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ABSTRACT 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease that results from the loss of 

upper and lower motor neurons. Despite a heterogeneous, complex genetic background, one aspect that 

connects 97% of ALS patients is the presence of abnormal protein aggregates in motor neurons with 

TDP-43 as the main constituent. Moreover, mutations in the TARDBP gene are also known to be 

causative in 4% of familial cases and 1% of sporadic ALS patients. This indicates that TDP-43 is central 

to ALS pathogenesis.  

To investigate this key aspect of ALS, we used the Thy1-hTDP-43 mouse model, a severe model of 

ALS with a lifespan of 20-25 postnatal days (P). Here, we have quantified TDP-43 protein expression 

over the mouse lifespan, facilitating comparison with other disease phenotypes; such as motor neuron 

cell death and NMJ denervation. Using human-specific versus pan-mammalian antibodies for TDP-43, 

we compared the expression of pathological hTDP-43 and endogenous mouse TDP-43 in the spinal 

cord and brain, via western blotting. To document cell death, blinded motor neuron counts were 

performed at pre-symptomatic (P8), early-symptomatic (P15) and symptomatic (P17) timepoints, as 

well as at disease end-stage (P19-21).   

Our results demonstrate a significant overexpression of pathological hTDP-43 pre-symptomatically, 

leading to an 8-fold increase in TDP-43 expression at end-stage in homozygous Tg/Tg mice. 

Interestingly, non-symptomatic heterozygous littermates also showed overexpression of hTDP-43 up 

to P15, where expression then plateaued at a two-fold increase compared to wild-types for up to 9 

months. Motor neuron counts showed that there was a significant overall loss of motor neurons from 

the ventral horn in hTDP-43 Tg/Tg mice at end-stage (n=3 mice per genotype, N=18 spinal cord slices 

analysed per genotype, P-value=0.02). This detailed analysis of the time course of TDP-43 

overexpression and motor neuron loss will allow us to investigate the order of pathological events in 

the Thy1-hTDP-43 model, including the timing of neuromuscular junction denervation compared to 

motor neuron cell death.   
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LAY ABSTRACT 

Motor neuron disease is the umbrella term for a group of associated diseases, which all cause a 

progressive loss of motor neurons: nerve cells controlling movement.  Amyotrophic lateral sclerosis 

(ALS) is the most common type of motor neuron disease, accounting for 85% of all cases. The motor 

neurons of both the spinal cord and brain die in ALS, initially causing muscle loss before progressing 

into paralysis. Unfortunately, there are only two drugs available to treat patients diagnosed with ALS 

and neither has a large impact on life expectancy or symptoms. This lack of success is because there 

are many unknowns within ALS, such as patients having no known genetic cause or environmental 

reasoning behind developing the disease. Additionally, the disease symptoms experienced by patients 

vary hugely as the disease can become apparent at any age, in many different locations and the severity 

experienced is not consistent for all patients. Due to this ambiguity, it makes it very difficult for 

scientists to develop effective treatments as there are many areas, already identified and currently 

unknown, to research and we do not know which areas are crucial. However, one key discovery is that 

97% of patients show clumps of a faulty protein, called TDP-43, in the motor neurons of the brain and 

spinal cord. In this study, a mouse model mimicking the disease, by overproducing TDP-43, was used 

to track the quantity of TDP-43 present throughout the lifespan of the mice. The mice develop ALS-

like symptoms, where they display an initial mild tremor before it progresses into walking impairment 

followed by paralysis. Additionally, thin slices of the spinal cord were stained to distinguish motor 

neurons from other cells, at various points during the mouse lifespan. 

The data gathered demonstrate that there is a higher level of TDP-43 present in these disease-mimicking 

mice, even before ALS-like symptoms appear. By counting the motor neuron cells from the stained 

slices and comparing them against healthy controls, it showed that there is a loss of motor neurons in 

diseased mice at later points in the lifespan, compared to before symptom onset. This motor neuron cell 

death mirrors what is known about ALS in humans. By creating a detailed timeline of protein expression 

in this mouse model, it is hoped that other aspects of human ALS can be studied and compared to the 

timeline, in order to understand the impact TDP-43 has in ALS.  
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INTRODUCTION 

 

Overview of Amyotrophic Lateral Sclerosis 

Motor neuron diseases (MNDs) are the third-most-common neurodegenerative disease (1-4) and are 

defined by the slow and progressive decline of motor neurons within the central nervous system (CNS). 

There are several MND subtypes, with amyotrophic lateral sclerosis (ALS) being the most prevalent 

adult-onset form of the disease (5) accounting for 85% of all diagnoses (4). ALS is characterised by the 

degeneration of both the upper and lower motor neurons (4, 6), leading to patients developing extensive 

symptoms spanning the entire body. Symptoms begin focally (5, 7), however due to the progressive 

nature of the disease, many patients either do not notice or opt to overlook the initial weakness (8, 9). 

After which, the muscles adjacent to the onset location are implicated, creating a cumulative effect (8, 

10, 11) that is prominent and unavoidable. Limb weakness is the typical location of ALS disease-onset 

(5) whilst 20% of patients experience symptoms in the bulbar region (12, 13) such as slurred speech 

and difficulty with chewing and swallowing (6, 14, 15). As the disease advances, the voluntary muscles 

will paralyse (1,7) causing direct and downstream muscle atrophy, with the patients predominantly 

dying from respiratory failure (6, 16).  

Despite decades of research, ALS remains incurable, with only two approved drug treatments 

worldwide (6). The average life expectancy from diagnosis is only 3 years (17-19) but a small minority 

survive beyond this, often up to 10 years (1, 19). Neither drug provides extensive benefits: Riluzole can 

extend the lifespan in some patients by up to 3 months without any impact on symptoms (20, 21), whilst 

Edaravone can slow symptom decline by a third over 6 months but does not boost survival (22, 23). As 

a result, healthcare is tailored to ease the symptoms and maintain the quality of life as the key priority 

(4, 6, 24). 

ALS was first described in 1874 by Jean-Martin Charcot as an entirely sporadic condition (25) and 

since then research has helped to clarify many aspects of the disease. It is now known that roughly 10% 

of patients develop ALS through inherited dominant mutated genes (26, 27), but familial ALS and 

sporadic ALS cases are clinically indistinguishable (28). A significant feature of ALS is the incomplete 

disease penetrance (26, 29). There is no indication of when, or if, a patient will develop the disease. It 

is currently believed that the presence of a pathological ALS-linked gene is merely a trigger for the 

degeneration and other steps need to occur for ALS to develop (30). ALS has many different associated 

risk factors, the only established ones are being of older age (31), male gender (14, 32), and having a 

family history of ALS (33-35). Other frequently associated risk factors are lifestyle-based (smoking) 

(36-38), physical fitness (high fitness level, low BMI) (39-44), and exposure to chemicals and toxins 

(45-47). There is a compelling link between ALS and professional sportsmen who have been involved 
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in high-contact sports, such as football, American football and rugby (48-53). A recent meta-analysis 

compared professionals against non-professionals in a variety of sports, they disclosed that professional 

sportsmen in heavy contact sports have an 8.5x increased rate of ALS (48).  

 

Causes of Amyotrophic Lateral Sclerosis 

There have been various key genomic breakthroughs which currently account for roughly 15% of all 

diagnoses (54, 55), split as 68% of familial ALS cases but only 11% of sporadic patients (54). There 

are four predominant causative genes of familial ALS within the European population, and other mainly 

white populations (29), i.e., North America and Australia. The first causal gene linked to ALS was 

superoxide dismutase 1 (SOD1) in 1993 (56, 57). SOD1 encodes a namesake cytoplasmic enzyme 

which was found to be present in protein aggregates, but only within motor neurons of affected CNS 

areas (57). This was highlighted as unusual as SOD1 is broadly expressed (58) throughout the body. 

Since being implicated in ALS, over 185 individual pathogenic variants have been identified (59), albeit 

only being causative in 12% of familial and 1% of sporadic cases (54, 60).  

There have been mutations in multiple genes encoding for RNA-binding proteins linked to ALS (61), 

many of which are rare but two genes are more prevalent. Mutations in fused in sarcoma (FUS) (62, 

63) and transactivating response DNA binding protein (TARDBP) (64-66) are each believed to be 

responsible for 4% of familial ALS and up to 1% of sporadic ALS (29, 62, 63, 67). They encode for 

FUS and TDP-43 proteins, respectively.  

The most common mutation underlying familial ALS in those with a white western heritage, and in all 

sporadic cases worldwide (29, 68-70), is a repeat expansion (GGGGCC) in a non-coding region of 

chromosome 9’s open reading frame 72 (C9orf72) gene. However, repeat expansions create a lot of 

uncertainty with disease prevalence (71), as the pathological cut off number is unknown (68, 69, 72). 

Current estimates for ALS patients have 700-1600 repeats per allele whilst healthy controls possessed 

2-23 repeats of this C9orf72 region (68). Accurate quantification of the repeat number is challenging 

(73) via classic methodology due to the considerable size of the expansion and the nature of the bases 

involved (G and C). In addition to being the most prominent cause of ALS, C9orf72 is also the first 

gene to be found mutated in both patients of ALS and frontotemporal lobar degeneration (FTLD) 

dementia 8(68, 69). 

The population frequency of known genes changes drastically between geographical areas and their 

respective heritage (29). SOD1-ALS is the most prevalent gene in Asian populations (74), with C9orf72 

mutations responsible for only a fraction of familial cases and extremely rare in sporadic patients. Most 

distinctly, a third of familial cases in South American populations (29, 75), with no sporadic links (76, 

77), are a result of an adaptor protein gene: Vesicle-Associated Membrane Protein (VAMP) – 
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Associated Protein B (VAPB). Mutations in VAPB have only been found a handful of times outwith 

Southern American populations (78). 

Currently, there are now 20 genes known to be definitively causative in ALS (79), with many more 

strongly associated but not wholly proven (29, 79, 80). The remainder of these genes are each 

responsible for less than 1% of familial cases (29) and are therefore extremely rare. The majority of 

these causative genes have many possible individual pathogenic variants (80, 81) that result in a 

predisposition for ALS. Additionally, each variant can present differently concerning symptom onset 

location and age, disease progression and severity (59, 82). This heterogeneity in displayed phenotype 

is a result of a complex genetic architecture (18, 83), that we currently cannot explain. There are many 

proposed mechanisms of disease behind each gene resulting in the development of ALS (80) such as 

altered RNA metabolism (61, 84-87), mitochondrial dysfunction (88-90), impaired proteostasis (57, 61-

63, 85), excitotoxicity (91-93) and neuroinflammation (94-97). The most likely scenario is a 

combination of factors are involved (98, 99). Clarification will be needed on the timing and order of 

mechanisms involved to properly understand how to effectively treat ALS in the future (80).  

Additionally, there are two key hypotheses regarding the origin and spread of neurodegeneration in 

ALS patients. Favoured by many is the ‘dying back’ theory where degeneration begins at the 

neuromuscular junction (NMJ), and where nerve endings initially deteriorate before progressing back 

up the motor neuron axon to the spinal cord cell bodies (100). Conversely, ‘dying forward’ involves 

motor neuron degeneration in the motor cortex, driven largely via glutamate excitotoxicity before 

causing dysfunction and death in bulbar and spinal motor neurons (13). 

 

TDP-43 and Amyotrophic Lateral Sclerosis 

Prior to discovering mutations in the TARDBP gene (64; 65; 66), the encoded protein (TDP-43) was 

identified as the main protein constituent in cytoplasmic aggregates of neuronal cells (84, 85). This 

research definitively linked sporadic ALS and FTLD together, as they share pathological TDP-43 

hallmark inclusions within the CNS (84, 85). Patients from both diseases had previously shown an 

overlap in symptoms, where a subset of ALS patients experience cognitive and behavioural changes (6; 

101), but this discovery created a spectrum of disease with ALS and FTLD at opposing ends (84, 85). 

Under pathological conditions, TDP-43 migrates out of the nucleus of motor neurons and glial cells in 

ALS-affected regions (84, 85) despite being ubiquitously expressed in many different tissues (102). 

However, further studies revealed dominant mutations were only responsible for 4% of familial ALS, 

<1% of sporadic cases (29, 67) and were not detected in any FTLD patient (6) regardless of the presence 

of TDP-43 positive aggregates. Current estimates are that 97% of ALS patients have TDP-43 aggregates 

(6, 103), SOD1 and FUS linked-ALS comprise the remaining 3% of cases (104). The three classes of 

protein aggregates are mutually exclusive (18, 55, 103, 104), where SOD1 and FUS patients have their 
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main aggregate constituent as the respective namesake protein rather than TDP-43. This indicates that 

wildtype TDP-43 is central to ALS pathology (105), regardless of the known mutation.  

It is not understood how the disease mechanisms from differing mutations interlink in order for the 

overwhelming majority of ALS patients to manifest mislocalised TDP-43 aggregates. It is therefore 

unclear whether the presence of pathological TDP-43 is an early, causal mechanism of neuronal cell 

death or if it is a consequential downstream event. Data from mouse models have clarified that toxicity 

does not stem from the presence of aggregated protein, as neurodegeneration has been documented 

without TDP-43 aggregates (106). Several hypotheses are proposed regarding loss-of-function within 

the nucleus (107) and toxic gain-of-function due to aggregates within the cytoplasm (107). There is an 

abundance of evidential support for both, alongside backing for a combined gain and loss mechanism 

(80, 108).  

 

Motor neuron pools  

Motor neurons (MNs) control essential life functions such as movement, speech and breathing. There 

are a variety of MN subtypes which are known to be found in ‘pools’ within the spinal cord, which 

innervate specific muscles (109). Previous research revealed that certain MNs pools are more resistant 

to cell death than others (110, 111). There are three types of somatic MNs, based upon the innervated 

muscle fibre type: alpha, beta and gamma (109). Beta MNs are the smallest and least abundant and 

therefore not well characterised or understood. Gamma MNs are slightly bigger and innervate the 

intrafusal muscle fibres meaning they control the sensitivity of muscle spindles rather than the motor 

function (112). Alpha MNs are critical to ALS as they directly innervate the extrafusal muscle fibres 

resulting in muscle contraction (109). Alpha MNs have a distinctly large cell body and a well-

characterised NMJ (109). Additionally, alpha MNs have further subtypes which are hard to distinguish 

anatomically, but are linked to the muscle fibre type (109, 113): fatigue-resistant slow-twitch, fatigue-

resistant fast-twitch and fast-fatigable fast-twitch. All three alpha MN subtypes are present within pools 

to innervate each muscle, but the ratio between the subtypes differs based upon the muscle function 

(114). It has been documented that muscles with a large proportion of fast-twitch fatigable degenerate 

first in ALS, before fast-twitch fatigue-resistant and slow-twitch fatigue resistant fibres (115-117). Fully 

documenting the vulnerability of specific MNs in ALS models may identify degenerative mechanisms 

that could be targeted for therapies.  

 

Modelling ALS in vivo 

Animal models provide an invaluable contribution to research by advancing our understanding of 

disease and the impact of potential therapeutics. There is a myriad of pre-clinical model options from 
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various in vitro cultures to small and large animal models. Each model has distinct advantages and 

limitations to its use. This is especially apparent in the first in vivo model of ALS, the Wobbler mouse, 

initially caused by a sporadic mutation within a colony (118), that displays many parallel phenotypes 

to the human disease (119). However, the causative Wobbler gene has since been identified (120) and 

has not been found in any tested ALS patients (80). Additionally, dogs possess the only other naturally-

occurring MND-like disease (121), called Canine Degenerative Myelopathy (CDM). A SOD1 mutation 

has been implicated in CDM (122), with two copies indicating a higher risk for disease development 

but this is not a certainty as there are reports of homozygous dogs without the disease (121). The use of 

dogs, and other higher animal models i.e. non-human primates and pigs, in research is rare due to ethical 

issues and extreme costs due to their long lifespans (123).  

Excluding the Wobbler mouse, all current models induce genetically ALS genetically (124). Whilst 

induced models are preferential for research purposes due to their reliability, it means the models are 

not entirely relatable to human patients that are classified with sporadic ALS (21). Zebrafish are a 

relatively new model system within research and are becoming popular for initial in vivo drug screens 

as they are able to generate transgenic lines at a high speed and be maintained at a low cost (125). Pilot 

data for a zebrafish drug screen can be collected in several days (126), and it is possible to utilise 

multiple pathogenic variants simultaneously, providing robust results. This efficiency aids in 

streamlining future research.  

Mice are the model of choice for ALS research as nearly all human genes have a murine homologue 

and genetic manipulation in order to create a model is now a relatively straightforward task (127). The 

most utilised genetic-ALS mouse model is SOD1G93A (128) but this model, and other SOD1 models, 

have had a lack of success when translating therapeutics deemed promising in the mice to human trials 

(129). One such example is Minocycline, an anti-inflammatory agent that when tested in two different 

SOD1 models, extended the mouse lifespan by 5-weeks in addition to delaying the onset of motor 

neuron degeneration and muscle wastage (130-132). Minocycline was not just found to be ineffective 

in humans but adverse and harmful effects were documented in treated ALS patients (133). This could 

be because SOD1 mice are only representative of a minority of the human ALS cohort (134). There is 

a multitude of pathogenic variants available in mice, but phenotypic and pathological features differ 

with each variant. For example, SOD1D83G mice have phenotypic onset at 15 weeks with tremors and 

20% loss of upper and lower MNs and survival of 70 weeks, without any paralysis (135). Compared to 

the SOD1H46R mice showing initial phenotype at 20 weeks, confirmed presence of SOD1 and ubiquitin 

inclusions, before paralysis and death at 24 weeks (136).  

 

In addition, to increase the prospects of potential therapeutics translating successfully in human trials, 

a mouse model that is capable of portraying the key features as seen in the majority of ALS patients is 
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required (134). The most appropriate mouse model would not have a transgene with a known mutation, 

as it is reasonable to infer that a gene-mutated model may only be an accurate representation of patients 

with the corresponding ALS mutated gene. The best correlation to human ALS would be a wildtype 

transgenic model with TDP-43 pathology (18) and motor neuron loss, similar phenotypic symptoms 

such as weight loss, muscle atrophy and degeneration ultimately progressing to paralysis and 

morphological changes of the neuromuscular junction (134). 

 

hTDP-43 mouse model of ALS 

The chosen mouse model for the current research is a hTDP-43 mouse model generated by Wils et al. 

(105), selected as it fulfilled the above criteria. These mice express the wildtype human TARDBP 

transgene under the Thy-1 promotor, exclusive to CNS neurons (137). Homozygous transgenic mice 

(Tg/Tg), with two copies of the human transgene, display an accelerated ALS-like phenotype. Details 

from the original publication indicated that in the Tg/Tg mice there was a degenerative phenotype due 

to motor neuron loss, TDP-43 positive inclusions within the neuronal cytoplasm, with overexpression 

of human TDP-43 mRNA (107). This model benefitted from non-transgenic (NTg) and heterozygous 

(Tg/0) littermate mice acting as controls [Fig 1A].  

In our colony, the Tg/Tg ALS-like mice first show a slight tremor from postnatal day 14 (P14) which 

gradually worsens towards paralysis, before fatality at 3-weeks old [Fig 1C]. Additional phenotypes 

documented include weight loss [Fig 1B], weakened hindlimb grip and gait impairment. Whilst the 

Tg/0 exhibit no ALS-like phenotype in our colony, as we are unable to keep mice past 12 months of 

age, Wils et al. (105) documented some grooming problems and a reduction in spontaneous movement 

at 14 months but did not discuss fatality. 

In this study, I investigated TDP-43 protein overexpression present as the initial paper only published 

mRNA results at P21, rather than the exact protein levels present. The data provides evidence for 

significant pre-symptomatic TDP-43 protein overexpression, which elucidates the widely-accepted 

premise that the Thy-1 promotor activates after the first postnatal week. At the disease end-stage, Tg/Tg 

mice express an 8-fold increase in TDP-43 protein of the spinal cord when compared to NTg mice. 

Additionally, I confirm there is progressive motor neuron cell death within the lumbar spinal cord of 

Tg/Tg mice. I also performed an analysis on Tg/0 mice showing the presence of subclinical TDP-43 

pathology but with no loss of motor neurons.  
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MATERIALS AND METHODS 

 

A comprehensive list of reagents and supplies used can be found in Appendix 1 - Table 2 and Table 3, 

respectively.  

 

ANIMAL MODEL 

This work was performed under Procedure Project License P92BB9F93 with Personal Licenses 

IAC4805FD1 and I763839132. 

The TDP-43 mouse model, created by Wils et al. (105), was obtained from The Jackson Laboratory  

B6;SJL-Tg(Thy1-TARDBP)4Singh/J mice (JAX stock #012836). The colony was maintained as a 

heterozygous cross whilst being housed in the University of Edinburgh’s Hugh Robson animal facility 

under a 12 hour light/dark cycle. The transgenic mice express the human wildtype TARDBP gene under 

the murine Thy1 promoter. Mice of both sexes were used throughout the research. Homozygous 

transgenic (Tg/Tg) mice and littermate controls were obtained by breeding heterozygous transgenic 

(Tg/0) mice [Fig 1A]; providing experimental litters consisting of 25% Tg/Tg, 50% Tg/0 and 25% non-

transgenic mice (NTg). The Tg/Tg mice showed an ALS-like phenotype from Postnatal Day (P)14, at 

which point clinical scoring began and was carried on daily for all homozygous transgenic mice until 

disease end-stage, defined as when a phenotypic score of 3 is met [Table 1], occurring around P19-

P21.  

 

TABLE 1 –  CRITERIA FOR PHENOTYPIC SCORING OF MURINE CLINICAL SYMPTOMS  

Score Clinical symptoms to determine ALS disease severity (138; 139) 

0 

No plateauing or loss of body mass (140) 

When suspended by the tail, both hindlimbs are consistently splayed outwards (141; 142)  

When suspended by the tail, both hind feet are able to grip strongly onto the rim of a cup 

The mouse moves normally, all four limbs support body weight (141) 

1 

Body mass has possibly plateaued (140) 

When suspended by the tail, one hindlimb is not splaying outwards fully for half the time (141; 

142) 

When suspended by the tail, one hind foot is unable to grip strongly onto the rim of a cup 

The mouse has a mild tremor and may have a limp while walking (141; 142) 

 
1 PIL number for Dr H. Chaytow 
2 PIL number for Megan Shand 
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2 

Body mass has plateaued, with possible reduction compared to previous days (140) 

When suspended by the tail, both hindlimbs are not splaying outwards fully for half the time (141; 

142) 

When suspended by the tail, one hind foot is unable to grip and/or both are unable to grip strongly 

onto the rim of a cup 

The mouse has a severe tremor and/or limp. Feet may point away from body whilst walking (“duck 

feet”) (141; 142) 

The mouse will still be able to right itself within 30 seconds after being placed on its back 

3 

Body mass has decreased since previous days, up to 20% loss (140; 143) 

When suspended by the tail, both hindlimbs are fully retracted and unable to splay outwards for 

most of the time tested (141; 142) 

When suspended by the tail, both hind feet are unable to grip the rim of a cup 

The mouse will have difficulty moving forward due to severe paralysis and will drag itself along 

the ground, often on its side (141; 142) 

Unable to right itself within 30 seconds after being placed on its back (144) 

 

 

GENOTYPING 

The JAX recommended protocol (145) was followed by lysing ear biopsies or tail tips [Fig.2A] in  

50 µl of Hotshot lysis buffer at 96°C for 30 minutes (146). After which the sample was neutralised by 

50 µl of Hotshot neutralisation buffer (146) and the biopsy was broken up using a pipette tip before  

1 µl of DNA was used with 14 l of PCR Master Mix. The primers and the following touchdown PCR 

were recommended for this mouse model by JAX (147). 

The PCR cycling conditions were 2 minutes at 94C followed by 10 cycles of 20 seconds at 94C, 15 

seconds at 65C (with a 0.5C decrease per cycle) and 10 seconds at 68C. Then a further 28 cycles of 

15 seconds at 94C, 15 seconds at 60C, 10 seconds at 72C before 2 minutes at 72C. Samples were 

then held at 12C until required.  

After enzymatic amplification, the PCR products were resolved on 1% agarose gel via electrophoresis 

for 30 minutes at 100 V. The genotypes were confirmed by the presence of a human transgenic 500bp 

band and/or a murine wildtype 303bp band [Fig 2A]. Negative controls were run alongside all PCR 

genotyping and shows no bands.  
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TISSUE COLLECTION AND PREPARATION 

Mice were humanely euthanised via an overdose of anaesthetic at various time points, with their brain 

and spinal cord quickly dissected for protein and histological investigations [Fig.2B]. 

Protein 

Tissues were flash-frozen on dry ice for protein analysis via quantitative western blot and stored at  

-80C until processing. 

Histological 

Spinal cords were pinned out straight and fixed in 4% PFA immediately after dissection for 24 hours 

(148). After which, tissues were immersed in 30% sucrose for 24 hours before rolling in a 1:1 mix of 

30% sucrose and OCT embedding matrix for at least 1 hour prior to embedding.  

Spinal cords were trimmed down to the lumbar region and embedded in the same 1:1 solution mix over 

dry ice. Tissue blocks were stored at -80C. 20 µm cryostat sections were sliced and mounted onto 

charged slides. The sections were mounted in serial sequence over 8 slides i.e. sections 1-8 were each 

the first section on sequential slides, then sections 9-16 were the second on each slide, following the 

same sequential slide order and so forth. This means each spinal cord section is at least 160 µm apart 

from the next on every slide, ensuring that each section has entirely different MN pools (149-152). A 

total of 6 sections per slide, with 8 slides per spinal cord, were generated. Slides were stored at -20C 

until required. 

 

FIGURE 2 –  OVERVIEW OF EXPERIMENTAL METHODS  
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(A) Simple diagram of the genotyping method via PCR. Tail clippings (before P14) or ear notches (P14 onwards) are lysed 

to extract DNA as per methods. Imaging of the agarose gel will show genotype by the presence of a 500 bp band and/or a 

303bp band. Detailed in blue test within the mice images are the terms by which this paper will refer to each genotype 

(B) The two main methods used in this study to characterise this mouse model. The spinal cord and brain were dissected 

out of the mice and both used for TDP-43 protein quantification via western blotting. Additionally, the spinal cord was 

fixed for further dissection, before trimming down to the lumbar region. 20µm tissue sections were fluorescent stained to 

aid motor neuron counting in the ventral horn. 

 

QUANTITATIVE WESTERN BLOTTING 

Tissues were removed from -80C and thawed on ice. Samples were homogenised with a plastic pestle 

in a homogenising solution; spinal cord samples required 100 µl, whilst brains required 400 µl. Sample 

homogenates were incubated for 10 minutes on wet ice and then centrifuged at 4C for 10 minutes at 

maximum speed. The supernatants were aspirated into a fresh Eppendorf tube, at this point the brain 

samples were further diluted 1-in-5 in homogenising solution. This dilution was necessary as the brain 

is very protein-heavy, making accurate protein quantification inconsistent.  

Protein in the supernatant lysate samples was quantified using a BCA assay against BSA standards 

(153). Sample protein concentrations were normalised to 2 µg/µl in ultrapure water and a reducing 

sample buffer. This normalised protein sample solution was incubated at 70C for 10 minutes before 

loading 20 µg of protein into a gradient gel for electrophoresis. The samples were run at 70 V for 20 

minutes and then a further 60 minutes at 130 V. The gel cast was transferred to a PVDF membrane 

using the iBlot2 semi-dry blotting system (ThermoFisher Scientific). Immediately after transferring, the 

PVDF membranes were incubated in Total Protein Stain (TPS) (153-155) for 5 minutes before being 

blocked in a 5% BSA buffer for 30 minutes. Next, the membranes were incubated overnight at 4C, 

with either primary antibody diluted 1:1000 in BSA blocking buffer; hTDP-43 (Abnova, H00023435) 

and panTDP-43 (ProteinTech, 10782-2-AP).  

The primary was poured off and stored at -20C for possible reuse, whilst the membranes were washed 

three times at room temperature (RT) for 10 minutes in TBS-T, followed by incubation of IRDye (Li-

Cor) secondary antibodies at 1:5000 in BSA blocking buffer for 1 hour at RT. Finally, membranes were 

washed in TBS three times for 30 minutes each. Once dry, the membranes were imaged using an 

Odyssey CLX Infrared Imager (Li-Cor). 
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WESTERN BLOT QUANTIFICATION AND NORMALISATION 

For all analyses, the TPS and anti-TDP-43 intensities were first quantified via Image Studio Lite 5.2  

(Li-Cor). The TPS of each sample was determined by an identical area being measured on each lane in 

the 700nm fluorescence channel. The highest TPS ‘total’ value was used to normalise each sample’s 

TPS intensity [Fig 3A, C], accounting for minor protein loading variations (153-155). Next, an area 

was drawn around each sample’s antibody-specific band (43 kDa in 800nm channel only) and the 

intensity was measured. The ‘signal’ values of the antibody fluorescence were normalised against their 

respective, normalised TPS total intensity, as calculated previously [Fig 3B, C]. This normalised 

‘signal’ is the relative protein expression for each sample. 

To allow comparison between membranes and therefore between time points and tissue types, an 

‘Internal Loading Standard’ (ILS) was run in triplicate on all membranes (153, 155). For the blots 

analysed in this study, the ILS consisted of several Tg/0 spinal cords pooled together at P19/20, 

equivalent to the end-point stage of the Tg/Tg mice. This corrected for any technical variation that arose 

from the gels, membranes or any handling and processing methods, as described in (155). The lanes of 

the ILS are analysed concurrently with the samples, as stated above, but then an average of the 

triplicate’s relative protein expression was obtained and defined as 1 [Fig 3D]. The normalised TDP-

43 relative protein expression values were subsequently divided by this triplicate average. The ILS-

normalised TDP-43 values calculated between any of the membranes can then be used in analysis 

together.  

 

FLUORESCENT STAINING OF SPINAL CORD SECTIONS 

Slides were removed from -20°C storage, thawed and set up in the Sequenza™ cover plate staining 

system. Protocol was based upon product information provided by the manufacturer (156). Sections 

were rehydrated for 30 minutes in PBS before 10 minutes of permeabilisation with Triton. Followed by 

two, 5 minute PBS washes, then light-protected RT incubation of NeuroTrace™ for 20 minutes. Further 

washes were all competed under light protection. Firstly, 10 minutes in Triton then two quick washes 

of PBS, followed by 2 hours in PBS. DAPI incubation for 15 minutes preceded three final PBS washes. 

The slides were then mounted in 45 µl of Mowiol. After coverslipping, the slides were left to dry 

overnight at RT, whilst being light-protected. The following day, dry slides were imaged on a Leica 

DMi8 fluorescent microscope at 10x magnification. 

Images shown in any figures have been taken on a Nikon A1R FLIM confocal laser scanning 

microscope which was used with x20 (air) and x60 (oil) immersion objectives.  
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FIGURE 3 –  METHOD USED TO DETERMINE TDP-43 LEVELS VIA WESTERN BLOT  

 

(A) Image of the 700 nm channel depicting the total protein stain (TPS) for each sample. Blue boxes show the measured 

area for each lane, they are of an identical size. The three lanes on the left between two ladders are the internal loading 

standard (ILS) that was used on every blot in triplicate. 

(B) Image of the 800 nm channel depicting antibody bound fluorescent signal for each sample. Blue boxes show the 

measured area for each lane, the boxes do not need to be the exact same size but must ensure the fluorescent signal is fully 

contained within. The three lanes on the left between two ladders are the internal loading standard (ILS) that was used on 

every blot in triplicate. 

(C) Exported data from Image Studio Lite 5.2 that is gathered from each blue box. This data was copied into a spreadsheet 

to quantify. The highest ‘total’ TPS is found from all measured lanes, with all the other lanes divided by it to get a 

normalisation factor, which accounts for minor differences with protein loading. Next, each antibody fluorescent ‘signal’ 

is divided by the TPS normalisation factor. An average of the ILS’s normalised antibody fluorescent signal is taken prior 

to normalising each subsequent measurement against it. This allows for blots to be compared together as protein expression 

relative to the ILS in arbitrary units.  

(D) Example of the different options when plotting the data. Left shows the protein expression relative to the ILS in arbitrary 

units, whilst right shows the protein expression relative to the ILS and NTg in arbitrary units. Each timepoint and tissue 

type was normalised against their own NTg data.  
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MOTOR NEURON ANALYSIS 

Fluorescent images were blinded via ImageJ/Fiji (software version 1.0) using the Quantixed macro, 

‘Blind Analysis’.  

For manual motor neuron counts, the blinded TIFFs had a rough guide drawn onto the image allowing 

for only motor neurons within the ventral horn to be counted; this involved two perpendicular lines 

starting at the central canal before a curved line was added to exclude cells too close to the central canal 

[Fig 4A]. An alpha-motor neuron was included in the count if it was: positive for Nissl, with an 

identifiable DAPI stain or dark nucleolus, and with the shortest soma diameter exceeding 20 µm [Fig 

4B] (152, 157-159). The counting for each image set was performed en masse using the CellCounter 

macro in Fiji. To increase the reliability and accuracy of the measurements, a rough count would be 

performed at 100% zoom, before increasing to 400% and remeasuring each potential cell for the 

confirmed count. JPEG images showing the identified motor neurons and the rough area guide were 

saved in a separate folder to aid further image analysis preparation.  

To prepare for semi-automated cell measurements via CellProfiler (Version 4.2.1), the blinded TIFs 

were cropped to a small area of the ventral horn [Fig 4C]. These areas were where a dense population 

of motor neurons was located during the manual counting, thus limiting the possibility of other cell 

types being measured. Anything outside of the designated area boundary was cleared in these cropped 

images before channels were split and enhanced individually via maximum and minimum display 

limits. The channels of the cropped image were re-merged and saved as a TIFF in a separate folder. By 

enhancing separately, a more distinct image was created, which was found to be most reliable in 

CellProfiler. The CellProfiler outputs are to be used as a representative guide rather than an absolute 

value, due to only processing a selected area of the ventral horn. 

A CellProfiler pipeline was created [Appendix 2 - Fig 11] and optimised to identify cells which are 

positive for Nissl and over a certain pixel area size. The same threshold and criteria were applied to 

every image, before a module allowing each image to be manually checked for cell identification 

accuracy by the user. This prevented motor neurons in close proximity from being clumped together or 

singular motor neurons from being split in half due to having a large, less-fluorescent nucleus. Once 

completed, the software measured each identified cell to determine its area. This measurement output 

was converted from pixels into microns using the image scale bar.  
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FIGURE 4 –  METHOD USED TO ANALYSE MOTOR NEURONS VIA FLUORESCENT NISSL 

STAINING 

 

(A) Whole spinal cord image taken at 20x zoom and stitched together on Nikon A1R FILM. Identifying features of each 

image that assisted with image analysis are labelled. Staining of DAPI (blue) and Fluorescent Nissl (green). White dotted 

lines show the edge of the grey matter, the ventral horn can be seen in the bottom half of the image as there is a surrounding 

band of white matter (no Nissl stain). The central canal is indicated by a white arrow and text. Orange lines depict the guide 

that was used to ensure only alpha motor neurons within the ventral grey horn were counted.  

(B) Singular images taken at x20 zoom indicating the alpha motor neurons that were counted in this example, if the smallest 

diameter was over 20µm. Orange line depicts the area guide. 6 sections were stained and imaged per mouse, there may 

have been one or two ventral horns each. If two ventral horns were present then the count would be average to provide one 

number per section. After this the counts from all 6 sections, per mouse, would be averaged. Each genotype and timepoint 

had 3 mice used in analysis. (Except for 9 month Tg//0 which included 4 mice) 

(C) Cropped images of the alpha motor neuron dense areas that were selected for analysis in CellProfiler. Each ventral horn 

had an area selected and measured. If there were no alpha motor neurons counted in a section, an area where they would 

have been found was cropped to. This area included motor neurons that were identified in the rough count at 100x before 

400x zoom confirmed the diameter was not over 20µm.  

 

STATISTICAL ANALYSIS 

Statistical analyses were performed using GraphPad Prism 9.1 software. Results are expressed as mean 

± standard error of the mean (SEM). Two-tailed unpaired t-tests were used with only two data groups. 

Comparison of larger data sets was performed by one-way ANOVA or two-way ANOVA with either 

Tukey’s or Dunnet’s posthoc test for multiple comparisons. Full significance information can be found 

in Table 4 

P-values < 0.05 were considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 
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RESULTS 

MODEL VALIDATION OF ALS-LIKE MICE 

The original publication detailing this mouse model (105), only documented mRNA data of the TDP-

43 expression, which we know does not correlate exactly to the levels of protein present (160-165). 

Additionally, there was no information regarding tissue of choice or how many mice were used in the 

mRNA analysis. Therefore, it was paramount to accurately determine the expression of the human 

transgene TDP-43 (hTDP-43) protein in this Thy1-hTDP-43 ALS mouse model.  

 

Overexpression of TDP-43 at end-stage of disease phenotype 

The first step to validating this mouse model in the newly-established Edinburgh colony was to confirm 

the overexpression of hTDP-43 in the Tg/Tg ALS-like mice vs NTg littermate controls. End-stage mice 

(postnatal days 19-21) were evaluated for TDP-43 expression initially, as this age displays the most 

advanced clinical phenotype.  

Quantitative western blotting [see methods for further details] (154, 155, 166, 167) was utilised with 

an antibody specific to human TDP-43 protein (hTDP-43), expressed in the transgenic mice. As the 

Thy-1 promotor is neuronal based (137), our focus was upon the brain and spinal cord.  Previous models 

focusing upon TDP-43 knockout were not viable due to gestational fatality (168, 169), making 

confirmation of the presence of endogenous mouse TDP-43 critical. A second, non-species-specific 

antibody (panTDP-43) was used to quantify the presence of both hTDP-43 and endogenous mouse 

TDP-43. The panTDP-43 data is presented as the fold change relative to NTg samples from the 

corresponding brain and spinal cord tissue. Tg/Tg spinal cords documented an 8-fold panTDP-43 

increase, whilst the whole brain lysates were slightly less at a 7-fold increase [Fig 5A, B]. 

The quantity of hTDP-43 present in these two tissues at the disease end-stage [Fig 5A, C] was 

significantly greater than in the NTg controls, where expression levels were negligible (SPC NTg vs 

Tg/Tg: 0.13  0.01 vs 2.05 ± 0.20, P-value = <0.0001. Brain NTg vs Tg/Tg: 0.13  0.01 vs 1.51 ± 0.06, 

P-value = <0.0001). The data also indicate that the spinal cord has a higher amount of hTDP-43 in 

comparison to the brain (SPC Tg/Tg vs Brain Tg/Tg: 2.05  0.20 vs 1.51 ± 0.06, P-value = <0.0001) 

[Fig 5A, C], possibly due to the heterogeneity of cell populations in the brain.  

This preliminary data confirmed there is a significant overexpression of hTDP-43 protein in the Tg/Tg 

mice at postnatal days (P) 19-21, which is equivalent to the phenotypic end-stage. This overexpression 

was documented in both the brain and spinal cord, confirming that the Thy-1 promoter is active across 

in the whole CNS. 
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FIGURE 5 –  EXPRESSION OF TDP-43 PROTEIN IS INCREASED IN TG/TG MICE COMPARED TO 

NTG MICE AT PHENOTYPIC END-STAGE 

 

Graphs are depicting quantified western blot analysis as explained in methods. Results shown are mean +/- SEM. Two-way 

ANOVA with Tukey’s posthoc test for multiple comparisons was used, full details in Table.4 (n=3) 

(A) Western blot images showing the Internal Loading Standard and an example of NTg and Tg/Tg samples, the molecular 

weight of the antibody is labelled. Dotted line indicates where the same membrane image has been spliced in order to create 

the example image. The internal loading standard is the same sample run in triplicate, whilst the graphed data is always 

different tissue samples of the same genotype. 

(B) Amount of panTDP-43 protein expression in spinal cord and brain of mice at phenotypic end-stage i.e P19-21. Data 

has been normalised against the internal loading standard to allow comparison between blots, and then normalised to the 

NTg (no fill bars), respective of tissue type, to calculate the protein fold change in the Tg/Tg mice (filled bars). 

(C) Amount of human TDP-43 protein expression in spinal cord (solid colour) and brain (patterned) of mice at end-point 

i.e P19-21. Data has been normalised against the internal loading standard to allow comparison between blots. It was not 

normalised against the NTg due to the fact there is no transgene present in NTg mice and therefore the quantified NTg 

signal should be negligible.  

 

hTDP-43 expression is found pre-symptomatically 

As the phenotypic end-stage of the Tg/Tg mice showed a significant overexpression of hTDP-43, we 

wanted to confirm the protein levels at other time points in the mice, to establish the likely onset of 

hTDP-43 expression. The expression of the murine Thy-1 promoter has been widely accepted to 

become active around the first week of birth (105, 170-175).  Caroni (175) was the most specific, stating 

that there was no activity at P4 but relevant expression was documented from P7-10. Here we show that 

there was already strong hTDP-43 expression from P3 (red bar) [Fig 6A-H], much earlier than expected. 

There was a 2-fold increase in panTDP-43 in Tg/Tg vs NTg mice at P3, in both brain and spinal cord 

[Fig 6A, B, E, F], but this didn’t reach statistical significance (P3 SPC NTg vs Tg/Tg: 1.0  0.05 vs 

1.80  0.08, P-value = 0.0532. P3 Brain NTg vs Tg/Tg 1.0  0.10 vs 1.56  0.14, P-value = 0.0528).  
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Tg/Tg mice do not display a phenotype until P14 and the last pre-symptomatic timepoint analysed was 

P12 (green bars) when there was a 3.6-fold change and a 2.6-fold change in panTDP-43 expression [Fig 

6A, B, E, F] of the spinal cord and brain, respectively, compared to the P12 NTg mice.  

I have detailed the presence of hTDP-43 protein across pre-symptomatic timepoints in Tg/Tg mice (P3, 

P5, P8 and P12). Additionally, there was significant panTDP-43 overexpression at P5, P8 and P12 

[Table 4] but not a significant overexpression at P3. This is an important finding as I have clarified a 

historical, well-accepted premise regarding the Thy-1 promoter activity utilised in this mouse model.  

 

hTDP-43 expression increases over time in Tg/Tg mice 

I have established that the Thy-1 promoter is active from an early neonatal age (P3). The 

aforementioned papers which detailed no activity at this age, all described an amplification of Thy-1 

activity over the subsequent weeks (170-175). We therefore wanted to create a timeline of hTDP-43 

protein expression in this mouse model, and be able to compare each time points data against one 

another.  

Historically this would have been achieved by loading the desired samples onto the same blots, but that 

can be extremely time consuming, expensive and provide variable absolute quantification data when 

the same sample is used multiple times in different comparisons. To avoid these issues, our research 

group implements a robust technique where we load an identical sample in triplicate on every blot (155), 

called an Internal Loading Standard (ILS). Variability between blots is accounted for by normalising to 

the ILS [see methods for further details]. Data is presented as relative to the ILS and allows for 

unrestricted comparison of samples. 

The data showed a continual increase in hTDP-43 and panTDP-43 expression from P3 to P19 [Fig 6A-

H]. There was 2.5x the P3 hTDP-43 expression in P19 spinal cord [Fig 6C, G] (P3 Tg/Tg vs P19 Tg/Tg: 

0.82  0.02 vs 2.05  0.02, P-value = <0.0001) whilst the brain revealed 1.75x P3 expression [Fig 6D, 

H] (P3 Tg/Tg vs P19 Tg/Tg: 0.85  0.02 vs 1.51  0.06, P-value = <0.0001). The increase of hTDP-43 

protein was lower than shown in the quantification of the panTDP-43 protein [Fig 6A, B, E, F] of the 

same tissue type, as the panTDP-43 was normalised to the NTg endogenous protein levels at each 

timepoint. A comprehensive list of all the statistical comparisons can be found in Table 4.  

The overexpression of hTDP-43 protein in Tg/Tg mice increased at a constant rate within the brain and 

spinal cord. Whilst the panTDP-43 overexpression, when compared to endogenous TDP-43, looks to 

be increasing exponentially. This data confirmed the amplification of Thy-1 activity in the CNS over 

the first 3 weeks of the Tg/Tg mice, supporting previously published data.   
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Spinal cord has a higher TDP-43 expression than the brain 

The Thy-1 promoter is CNS-focused and I previously detailed there was significant hTDP-43 

overexpression within both brain and spinal cord. However, at phenotypic end-stage there was a 

significant difference in the quantity present in the spinal cord vs the brain. I wanted to establish whether 

this was the case throughout the lifespan of the Tg/Tg mice. Utilising the ILS normalisation method in 

our western blot protocol once more, I was able to compare the tissue types against each other. 

The two tissues had equivalent Tg/Tg data at P3 (red) and P5 (orange) in the panTDP-43 and hTDP-

43. However, once the mice reached P8 (yellow), the expression in the spinal cord increased to a higher 

level (visibly on Figure 6 graphs) than in the brain, for both proteins (hTDP-43 at P8, SPC Tg/Tg vs 

Brain Tg/Tg: 1.30  0.02 vs 0.96  0.04. panTDP-43 at P8, SPC Tg/Tg vs Brain Tg/Tg: 2.79  0.27 vs 

2.11  0.09).  

Previously publications have documented varying expression patterns in different brain regions and 

between different Thy-1 lines (171-175). In this model, we document a higher Thy-1 driven expression 

in the spinal cord compared to the brain.  
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FIGURE 6 -  TIMELINE OF INCREASING TDP-43 PROTEIN EXPRESSION IN TG/TG MICE IN THE 

BRAIN AND SPINAL CORD COMPARED TO NTG CONTROLS 

 

Graphs are depicting quantified western blot analysis as explained in methods. Results shown are mean +/- SEM. Two-

way ANOVA with Tukey’s or Dunnet’s posthoc test for multiple comparisons was used, full details in Table 4 (n=3) 



 30 

(A-D) Western blot images showing the Internal Loading Standard and an example of NTg and Tg/Tg samples, the 

molecular weight of the antibody is labelled. Dotted line indicates where the same membrane image has been spliced in 

order to create the example image. The internal loading standard is the same sample run in triplicate, whilst the graphed 

data is always different tissue samples of the same genotype. 

(E,F) Amount of panTDP-43 protein expression in (E) spinal cord and (F) whole brain lysate of mice. Data has been 

normalised against the internal loading standard to allow comparison between blots, and then normalised to the NTg (no 

fill bars) to calculate the protein fold change in the Tg/Tg mice (filled bars). 

(G,H) Amount of human TDP-43 protein expression in (G) spinal cord and (H) whole brain lysate of mice. Data has been 

normalised against the internal loading standard to allow comparison between blots. It was not normalised against the NTg 

due to the fact there is no transgene present in NTg mice and therefore the quantified NTg signal should be negligible. 

 

 

Significant loss of alpha-motor neurons from the spinal cord in hTDP-43 mice    

ALS in humans involves the progressive loss of upper and lower motor neurons (MN) which is 

demonstrated by muscle weakness and atrophy before developing into paralysis. This mouse model 

shows a behavioural phenotype, mimicking ALS in humans, where there is a loss of body weight and 

muscle weakness detailed by a gait impairment before the mice are paralysed and unable to right 

themselves. It was also previously reported in this mouse model that there was lumbosacral neuron loss 

at P18 (105). We wanted to establish data in our own colony and at multiple key timepoints to track the 

impact of hTDP-43 expression: pre-symptomatic (P8), early-symptomatic (P15), symptomatic (P17) 

and phenotypic end-stage (P19). 

Fluorescent staining of neuronal Nissl substance [see methods for further details] was applied to 

cryosections of the lumbar spinal cord in order to assess MN viability. Image analysis software (FIJI) 

was used to count MNs within the ventral horn in serial 160 m-apart, 20 m thick sections. An alpha-

MN was included in the count when the smallest diameter was measured to be over 20 m (152, 157-

159).  

No statistical significance was found between the alpha MN counts of NTg and Tg/Tg mice at P8  

[Fig 7A] (NTg vs Tg/Tg: 10.64  1.72 vs 8.92  1.20, P-value = 0.4578). However, once the mice 

became symptomatic, a significant loss of alpha MNs was apparent. At P15 [Fig 7B], when Tg/Tg mice 

initially show only a mild tremor, there was roughly a 30% loss in alpha MNs (NTg vs Tg/Tg: 8.39  

0.63 vs 5.92  0.57, P-value = 0.0432) found within the lumbar ventral horn. This loss slightly rose to 

34% at P17 [Fig 7C] (NTg vs Tg/Tg: 7.81  0.49 vs 5.14 ± 0.10, P-value = 0.0060), when mice present 

with serious gait impairment and a lack of hindlimb splaying. Once at P19 [Fig 7D, F], the Tg/Tg were 

mostly paralysed and humane euthanasia is required. There was over a 50% loss of alpha MNs in Tg/Tg 

mice compared to NTg (NTg vs Tg/Tg: 8.361  0.41 vs 3.94  0.73, P-value = 0.0063).  
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No change in the neuronal cell soma area of Tg/Tg mice 

A previous publication documented similar alpha MN loss in a Spinal Muscular Atrophy (SMA) mouse 

model and additionally found that there was a reduction in the alpha MN cell soma area of the late-

symptomatic mice  (176). However, some SMA/ALS papers record an increase in soma size (177, 178). 

I therefore developed and implemented a novel measuring system [see methods] to establish the soma 

area of MNs in the lumbar ventral grey horn of the hTDP-43 mouse model. To ensure the cell population 

measured was primarily MNs, a selective area of the ventral grey horn was used rather than the entire 

spinal cord. As the number of neuronal cells analysed differed between genotypes, the data is shown as 

a percentage of the total neuronal population measured.  

Analysis did not indicate an increase or decrease in soma area of neuronal Nissl-positive cells in Tg/Tg 

mice compared to NTg controls [Fig 7E]. A decrease in area would be evident if the Tg/Tg graph shifted 

to the left, whilst an increase would shift to the right.  

Although I did not uncover a change in the neuronal soma area of Tg/Tg mice, I did successfully 

document a loss of MNs in Tg/Tg mice at symptomatic time points (P15, P17, P19). There was no 

change in the number of alpha MNs at pre-symptomatic P8, but once mice turn symptomatic there was 

a 30% loss. This percentage loss increases with time and correlates with the behavioural phenotype.  
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FIGURE 7 –  TIMELINE OF ALPHA MOTOR NEURON CELL DEATH IN LUMBAR SPINAL CORD OF 

TG/TG MICE 

 

Results shown are mean +/- SEM. Unpaired, two-tailed t tests were used, full details in Table 4 (n=3) 

(A-D) Bar graphs depicting the average number of alpha motor neurons counted per ventral horn in the lumbar region of 

the spinal cord. Each data point is one mouse and is an average of six 20 µm sections, taken at least 160 µm apart from one 

another. If a section had two ventral horns present, then the ventral horns would also be averaged to allow comparisons 

with one-sided sections. See methods for further information regarding counting and averaging data. NTg (black) vs Tg/Tg 

(green). (A) pre-symptomatic P8, (B) early symptomatic P15, (C) symptomatic P17, (D) phenotypic end-stage P19 

(E) Line and bar graph detailing the measured neuronal cell soma size from the selected motor neuron dense areas of the 

ventral grey horn. Further information regarding area selection can be found in the methods. Data shown is at P19 and is a 

percentage of total measured neuronal population.  

(F) Example images of stained spinal cord sections of P19 NTg and P19 Tg/Tg. DAPI (blue) and fluorescent Nissl (green). 

Images on the left are whole spinal cord sections imaged at 20x zoom and stitched together on Nikon A1R FILM. Scale 

bar shows 200 µm. On the right are 60x zoom images with a 20 µm scale bar, counted alpha motor neurons are identified 

by a white arrow. The 60x images were not used within analysis, instead they were taken as example images for this figure. 

This is why there are only 5 alpha motor neurons as indicated in the top right (NTg x60 zoom), as the x60 zoom cannot fit 

the whole ventral horn.  
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NON-TRANSGENIC VALIDATION 

This model benefits from an autosomal recessive inheritance of the transgene [Fig 1A] meaning there 

are NTg littermate controls. There is no overt difference between the NTg and Tg/Tg mice until the 

initial phenotype appears at P14.   

 

Endogenous murine TDP-43 decreases throughout early-postnatal life 

NTg mice were taken at each time point in order to compare normal, endogenous murine TDP-43 

expression. The panTDP-43 antibody was utilised as it will only bind to murine TDP-43, due to the 

NTg mice possessing no human TDP-43 transgene. Endogenous TDP-43 was found to decrease 

throughout neonatal development; culminating in P19 NTg mice displaying a 65% and 75% reduction 

in the spinal cord [Fig 8A, B] and brain [Fig 8C, D] respectively when normalised to the P3 NTg. 

These data, which can also be seen in [Fig 6A, B], reveal that endogenous TDP-43 is highly expressed 

in neonates but progressively lessens as the mice mature. This explains why there are different rates of 

TDP-43 increase between the hTDP-43 and the panTDP-43 protein analysis.  

 

FIGURE 8 –  TIMELINE OF DECREASING ENDOGENOUS TDP-43 EXPRESSION IN NTG MICE 

 

Graphs are depicting quantified western blot analysis as explained in methods. Results shown are mean +/- SEM. Two-

way ANOVA with Dunnet’s posthoc test for multiple comparisons was used, full details in Table 4 (n=3) 

(A,C) Western blot images showing the Internal Loading Standard and an example of NTg samples, the molecular weight 

of the antibody is labelled. Dotted line indicates where the same membrane image has been spliced in order to create the 
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example image. The internal loading standard is the same sample run in triplicate, whilst the graphed data is always different 

tissue samples of the same genotype. 

(B,D) Amount of panTDP-43 protein expression in (B) spinal cord and (D) whole brain lysate of mice. Data has been 

normalised against the internal loading standard to allow comparison between blots, and then normalised to the P3 NTg 

(red bar) to calculate the protein fold change. panTDP-43 antibody was used as it is non-species-specific so will bind to 

human TDP-43 and endogenous mouse TDP-43. The NTg mice do not have the human TARDBP transgene and therefore 

the only protein identifiable by the panTDP-43 antibody is endogenous mouse TDP-43.  

 

HETEROZYGOUS TRANSGENE VALIDATION 

In addition to NTg control littermates, the breeding cross also provides mice with one copy of the 

transgene which are non-symptomatic during this early postnatal timeline. Wils et al. reported grooming 

problems and reduced spontaneous movement as the earliest symptoms shown in Tg/0 mice at 14 

months old, and not until 17 months were there any sign of muscle wastage (105). There is no further 

information regarding ALS-like phenotype in the heterozygous Tg/0 mice excluding these brief points.  

 

TDP-43 expression present in a transgene-dose-dependent manner 

The data in Fig 9 shows striped bars indicating Tg/0.  There is half the panTDP-43 expression originally 

observed in the Tg/Tg mice [Fig 9A, B, E, F], correlating to the fact there is only one transgene copy. 

The first timepoint analysed which details Tg/0 significance of panTDP-43 when compared to NTg 

controls, was P12 in spinal cord (NTg vs Tg/0: 1.00  0.09 vs 2.36  0.08, P-value = 0.0006) and P8 in 

whole brain lysates (NTg vs Tg/0: 1.00  0.01 vs 1.67  0.01, P-value = 0.0170) [Table 4]. Additionally, 

the first timepoints where Tg/0 samples differed significantly in overall TDP-43 expression from Tg/Tg 

was P8 in spinal cord (Tg/0 vs Tg/Tg: 1.70  0.06 vs 2.79  0.27, P-value = 0.0060) and P5 in the brain 

(Tg/0 vs Tg/Tg: 1.33  0.04 vs 1.90  0.08, P-value = 0.0476) [Table 4].  

Previously, we were unable to calculate a fold-change in hTDP-43 protein expression as the NTg mice 

have negligible quantities [Fig 6C, D, G, H]. When the Tg/Tg hTDP-43 data was normalised against 

the P3 Tg/0 to track hTDP-43 expression, there was a constant increase up to a 4.3-fold change and a 

2.7-fold change at P19 in Tg/Tg spinal cord [Fig 9C, G] and Tg/Tg brain [Fig 9D, H], respectively. 

There was also a significant increase in hTDP-43 seen in Tg/0 mice over the measured timeline: spinal 

cord shows a 2.2-fold change and a 1.6-fold change in whole brain lysates.  

The quantification of TDP-43 protein in Tg/0 mice showed that there is an overexpression without ALS-

like phenotypic symptoms, and that hTDP-43 overexpression was significantly different from both the 

NTg and Tg/Tg mice. In addition to the overexpression of TDP-43 protein, the data from [Fig 9A-H] 

reiterates the key summary points of the Tg/Tg validation: hTDP-43 was present pre-symptomatically 
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in Tg/0 mice, TDP-43 expression increased over time in Tg/0 mice, and finally, there was a higher 

amount of hTDP-43 in the spinal cord than the whole brain lysates.  

 

 

Aged Tg/0 mice show stable TDP-43 expression and no motor neuron cell death 

The analysis of hTDP-43 protein in early postnatal Tg/0 mice revealed an overexpression that increases 

during the time measured. The early postnatal timeline stops at P19 due to the Tg/Tg mice reaching 

phenotypic end-stage, but Tg/0 mice are still viable and do not develop possible phenotypic symptoms 

for at least another year (105). This prompted us to investigate hTDP-43 expression in older Tg/0 mice 

and the possible impact on their alpha MNs.  

hTDP-43 expression was found to have plateaued [Table 4] in mice at 1-month, 3-months and 9-months 

of age, in both the brain and spinal cord [Fig 10A-C]. This indicates the activity of Thy-1 stabilises 

after a few weeks. Additionally, there was no difference in alpha MN number [Fig 10D, E] between 

the older Tg/0 mice (1 month vs 3 months vs 9 months: 7.56  0.22 vs 6.56  0.39 vs 6.58  0.34, P-

value = 0.1294).  

I have reported significant overexpression of hTDP-43 protein in Tg/0 non-symptomatic mice. The 

TDP-43 expression in Tg/0 followed a similar profile to that revealed in Tg/Tg animals, but at half the 

amount due to only having one copy of the human transgene. However, analysis of hTDP-43 expression 

in mice deemed to represent adolescent or adults (179) revealed no further increase, suggesting a 

plateauing of Thy-1 activity by a certain murine age. There was also no loss of alpha MNs in older Tg/0 

mice.  
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FIGURE 9 -  TIMELINE OF INCREASING TDP-43 PROTEIN EXPRESSION IN TG/0 MICE OF THE 

BRAIN AND SPINAL CORD SHOWING HALF THE TG/TG OVEREXPRESSION 

 

Graphs are depicting quantified western blot analysis as explained in methods. Results shown are mean +/- SEM. Two-

way ANOVA with Tukey’s or Dunnet’s posthoc test for multiple comparisons was used, full details in Table 4 (n=3) 

(A-D) Western blot images showing the Internal Loading Standard and an example of NTg, Tg/0 and Tg/Tg samples, the 

molecular weight of the antibody is labelled. Dotted line indicates where the same membrane image has been spliced in 
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order to create the example image. The internal loading standard is the same sample run in triplicate, whilst the graphed 

data is always different tissue samples of the same genotype. 

(E,F) Amount of panTDP-43 protein expression in (E) spinal cord and (F) whole brain lysate of mice. Data has been 

normalised against the internal loading standard to allow comparison between blots, and then normalised to the NTg (no 

fill bars) to calculate the protein fold change in the Tg/0 (striped bars) and Tg/Tg mice (filled bars). The NTg and Tg/Tg 

data are the same as shown in Fig.6, significance between those timepoint groups can be found under the Fig.6 section in 

Table 4 

(G,H) Amount of human TDP-43 protein expression in (G) spinal cord and (H) whole brain lysate of mice. Data has been 

normalised against the internal loading standard to allow comparison between blots. Then normalised to the P3 Tg/0 (red 

striped bar) to calculate the protein fold change in Tg/0 (striped bars) and Tg/Tg (filled bars) mice. 

 

 

FIGURE 10 –  STABLE HTDP-43 EXPRESSION AND NO ALPHA MOTOR NEURON CELL DEATH IN 

ADULT TG/0 MICE 

 

(A,B) Graphs are depicting quantified western blot analysis as explained in methods. Results shown are mean +/- SEM. 

One-way ANOVA with Tukey’s posthoc test for multiple comparisons was used, full details in Table 4 (n=3). The amount 

of human TDP-43 protein expression in the (A) spinal cord and (B) whole brain lysates of Tg/0 adult mice at 1, 3 and 9 

months old. Data has been normalised against the internal loading standard. 
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(C) Western blot images showing the Internal Loading Standard and an example of the different aged samples. The 

molecular weight of the hTDP-43 antibody and the tissue type analysed has been labelled. Dotted line indicates where the 

same membrane image has been spliced in order to create the example image. The internal loading standard is the same 

sample run in triplicate, whilst the data to be graphed is always different tissue samples of the same genotype, n=3. 

(D) Bar chart showing the average number of alpha motor neurons counted per ventral horn in the lumbar region of the 

spinal cord. Each data point is one mouse (n=3-4) and is an average of six 20 µm sections, taken at least 160 µm apart from 

one another. If a section had two ventral horns present, then the ventral horns would also be averaged to allow comparisons 

with one-sided sections. See methods for further information regarding counting and averaging data. One-way ANOVA 

with Tukey’s posthoc test for multiple comparisons was used, full details in Table 4. 

(E) Example image depicting fluorescent staining of motor neurons via fluorescent Nissl (green) and DAPI (blue) of the 

spinal cord ventral grey horn. Image on the left is whole spinal cord section imaged at 20x zoom and stitched together on 

Nikon A1R FILM. Scale bar shows 100 µm. On the right is a 60x zoom image with a 20 µm scale bar, counted alpha motor 

neurons are identified by a white arrow. The 60x image was not used within analysis, instead it was taken as an example 

image for this figure.  
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DISCUSSION 

 

Amyotrophic lateral sclerosis is a progressive neurodegenerative disease which has a reoccurring 

problem where promising therapeutics shown to be effective in pre-clinical settings do not translate 

successfully in human trials (129, 134, 180). One of the key criticisms is the belief that the utilised 

mouse models are not entirely accurate to the human disease with their ALS-like phenotype and 

pathology (181, 182). Previous (currently unpublished) work by this group trialled a promising 

therapeutic in this Thy1-hTDP-43 mouse model of ALS. My objective for this study was to characterise 

the underlying pathology of this model to aid in the translation of any future therapeutics. I assessed the 

TDP-43 protein expression via western blotting throughout the lifespan of the Tg/Tg mice in the model, 

documenting significant overexpression. Additionally, I found the onset of the Thy-1 promoter to be 

much earlier than expected as there was hTDP-43 protein detected at postnatal day (P) 3. A reduction 

in spinal cord alpha motor neurons (MN) was found at Tg/Tg symptomatic timepoints, with the 

percentage loss increasing as the phenotype progresses. 

The Thy1-hTDP-43 ALS mouse model obtained from JAX in 2019 is now a well-established colony 

here in Edinburgh. We have maintained the mice on a similar background for the last three years; this 

is equivalent to the believed duration required for genetic drift, from the parental strain to occur and 

define a new mouse model substrain (183-185). Due to this, and the incomplete documentation of the 

model phenotype such as a lack of protein quantification by Wils et al. (105), we found it essential to 

characterise this mouse model comprehensively.  

Initial unpublished data [Fig 1B] detailed the survival of Tg/Tg mice in the Edinburgh colony and was 

completed in 2019 by another group member. It has the phenotypic end-stage commonly at P19-21, 

which differs from the original publication’s data showing end-stage commonly at P24-P26. This 

discrepancy can possibly be explained by the humane end-point at which we are required to conclude 

the experiment. Mice are euthanised once a clinical phenotypic score of 3 [Table 1] is achieved, 

meaning they have lost all grip within their hind limbs, are substantially paralysed and are unable to 

right themselves within 30 seconds. Additionally, the aforementioned genetic drift could account for 

some divergence. There was no published information regarding the Tg/Tg body weight trend but our 

colony showed a plateauing at P14, concurrent with symptom onset, before the mice begin to lose 

weight at P16 which continues until the disease end-stage [Fig 1C].  
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Western Blot Analysis 

I utilised quantitative western blot (153, 155, 166, 167), which is standard protocol for my research 

group. The use of fluorescent secondary antibodies imaged on a Li-Cor Odyssey scanner provides a 

robust detection system. Coupled with normalisation against the total protein stain (TPS) rather than a 

housekeeping gene as a loading control allows for more accurate quantification with reproducible 

results (154). Elsewhere, it is still common to use housekeeping genes, such as actin and beta-tubulin 

as a method to determine the protein loading level and normalise the desired antibody quantification 

against the quantification of the housekeeping gene. Housekeeping genes have been found to vary in 

different organs, in ‘diseased’ models vs controls, and in different locations within the same tissue 

(154). Additionally, certain housekeeping genes do not have a great linear range for quantification (154, 

167), meaning it is likely too much sample will cause oversaturation of the fluorescence, making it 

unquantifiable. The linear range is much greater in TPS, with a direct correlation to the optical density 

of bicinchoninic assay (BCA) (154, 166, 167) which was used to calculate the protein concentration of 

the samples. This means TPS is a more reliable quantification technique to use for protein loading 

normalisation. In my blot quantification calculations, the TPS of each lane is normalised to the highest 

TPS measurement. This accounts for any human or pipetting error that may have arisen when 

undertaking the BCA, making up the protein samples based on the BCA, or when loading the gel.  

I utilised two antibodies: monoclonal mouse anti-human TARDBP (Abnova) which is specific to the 

human transgene present in this model and polyclonal rabbit anti-TDP-43 (Proteintech) which is non-

species specific and will bind to both human and endogenous mouse TDP-43 protein. This allowed for 

quantification of TDP-43 as a fold change in transgenic mice (Tg/0 and Tg/Tg) against the NTg 

controls, who only have endogenous mouse TDP-43 protein present. This study highlights a slight 

variation between the fold change calculated for each antibody, this is possibly due to the impact hTDP-

43 has on endogenous TDP-43 in the Tg/Tg mouse. But as there is currently no antibody specific to 

endogenous mouse TDP-43, this prevents an investigation into the effect of hTDP-43 on endogenous 

expression and TDP-43’s autoregulation feedback loop.  

 

 

Cytoplasmic protein aggregates positive for TDP-43 in the spinal cord and brain are a crucial hallmark 

in 97% of ALS patients (6, 103), the majority of whom do not have a mutation in the respective 

TARDBP gene (29, 67). Several studies, based on patient-derived cells and murine models, have 

suggested elevated levels of TDP-43 expression are associated with TDP-43 proteinopathy in linked 

diseases, including ALS (186, 187). However, the successful murine models capable of an ALS-like 

phenotype display a high TDP-43 overexpression, rather than a moderate level which has been 

measured in cells (188).  
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In this study, I first analysed the phenotypic end-stage (P19) of the Tg/Tg mice [Fig 5], as that is when 

there is the most advanced clinical phenotype. It showed there was a significantly higher expression of 

human TDP-43 (hTDP-43) protein levels in the spinal cord and brain of Tg/Tg mice compared to NTg 

controls. As the NTg mice have no human transgene present, negligible hTDP-43 protein quantification 

was expected [Fig 5A, C] but there may be some low-level, non-specific binding. This is due to the 

primary antibody being murine-based, and the anti-mouse secondary can also bind to other naturally 

occurring mouse antibodies present on the blot.  

This overexpression was essential to confirm as the original publication only documented hTDP-43 

quantity via mRNA results, relative to mouse TDP-43 mRNA. Weak correlations of mRNA abundance 

to the corresponding protein abundance have been documented in various organisms (160-165). The 

results support the weak mRNA to protein correlation, as Wils et al. detailed a 2.0x hTDP-43 mRNA 

expression against endogenous mouse mRNA in P21 brain samples (105), whilst I document a maximal 

7.9x hTDP-43 protein increase in the spinal cord and 6.6x increase in the brain relative to NTg TDP-

43 [Fig 5B]. Protein levels equatable to the hTDP-43 mRNA overexpression previously published occur 

at P8 in the brain of Tg/Tg mice [Fig 6A, B, E, F; Table 4]. It is not definitively known why there is a 

weak correlation but rationale include: poorly understood regulation mechanisms involved in mRNA 

translation, different half-lives for proteins and mRNA, and experimental error (164, 189).  

These data confirm that there is hTDP-43 protein present in both the spinal cord and brain indicating 

that the Thy-1 promoter was widely activated, as expected. Additionally, they confirmed that the 

wildtype human transgene causes an overexpression of hTDP-43 resulting in an ALS-like phenotype 

within the Tg/Tg mice. 

 

To thoroughly characterise TDP-43 overexpression, I completed the same western blot analysis using 

both hTDP-43 and panTDP-43 antibodies on spinal cord and whole brain lysates, at multiple time 

points. This created a timeline of protein expression to correlate with the development of the ALS-like 

phenotype. Comparing multiple western blots simultaneously to give a more comprehensive analysis is 

possible due to an uncommon feature within our western blot protocol. We use an ‘Internal Loading 

Standard’ (ILS) which is a protein sample that is run in triplicate on every blot. Data comparison is 

possible as we normalise the fluorescent intensity of each lane’s antibody against the intensity measured 

in the ILS (averaged from the triplicate). This gives results relative to the ILS, which is how I have 

presented all of my graphed data from western blots in this study. The ILS needed to have the presence 

of hTDP-43 protein as it was imperative for the hTDP-43 specific antibody to work for comparative 

analysis. For my chosen western blot ILS, I pooled spinal cord tissue from several Tg/0 mice at P19, as 

preliminary, unpublished data from 2020 detailed some hTDP-43 protein expression and it is the 

equivalent time point when the Tg/Tg mice reach disease end-stage.  
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Pathological hTDP-43 can be tracked in Tg/Tg mice from the total fluorescent intensity [Fig 6C, D, G, 

H] indicating the raw amount of hTDP-43 protein or as a fold-change relative to the youngest 

heterozygous (Tg/0 at P3) mice analysed [Fig 9C, D, G, H] to detail how the transgene activity changes 

over the model’s lifespan. A key finding of this study is the significant overexpression of hTDP-43 

[Table 4] pre-symptomatically. The fold-change of Tg/Tg hTDP-43 protein compared to the P3 Tg/0 

mice was significant at P3 in the brain and spinal cord, although the earliest significant panTDP-43 

overexpression was at P5 in both analysed tissues. This is likely because the two-way ANOVA was 

performed over the whole timeline, when the same statistical test is performed on this data separately, 

it achieves significance (P3 SPC NTg vs Tg/Tg: 1.0  0.05 vs 1.80  0.08, P-value = <0.0001. P3 Brain 

NTg vs Tg/Tg 1.0  0.10 vs 1.56  0.14, P-value = 0.0018). These data show low level presence of 

hTDP-43 protein is not enough to evoke phenotypic symptoms, implying that there could be a threshold 

level where degeneration will only occur once there is a sufficient amount of hTDP-43. These data [Fig 

6C, D, G, H] show a continual increase in hTDP-43 protein expression, where there is double the 

amount of hTDP-43 protein in the P19 Tg/Tg mice compared to the P3. However, graphs detailing the  

panTDP-43 fold change [Fig 6A, B, E, F] show a much greater overall increase in TDP-43 protein, 

with P19 Tg/Tg mice having 4x the amount measured at P3. Reasoning for this is currently unknown 

but it could be due to the hTDP-43 protein impacting on the TDP-43 autoregulation feedback loop 

affecting the endogenous TDP-43 expression. Under normal conditions TDP-43 binds to its own RNA 

leading to mRNA degradation, creating a negative feedback loop (190, 191). It is hypothesised that in 

pathological conditions the autoregulation mechanism is reduced or lost (192), resulting in an increase 

of TDP-43 mRNA which subsequently will generate more TDP-43 protein.  

 

Additionally, these data clarify the onset of the Thy-1 promoter; early papers indicated that the promotor 

‘switches on’ only during the first postnatal week (170-175). Wils et al. imply that the promotor is 

inactive throughout the first week (105) and other papers since have not clarified the onset further. I 

can state that there was hTDP-43 expression in the Tg/0 and Tg/Tg mice from P3, which is several days 

before previous reports. From this data I cannot confirm an exact date or time of onset, as there could 

be Thy-1 activity prior to P3. Further work could investigate earlier timepoints such as day of birth or 

prenatal expression, as some transgenic lines in the original Thy-1 documentation showed activity 

prenatally. Previous publications discussed an escalation of Thy-1 activity shortly after onset (170-175), 

and evidence supporting this can be seen from the hTDP-43 specific graphs [Fig 6C, D, G, H; Fig 9C, 

D, G, H] in both the spinal cord and brain. Furthermore, the western blot data shows a higher amount 

of hTDP-43 protein in the spinal cord than the brain. This could be because the Thy-1 promoter is more 

focused upon the spinal cord. Or due to the use of whole brain lysates rather than specifically using 

ALS impacted areas such as the motor and somatosensory cortexes, which may mean the amount of 

hTDP-43 protein within these areas is diluted. 
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Further analysis revealed Tg/0 mice have half the amount of hTDP-43 present compared to Tg/Tg mice 

[Fig 9A-H]. This is evident in both the hTDP-43 and panTDP-43 expression at each timepoint  

(P3-P19). This is a logical finding as there is one transgene copy compared to two copies in the genome. 

The panTDP-43 protein quantity is significantly higher in Tg/0 mice than NTg from P12 in spinal cord 

and P8 in whole brain lysates [Table 4]. Despite the total TDP-43 expression being significantly 

increased, in an age that even Tg/Tg mice are pre-symptomatic, the Tg/0 mice are non-symptomatic. 

This data indicates that there may be sub-clinical pathology in the Tg/0 mice and further supports our 

hypothesis that a secondary criterion has to be met for mice to show phenotypic symptoms. An 

immediate theory would be TDP-43 migration out of the nucleus, coinciding with onset of symptoms; 

immunohistochemistry and intensity quantification would confirm this. 

Our Home Office license prevents us documenting the Tg/0 phenotype beyond 12 months of age. Wils 

et al. discussed initial abnormal behaviours at 14 months old, such as grooming problems and a 

reduction in spontaneous movement (105). There is mention of muscle wastage in the flank at 17 

months old, but no data or methods as to how this was confirmed. We also do not know if the Tg/0 mice 

eventually succumb to their extremely slow progressing phenotype. 

Adult Tg/0 mice were shown to have a plateaued hTDP-43 protein expression but do not show any 

phenotype. Therefore, there is a threshold between this level of protein expression and Tg/Tg levels, 

which causes the motor phenotype. When quantifying protein expression against the ILS, which as 

previously mentioned, is a pooled sample from several P19 Tg/0 spinal cords, there was no difference 

in intensity [Fig 10A-C], indicating no further increase in transgene expression through adulthood. Tg/0 

mice remain sub-clinical with low levels of hTDP-43 expression and do not reach this threshold, up to 

9 months. 

 

A striking component revealed by western blot data is the reduction of endogenous TDP-43 protein in 

NTg mice over early postnatal life [Fig 8], shown in both the brain and the spinal cord. Endogenous 

TDP-43 protein at P19 is approximately a third of the P3 expression in the spinal cord, and a quarter in 

the brain [Table 4]. These data support a previous finding regarding the developmental regulation of 

TDP-43 (193, 194). This replicates what has been known of other RNA binding proteins such as smn 

in SMA (195). Additionally, as ALS is an adult-onset MND where patients have pathological TDP-43 

plaques, the developmental decrease of endogenous TDP-43 could result in small changes to protein 

levels making a substantial impact. 
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Motor Neuron Cell Death  

Wils et al. documented neuronal cell loss in the brain and the lumbar spinal cord of hTDP-43 mice at 

P24 (105) but the paper has no detail on the histological or quantification methods used when counting 

neuronal cells. For this model characterisation we wanted to confirm and extend our understanding of 

motor neuron cell death in the lumbar spinal cord. The lumbar region is known to contain motor neurons 

which innervate the lower limbs (196) that become paralysed in ALS patients. This model develops 

hind-limb gait impairment as an early symptom before progressing to extensive paralysis.  

As paralysis is a key symptom in both ALS patients and this mouse model, we care most about the cell 

death of alpha MNs. Additionally, the fast-twitch fast-fatigable alpha MNs have been identified as the 

first to degenerate in ALS mouse models (115-117), which are predominant in the pools innervating 

ALS-affected lower limb muscles (114).  

Counting of alpha MNs was possible by using a fluorescent Nissl stain to identify neuronal cells and 

excluding smaller cells based on size. Alpha MNs within a designated counting area of the ventral grey 

horn [see methods] were included if the smallest diameter was measured to be over 20 m. I selected 

several key points to focus upon: pre-symptomatic (P8), early-symptomatic (P15), symptomatic (P17) 

and late symptomatic/phenotypic end-point (P19). The data showed no reduction in alpha MNs per 

ventral horn at P8 [Fig 7A] whilst 30% had been lost by P15 [Fig 7B]. This correlates to previous 

publications were 30% of MNs need to have died before the onset of muscle weakness, as until then 

they compensate for one another (197, 198). The progressive and significant loss of alpha MNs in the 

Tg/Tg mice match the onset of the gait impairment phenotype and worsening towards paralysis at P19 

when there is a 50% loss of alpha MNs [Fig 7D, F]. These data support the original paper which detailed 

neuronal loss, and adds further, important time-course data. By investigating multiple time points, I 

reveal data that correlates well to the phenotypic expression of this mouse model. A future study could 

be completed in P12 Tg/Tg mice as there may be a low, possibly non-significant loss of MNs pre-

symptomatically. This would support the theory that MNs are compensatory until a threshold of cell 

death is reached.  

 

In addition to MN cell death, some mouse models of spinal muscular atrophy (SMA) and ALS detail a 

change in the soma size of MNs. Previous research from my group showed alpha MNs reduced in size 

in late-symptomatic SMA mice whilst there was no size change in gamma MN (176). However, an 

increase in soma size has been recorded in both SMA and ALS mice due to swelling of degenerating 

neurons (177,178). To establish if there was a change in the soma size of our Tg/Tg mice, I developed 

a methodology that is new to my research group. CellProfiler is a programme that was developed for 

cellular applications but it is also able to analyse in vivo samples. The benefit of CellProfiler was the 

automated analysis system that would improve the accuracy of defining cell boundaries and it would 
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be much quicker and more efficient at analysing all the images. The initial test run used the entire spinal 

cord image, at 10x magnification, which made accurate cell identification in the desired ventral horn 

challenging. This method would also include cell populations in the analysis that were not wanted. To 

correct this issue, a MN-dense area of each ventral horn was selected and cropped out [see methods]. I 

was still unable to achieve perfect cell identification from CellProfiler but by inserting a manual step 

within the analysis pipeline [Appendix 2], it allowed for approval and editing of defined cell boundaries 

in each ventral horn. Data is graphed as a percentage of total neuronal cells measured rather than an 

absolute value due to the variability in number of cells measured for each image and for each time point.  

There was no difference seen in the soma area of measured neuronal cells when comparing Tg/Tg 

against NTg [Fig 7E]. The data shown is relevant to P19, but the same result was documented at the 

other three time points measured: P8, P15 and P17.  

We made the working assumption that there would be a distinctive shift to the left in Tg/Tg soma area 

at P19 to indicate that MNs are of a smaller size due to deterioration before cell death. Fast-twitch alpha 

MNs, which have the largest somas, are deemed the most vulnerable (115-117) and would be expected 

to have already degenerated resulting in the decrease of overall MN size. This hypothesis would match 

the published group data in an SMA mouse model as previously mentioned. Whilst my data does not 

support either a decrease or increase in MN soma size, I believe the use of CellProfiler would still be 

beneficial in future experiments.  

 

After my key finding detailing significant loss of alpha MNs in the Tg/Tg mice, at multiple time points, 

I investigated whether adult Tg/0 mice showed any underlying MN cell death. The results showed no 

change in the number of alpha MNs in the ventral grey horn. Additionally, the average MN counts for 

adult Tg/0 mice were comparable to data for the early postnatal NTg mice. Therefore, there is no loss 

of alpha MNs with age in the Tg/0 mice, at the measured pre-symptomatic points. Future investigation 

should focus on neuromuscular junction (NMJ) health in muscles of the Tg/0 adult mice. If the ‘dying 

backward’ theory is correct, then the earliest sign of underlying sub-clinical pathology would be 

observed in the NMJ (100). It would then be possible to track NMJ denervation in relation to MN 

deterioration and death, in addition to hTDP-43 expression.  

 

Is the hTDP-43 mouse a good model of ALS?  

A fundamental issue facing ALS research is the unsuccessful translation of promising therapeutics into 

humans, conceivably due to inaccurate mouse models used within research (181, 182, 199). For 

example, another model expressing a wildtype human TARDBP transgene under the mPrp promoter 

instead of Thy-1 detailed no spinal cord MN loss, did not mention the impact on MNs within the brain 



 46 

but still showed paralysis before death in a month or two (200). Whilst the most common ALS mouse 

model, SOD1G93A, is likely to provide data that is only relevant to SOD1 patients (134), due to distinct 

underlying pathological differences between non-SOD1 patients and SOD1 patients (103). Causative 

mutations in TARDBP are a very rare cause of ALS (29, 67), whilst 97% of all ALS patients show TDP-

43 proteinopathy in the CNS motor neurons (6, 103). As this model uses the wildtype human transgene, 

rather than a known TARDBP mutation, it more accurately portrays ALS. 

The Tg/Tg mice of this model have shown overexpression of wildtype human TDP-43 protein that 

increases over their lifespan in line with phenotypic onset. Progressing from body weight plateauing to 

losing weight, from a mild gait impairment to full paralysis and from a weakened grip strength in one 

paw to both paws being unable to grip entirely. Additionally, ongoing research by another group 

member has detailed varying degrees of muscle atrophy in hindlimbs and preliminary analysis of the 

NMJ pathology indicates significant denervation, correlating to the worst-affected muscles. The 

underlying hTDP-43 expression that has been shown in pre-symptomatic Tg/Tg mice (P3-P12) and in 

the Tg/0 mice (P3-9months), match the current field hypothesis that the cellular onset of ALS in humans 

occurs long before noticeable symptom onset. Once ALS-like symptoms do occur in the Tg/Tg mice, I 

document significant loss of alpha motor neurons that progresses in parallel with the phenotypic 

symptoms.  

It is because of all this data, presented here (and ongoing by other members), that make the Tg/Tg mice 

of this Thy1-hTDP-43 model a favourable model to study TDP-43-mediated motor neuron pathology 

in ALS research. 

 

Future Directions 

Data from early postnatal NTg mice showed a developmental decrease in endogenous TDP-43, further 

analysis of endogenous expression in older NTg mice would clarify if there is a continued decrease. If 

older NTg mice matched the adult Tg/0 time points then the panTDP-43 fold change can be calculated, 

hTDP-43 protein had plateaued in adult Tg/0 but this may not be replicated in the panTDP-43 fold 

change.  

One possible experiment would be to perform alpha MN counts on Tg/Tg and NTg samples at P12. I 

found no change in the number counted at P8 but a significant loss at P15, understanding what happens 

between that time could support the hypothesis regarding MNs acting in a compensatory manner until 

a cell death threshold is reached. I did not find there to be a change in the MN soma area of Tg/Tg mice, 

however, this finding could be supported or clarified by utilising the same protocol as Powis and 

Gillingwater, which distinguished alpha and gamma MNs in SMA mice (176), then measured all 

identified cell somas instead of a proportion of them.  
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Another group member has detailed muscle atrophy and NMJ pathology in this mouse model to aid 

characterisation. Early NMJ pathology is critical for the dying back hypothesis (100), by analysing the 

NMJs in adult Tg/0 mice it would provide compelling evidence either for or against this theory. The 

earliest phenotype in Tg/0 was documented at 14 months, but if NMJ pathology is found prior to onset 

and before any MN cell death then it would substantiate the hypothesis. Additionally, if there is NMJ 

pathology in Tg/0 mice, the progression is likely to correspond to what transpires at a quicker pace in 

the Tg/Tg mice. This will help us understand the exact process via which NMJ pathology occurs.  

As 97% of ALS patients have TDP-43 present in aggregated form within the cytoplasm, it would have 

been beneficial to detail the location of hTDP-43 proteins. Immunohistochemistry utilising the hTDP-

43 and panTDP-43 antibodies, at the same time points I have analysed here (P3-P19), could indicate 

whether there is TDP-43 migration out of the nucleus and when. Wils et al. did document TDP-43 

positive aggregates within the neuronal cytoplasm (105) but I was unable to successfully optimise the 

protocols for these antibodies within the time frame of the current project. If TDP-43 migration out of 

the nucleus correlates with, or occurs shortly before, symptom onset in Tg/Tg mice, and the migration 

quantity increases from then on, we could conclude that the mislocalisation of TDP-43 results in motor 

neuron cell death and the eventual paralysis. Additionally, similar analysis in adult Tg/0 mice could 

provide further details on the stability of the sub-clinical pathology. 

 

If TDP-43 mislocalisation is confirmed in this model concurrent with phenotypic onset, trialling a 

treatment such as an inhibitor of HDAC6 could establish whether toxicity in this model is caused by 

mislocalisation. Previous papers have found HDAC6 inhibition to successfully clear protein aggregates 

in Alzheimer’s disease, Parkinson’s disease, Charcot-Marie-Tooth disease and even an iPSC ALS 

model showed cytoplasmic TDP-43 clearance paired with nuclear TDP-43 restoration (201-204). A 

similar effect can be seen in the rNLS mouse model (205, 206), where the TDP-43 transgene is under 

a controllable promoter that can be suppressed by a simple dietary additive. When the mice are then 

given a normal diet, an ALS-like phenotype develops. Restoration of the dietary additive then results 

in the recovery of body weight, rotarod times, muscle innervation is back to expected levels and most 

importantly it prevents fatality. Restoring the dietary additive in this model also restores TDP-43 to the 

nucleus.  

 

 

 

 

 



FIGURE 11 – OVERVIEW OF HTDP-43 MOUSE MODEL CHARACTERISATION 

 

 

Diagram of the early postnatal timeline analysed in the Tg/Tg mice of the Thy1-hTDP-43 model. P1 is day of birth, and the Tg/Tg mice have an phenotypic end-stage of P19-P21. Phenotypic 

symptom onset occurs at P14 when the body weight plateaus and there is a mild hind-limb gait impairment. There is hTDP-43 protein present from P3, overall TDP-43 expression (measured 

by panTDP-43) is significant in the Tg/Tg mice from P5. Significant motor neuron cell death was documented at P15, where there was a 30% loss that progressed to 53%. 

 

 

 

 



CONCLUSION 

 

This study documented robust overexpression of hTDP-43 protein in the Thy1-hTDP-43 mouse model 

of ALS by analysing multiple time points over the life span of Tg/Tg mice. Statistical analysis revealed 

that there is a significant increase in panTDP-43 of Tg/Tg mice compared to NTg at postnatal day 5. 

Additionally, there was found to be significant hTDP-43 overexpression in the non-symptomatic Tg/0 

mice, but at half the Tg/Tg amount. hTDP-43 protein levels stabilised in adult Tg/0 mice showing that 

hTDP-43 at sub-clinical levels can remain non-pathological for an extended period of time. The 

presence of hTDP-43 in the spinal cord and brain of transgenic mice from P3 clarified that there is 

neonatal activity of the Thy-1 promoter.  

A vital finding from this study is the significant loss of alpha motor neurons which innervate muscles 

of the lower limb in hTDP-43 mice. As ALS patients experience muscle atrophy and paralysis alongside 

cell death of alpha motor neurons, the results from this study detail a similar corresponding progressive 

loss of alpha motor neurons in Tg/Tg mice that correlate to the developing phenotype.  

These data provide a more in-depth characterisation of this mouse model than was previously available. 

The results generated indicate that the Thy1-hTDP-43 mouse model is a favourable model to use in 

ALS research.  
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APPENDIX 1 

 

TABLE 2 – LIST OF ALL SOLUTIONS AND REAGENTS  

Solution Ingredients 
Volume 

/Conc 
Supplier Cat. # 

Hotshot Lysis 

Buffer 

(pH 12) 

Sodium Hydroxide 25 mM 
Fisher 

Scientific 
15663580 

EDTA 0.2 mM 
Sigma-

Aldrich 
E6758 

Hotshot 

Neutralisation 

Buffer (pH 5) 

Trizma-hydrochlorine 

(crystal) 
40 mM 

Sigma-

Aldrich 
T5941 

PCR Master 

Mix 

Common forward primer 

5’-TGAAATCCGGGTGGTATTGG-3’ 

0.5 mM  

(0.75 l) 
Merck 

H12955255 

-002 

Reverse murine wildtype primer 

5’-GGTGAGTTTAACCTTCAAGGGCT-3’ 

0.3 mM 

(0.5 l) 
Merck 

H12955256 

-001 

Reverse human wildtype 

transgene primer 

5’-AGCTTGCTAGCGGATCCAGAC-3’ 

0.3 mM 

(0.5 l) 
Merck 

H12955257 

-002 

GoTaq G2 Flexi Green Buffer  3 l 

Promega M7805 
Magnesium Chloride 

1.5 mM 

(3 l) 

GoTaq G2 Flexi DNA 

Polymerase 

1 unit 

(0.2 l) 

Deoxynucleotide triphosphates 

0.1 mM  

(0.15 l) 
  

ddH20 
8 l  

(up to 14 l) 
- - 

TAE (1x) 

10x Tris-acetate-EDTA buffer 1:9 Invitrogen 15558-026 

ddH20 9:1 - - 

TAE buffer (1x) 80 ml - - 
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1% agarose 

gel 

SeaKem LE Agarose  0.8 g Lonza 50004 

SYBR™ Safe DNA Gel Stain 
0.5 X 

(4 l) 
Invitrogen  S33102 

4% PFA 

16% Paraformaldehyde 

pH 7.4 
10 ml 

Electron 

Microscopy 

Sciences 

15710 

1x PBS  30 ml   

30% sucrose 

Sucrose 3:10 
Sigma-

Aldrich 
39378 

1x PBS - - - 

OCT Optimal Cutting Temperature - CellPath 
KMA-0100-

00A 

Homogenising 

solution 

Pierce RIPA Buffer 

radioimmunoprecipitation assay 
- 

Thermo 

Fisher 

Scientific 

8990 

Halt Protease inhibitor cocktail 

(100x) 
1:100 

Thermo 

Fisher 

Scientific 

1861278 

BCA Assay 

bicinchoninic 

acid 

Micro BCA Reagent A 0.5 ml 

Thermo 

Fisher 

Scientific 

23231 

Micro BCA Reagent B 0.48 ml 23232 

MicroBCA Reagent C 0.02 ml 23234 

BSA Standard Bovine Serum Albumin (solution) - 

Thermo 

Fisher 

Scientific 

23210 

Reducing 

Sample Buffer 

NuPAGE LDS buffer (4x) - Invitrogen NP0007 

Beta-mercaptoethanol 5% 
Sigma-

Aldrich 
M6250 

WB Running 

Buffer 

MES SDS Running Buffer 20X 1:20 Invitrogen NP0002 

ddH20 - - - 

TPS Revert Total Protein Stain 5 ml Li-Cor 926-11011 

TBS-T (0.2%) 

Tween20 1:500 
Sigma-

Aldrich 
P1379 

TBS (1x) -   
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5% BSA 

BSA (crystal) 1:20 
Sigma-

Aldrich 
A4503 

TBS-T (0.2%) - - - 

Triton (0.1%) 

TritonX-100 1:1000 
Sigma-

Aldrich 
X100 

1x PBS - - - 

Neurotrace 

NeuroTrace 500/525 Green 

Fluorescent Nissl 
1:200 

Thermo 

Fisher 

Scientific 

N21480 

1x PBS - - - 

DAPI 4’,6-diamidino-2-phenylindole 300 nM 
Life 

Technologies 
D1306 

Mowiol 

Solution 

MOWIOL 4-88 Reagent - Merck 475904 

Polyvinyl Alcohol with DABCO - Merck 10981 

Glycerol - 

Thermo 

Fisher 

Scientific 

BP229-1 

 

 

TABLE 3 – LIST OF PRODUCTS 

Item Detailed Name Brand Company Cat. # 

Slides Superfrost Plus 

Adhesion slides 

Ephredia Thermo Fisher 

Scientific 

J1800AMNZ 

WB Gel 4-12% Bis-Tris 

gradient gel  

(1.0mm, 15 well) 

NuPAGE Invitrogen NP0323BOX 

PVDF membrane Transfer Stacks iBlot2 Thermo Fisher 

Scientific 

IB24001 

Protein Standard 

(ladder) 

Sharp Pre-stained Novex Invitrogen LC5800 

DNA Ladder   Cleaver 

Scientific 

CSL-MDNA-

100BP 

 



 66 

APPENDIX 2 

 

FIGURE 12 – CELLPROFILER PIPELINE 

 

(A) Images of each CellProfiler pipeline module used in the analysis. The full pipeline is on the left then the first three 

modules where the inputted image is initially split into channels, then the nuclei are identified in ‘IdentifyPrimaryObjects’ 

followed by the Nissl-stained cells identified in ‘IdentifySecondaryObjects’.  

(B) Manual check that occurs for every analysed image. Each identified Nissl-positive cell is outlined by the programme, 

can be seen by a variety of colours. Each cell can then be selected and have the boundary edited to be more accurate as you 

can see in the middle images, zoomed in on a specific cell. Additionally, if any cells have not been identified for any reason, 

they can have a boundary drawn also to be included on the measurements. On the right, is the manual module that once 

completed, select the done button to move onto the next stage 

(C) The panel on the left has two sub images shown, ‘IdentifyNissl’ which is before the manual check, and ‘EditedNissl’ 

which is after the manual check. Both show the cell boundaries identified. Next, the ‘EditedNissl’ boundaries are overlayed 
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onto the original image, this image is then saved. ‘EditedNissl’ is used for measurements: each cell has all the characteristics 

listed in the third panel measured, but I have only chosen to export the Area of each cell. The right panel shows that the 

measurements from the image was exported to the spreadsheet file.  

(D) The two saved images from the pipeline, called ‘NisslProcessed’, it has the ‘EditedNissl’ overlay on the original image. 

Next is the spreadsheet that is exported, it shows the image number, how many objects were measured and each respective 

size. The export is in pixels so it is converted to microns based on the original scale from FIJI. The cell measurements for 

each image are grouped into respective genotypes and then grouped into 50 m2 bins to calculate the percentage of total 

measured neuronal population.  
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panTDP-43 

in 

Brain 

P3 NTg vs  

P3 Tg/Tg 
3 

1.00  0.10 vs 

1.56  0.14 
ns 0.0528 

Two-way 

ANOVA with 

Tukey’s multiple 

comparisons 

 

(Compared rows 

within each column) 

P5 NTg vs  

P5 Tg/Tg 
3 

1.00  0.04 vs 

1.90  0.08 
** 0.0011 

P8 NTg vs  

P8 Tg/Tg 
3 

1.00  0.01 vs 

2.11  0.09 
**** <0.0001 

P12 NTg vs 

P12 Tg/Tg 
3 

1.00  0.03 vs 

2.59  0.02 
**** <0.0001 

P15 NTg vs  

P15 Tg/Tg 
3 

1.00  0.01 vs 

4.31  0.24 
**** <0.0001 

P17 NTg vs  

P17 Tg/Tg 
3 

1.00  0.08 vs 

5.09  0.11 
**** <0.0001 

P19 NTg vs  

P19 Tg/Tg 
3 

1.00  0.14 vs 

6.59  0.57 
**** <0.0001 

hTDP-43  

in 

Spinal Cord 

P3 Tg/Tg vs  

P5 Tg/Tg 
3 

0.82  0.02 vs 

1.00  0.04 
* 0.0178 

Two-way 

ANOVA with 

Dunnetts’s 

multiple 

comparisons 

 

(Compared columns 

within each row 

against P3) 

P3 Tg/Tg vs  

P8 Tg/Tg 
3 

0.82  0.02 vs 

1.30  0.02 
**** <0.0001 

P3 Tg/Tg vs  

P12 Tg/Tg 
3 

0.82  0.02 vs 

1.56  0.11 
**** <0.0001 

P3 Tg/Tg vs  

P15 Tg/Tg 
3 

0.82  0.02 vs 

1.76  0.06 
**** <0.0001 

P3 Tg/Tg vs  

P17 Tg/Tg 
3 

0.82  0.02 vs 

1.80  0.06 
**** <0.0001 

P3 Tg/Tg vs  

P19 Tg/Tg 
3 

0.82  0.02 vs 

2.05  0.02 
**** <0.0001 

hTDP-43  

in 

Brain 

P3 Tg/Tg vs  

P5 Tg/Tg 
3 

0.85  0.02 vs 

0.94  0.04 
ns 0.2339 

Two-way 

ANOVA with 

Dunnett’s 

multiple 

comparisons 

 

(Compared columns 

within each row 

against P3) 

P3 Tg/Tg vs  

P8 Tg/Tg 
3 

0.85  0.02 vs 

0.96  0.00 
ns 0.0639 

P3 Tg/Tg vs  

P12 Tg/Tg 
3 

0.85  0.02 vs 

1.09  0.01 
**** <0.0001 

P3 Tg/Tg vs  

P15 Tg/Tg 
3 

0.85  0.02 vs 

1.14  0.05 
**** <0.0001 

P3 Tg/Tg vs 

P17 Tg/Tg 
3 

0.85  0.02 vs 

1.21  0.06 
**** <0.0001 
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P5 Tg/0 vs  

P5 Tg/Tg 
3 

1.33  0.06 vs 

1.90  0.08 
* 0.0476 

(Compared rows 

within each 

column) 

P8 NTg vs  

P8 Tg/0 
3 

1.00  0.01 vs 

1.67  0.01 
* 0.0170 

P8 Tg/0 vs  

P8 Tg/Tg 
3 

1.67  0.01 vs 

2.11  0.09 
ns 0.1475 

P12 NTg vs 

P12 Tg/0 
3 

1.00  0.03 vs 

1.66  0.02 
* 0.0184 

P12 Tg/0 vs  

P12 Tg/Tg 
3 

1.66  0.02 vs 

2.59  0.02 
*** 0.0007 

P15 NTg vs 

P15 Tg/0 
3 

1.00  0.01 vs 

2.59  0.17 
**** <0.0001 

P15 Tg/0 vs  

P15 Tg/Tg 
3 

2.59  0.17 vs 

4.31  0.24 
**** <0.0001 

P17 NTg vs 

P17 Tg/0 
3 

1.00  0.08 vs 

2.93  0.24 
**** <0.0001 

P17 Tg/0 vs  

P17 Tg/Tg 
3 

2.93  0.24 vs 

5.09  0.11 
**** <0.0001 

P19 NTg vs 

P19 Tg/0 
3 

1.00  0.14 vs 

3.41  0.04 
**** <0.0001 

P19 Tg/0 vs  

P19 Tg/Tg 
3 

3.41  0.04 vs 

6.59  0.57 
**** <0.0001 

hTDP-43 

in  

Spinal Cord 

P3 Tg/0 vs  

P5 Tg/0 
3 

1.00  0.05 vs 

0.88  0.04 
ns 0.9885 

Two-way 

ANOVA with 

Dunnetts’s 

multiple 

comparisons 

 

(Compared columns 

within each row 

against P3) 

P3 Tg/0 vs  

P8 Tg/0 
3 

1.00  0.05 vs 

1.37  0.05 
ns 0.1370 

P3 Tg/0 vs  

P12 Tg/0 
3 

1.00  0.05 vs 

1.42  0.07 
ns 0.0628 

P3 Tg/0 vs  

P15 Tg/0 
3 

1.00  0.05 vs 

1.91  0.09 
**** <0.0001 

P3 Tg/0 vs  

P17 Tg/0 
3 

1.00  0.05 vs 

2.19  0.11 
**** <0.0001 

P3 Tg/0 vs  

P19 Tg/0 
3 

1.00  0.05 vs 

2.26  0.13 
**** <0.0001 

P3 Tg/0 vs  

P3 Tg/Tg 
3 

1.00  0.05 vs 

1.74  0.03 
*** 0.0003 
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P3 Tg/0 vs  

P5 Tg/Tg 
3 

1.00  0.05 vs 

2.13  0.08 
**** <0.0001 

P3 Tg/0 vs  

P8 Tg/Tg 
3 

1.00  0.05 vs 

2.76  0.05 
**** <0.0001 

P3 Tg/0 vs  

P12 Tg/Tg 
3 

1.00  0.05 vs 

3.32  0.24 
**** <0.0001 

P3 Tg/0 vs  

P15 Tg/Tg 
3 

1.00  0.05 vs 

3.75  0.12 
**** <0.0001 

P3 Tg/0 vs  

P17 Tg/Tg 
3 

1.00  0.05 vs 

3.83  0.13 
**** <0.0001 

P3 Tg/0 vs  

P19 Tg/Tg 
3 

1.00  0.05 vs 

4.37  0.04 
**** <0.0001 

hTDP-43 

in  

Brain 

P3 Tg/0 vs  

P5 Tg/0 
3 

1.00  0.02 vs 

0.89  0.11 
ns 0.8796 

Two-way 

ANOVA with 

Dunnetts’s 

multiple 

comparisons 

 

(Compared columns 

within each row 

against P3) 

P3 Tg/0 vs  

P8 Tg/0 
3 

1.00  0.02 vs 

1.04  0.05 
ns 0.9993 

P3 Tg/0 vs  

P12 Tg/0 
3 

1.00  0.02 vs 

1.25  0.09 
ns 0.1160 

P3 Tg/0 vs  

P15 Tg/0 
3 

1.00  0.02 vs 

1.16  0.07 
ns 0.5974 

P3 Tg/0 vs  

P17 Tg/0 
3 

1.00  0.02 vs 

1.37  0.04 
** 0.0073 

P3 Tg/0 vs  

P19 Tg/0 
3 

1.00  0.02 vs 

1.60  0.02 
**** <0.0001 

P3 Tg/0 vs  

P3 Tg/Tg 
3 

1.00  0.02 vs 

1.55  0.04 
**** <0.0001 

P3 Tg/0 vs  

P5 Tg/Tg 
3 

1.00  0.02 vs 

1.70  0.06 
**** <0.0001 

P3 Tg/0 vs  

P8 Tg/Tg 
3 

1.00  0.02 vs 

1.75  0.01 
**** <0.0001 

P3 Tg/0 vs  

P12 Tg/Tg 
3 

1.00  0.02 vs 

1.98  0.01 
**** <0.0001 

P3 Tg/0 vs  

P15 Tg/Tg 
3 

1.00  0.02 vs 

2.06  0.09 
**** <0.0001 

P3 Tg/0 vs  

P17 Tg/Tg 
3 

1.00  0.02 vs 

2.19  0.11 
**** <0.0001 
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