA 

treatment attenuated disease phenotypes in TDP-43 transgenic mice. From these results, we 

propose that NF-B signaling should be considered as potential therapeutic target in ALS 

treatment.  
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Figure 5.3 Model of TDP-43 acting as a co-activator of NF-B p65. A model explains 

how TDP-43 can act as a co-activator of p65 subunit of NF-B. In different cell-types, 

TDP-43 can acts in different ways modulating numerous pathogenic pathways involved in 

ALS. The role of C-terminal fragments of TDP-43 causing TDP-43 aggregates and acting 

as a substrate for microglial activation remains to be investigated. The model is based on 

the work presented in chapter 4 and published Swarup et al, 2011b; Journal of 

Experimental Medicine 2011 Nov 208 (12): 2429-2247 
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5.3 TDP-43 as a potential biomarker in ALS 

There is increasing evidence that a number of potentially informative ALS biomarkers can 

improve the accuracy of diagnosing ALS, especially when they are used as a panel of 

diagnostic assays and interpreted in the context of neuroimaging and clinical data. 

However, further studies are needed that use fully bioanalytically validated immunoassays 

and other test formats which can cover the heterogeneity of the disease, but studies are also 

needed that follow patients longitudinally to autopsy in  order to correlate biomarker 

findings with definitive neuropathological diagnoses. Of these TDP-43 can be used an 

important biomarker of ALS/FTLD-U for the following reasons: 

 

1. TDP-43 inclusions are wide-spread and account to over 90% of all ALS cases (Arai 

et al., 2006; Neumann et al., 2006). As such TDP-43 can cut across the disease 

heterogeneity and can be used as a biomarker for ALS. 

2. Increased TDP-43 levels have been reported in peripheral blood mononuclear cells 

(PBMCs) and in cerebrospinal fluid by 2 independent groups (Kasai et al., 2009; 

Nardo et al., 2011). 

3. Increased TDP-43 levels are reported by our group in the spinal cord sections of 

post-mortem ALS cases both at the mRNA and protein levels (Swarup et al., 

2011b). 

4. Increased TDP-43 levels have also been reported and being actively considered as a 

biomarker of FTLD-U cases (Geser et al., 2011). 

Although hypothesis-driven candidate biomarkers should continue to be the focus of ALS 

biomarker research, it is timely to pursue the identification of biomarkers using unbiased 

strategies based on proteomics, metabolomics or related technologies. TDP-43 has several 

advantages as an ALS biomarker and further studies should be done to better understand 

the metabolism and turnover of TDP-43.  the importance of the public health benefits that 

will come from validating informative biomarkers to translate laboratory advances in 

understanding mechanisms of ALS into better diagnostic strategies and accelerate the pace 

of developing more meaningful disease-modifying therapies for ALS and related 

neurodegenerative disorders.    
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5.4 Conclusion 

In accordance with the evidence shown in the thesis, accumulating evidence show that 

overexpressing moderate levels of TDP-43 (wild-type or mutants) encoded by genomic 

fragments in a mouse model recapitulate key features of ALS and FTLD-U. Additionally, 

the mouse model show age-dependent progressive cytoplasmic TDP-43 aggregates, 

inflammation, intermediate filament pathology and axon caliber changes. The thesis also 

shows how increased levels of TDP-43 in ALS cases and TDP-43 acting as a co-activator 

of p65 NF-B contribute to the pathogenesis of ALS.  
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Deregulation of TDP-43 in amyotrophic lateral sclerosis triggers nuclear factor-B–
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