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Abstract 

As the most common motor neuron disease, Amyotrophic lateral sclerosis (ALS) affects around 

4 in every 100,000 people worldwide with reports of increasing prevalence over the years. 

Characterized by progressive degeneration of motor neurons, ALS patients suffer impairments of 

movement and typically die from respiratory failure 2-5 years after diagnosis. Curiously, ALS 

exists on a disease continuum with Frontotemporal Dementia (FTD) where 30-50% of patients 

will be diagnosed with both diseases. In FTD, degeneration of cortical neurons results in diverse 

behavioural changes including deficits in executive and social skills as well as language and 

memory. A central connection between ALS and FTD is TDP-43 (encoded by TARDBP), an 

essential DNA/RNA binding protein known to serve critical functions in numerous cellular 

processes. Despite mutations in TARDBP constituting a small percentage of familial cases, TDP-

43 nuclear-to-cytoplasmic mislocalization is a pathological hallmark of most ALS-FTD cases. 

Therefore, therapeutic targets to rectify pathology and disease may be uncovered by identifying 

factors that regulate TDP-43. While it is currently established TDP-43 is ubiquitinated and 

phosphorylated in diseased states, our lab recently found TDP-43 is SUMOylated in response to 

stress. Of note, perturbations in the stress response are becoming increasingly implicated in 

neurodegenerations. Furthermore, TDP-43 plays critical roles in the stress response which 

become perturbed in ALS/FTD. We developed a TDP-43 “SUMO dead” mouse allele to gain an 

understanding of how disrupting this may contribute to the pathogenesis of ALS-FTD. 

Longitudinal characterization of the model explored behavioural and histological in vivo 

consequences following loss of TDP-43 SUMOylation. However, the phenotypes observed in the 

mutant mice were less robust in comparison to established ALS/FTD mouse models. Mutant 

mice did not have consistent differences in tests for similar outcomes, trials of the same test, or 

across age. Female mutant mice presented with early hyperactivity and disinhibition along with 
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altered social grooming behaviour. At later age, these female mice developed impairments in 

spatial working memory. Male mice developed apathetic behaviour and motor deficits at the 

middle age timepoint. Histologically, various forms of pathological TDP-43 were observed in the 

absence of neurodegeneration. These data reveal that TDP-43 SUMOylation may play an 

important role in ALS/FTD pathogenesis. 
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1. Introduction 

1.1 Amyotrophic Lateral Sclerosis 

1.1.1 Epidemiology 

Motor neuron diseases (MNDs) consist of a collection of diseases with degeneration of motor 

neurons producing loss of skeletal muscle function.1 Globally, the incidence of MND is 

approximately 1 to 3 per 100, 000 with a lifetime risk of approximately 1 in 400 people.2,3 

Amongst MNDs, the most common, making up around 80% of all cases, is Amyotrophic Lateral 

Sclerosis, with more than 200, 000 individuals across the globe living with the disease.4–6 

Epidemiological data of ALS cases varies by geographical region, but globally the incident rate 

for ALS is approximately 2 per 100, 000.7,8 Advancing age is the biggest risk factor for the 

development of ALS.9 Globally, the age of onset is around 50 to 65 years old. Male sex has also 

been identified as a risk factor for ALS with studies reporting a male to female bias between 1 

and 3.10 Interestingly, the rates of ALS are significantly more similar between males and females 

with age adjusted data.10  

1.1.2 Symptoms and Progression 

Amyotrophic Lateral Sclerosis (ALS) is a progressive, fatal neurodegenerative disease with 

heterogeneous clinical and biological features. ALS is characterized by the selective loss of 

motor neurons and the consequent denervation and dysfunction of the associated somatic 

muscles. In ALS, degeneration of both the upper and lower motor neurons is present over the 

diseases course.11 The cell bodies of upper motor neurons are in layer V of the motor cortex. 

Their axons descend as the corticospinal and corticobulbar tracts to synapse with lower motor 
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neurons. Spinal motor neurons are found in the ventral horn of the spinal cord and cranial motor 

neurons in the brainstem, respectively. The spinal and cranial lower motor neurons send 

descending axons as nerves to innervate target muscles. The loss of upper motor neurons 

produces symptoms of spasticity, increased muscle tone and hyperreflexia whereas loss of lower 

motor neurons produces muscle weakness, atrophy, and fasciculations.12 Most ALS patients die 

due to weakness of the diaphragm resulting in respiratory insufficiency within 5 years if 

diagnosis.13 The onset of ALS is often focal muscle weakness which spreads as the disease 

progresses, but patients can be classified by regional differences in symptom onset.14 Almost 

two-thirds of patients will have spinal onset, presenting with weakness in the upper or lower 

limbs.14,15 For spinal-ALS patients with onset in the upper limb, the majority will present with 

asymmetrical weakness in their dominant limb.16 Most patients experience these symptoms in 

distal muscles prior to those proximal in the affected limb.14 Patients with spinal onset have an 

average life expectancy of 3-5 years.15 Alternatively, approximately one-third of patients have 

bulbar onset where muscles of mastication, speech, and swallowing are affected producing 

dysphagia and dysarthria. Bulbar-onset ALS has a more rapid decline, with patients having a life 

expectancy of around 2 years after diagnosis.17 Respiratory onset ALS, affecting a minority 

(~3%) of patients results in weakness of the diaphragmatic muscles is early in the course of the 

disease.14,18,19 These patients experience dyspnea and succumb to disease within 2 years of 

diagnosis.  

In addition to motor deficits, as many as 50% of ALS patients will also experience cognitive and 

behavioural deficits.20–22 ALS patients with bulbar onset or who are women have been found to 

be more likely to experience cognitive symptoms over the course of their disease.23 At the time 

of diagnosis, most patients perform normally on neuropsychiatric testing and cognitive 
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symptoms present with progression to advanced stages of ALS.24 This has been suggested to 

reflect the spreading of pathology from motor to nonmotor areas within the nervous system.25 

Unfortunately, the appearance of cognitive symptoms has been associated with a more rapidly 

progressing disease.26  

1.1.3 Diagnosis, Staging, and Treatment 

The diagnosis of ALS remains challenging due to the lack of specific tests or biomarkers and 

thus, requires the exclusion of other diseases, especially other motor neuron diseases with similar 

phenotypes.27–29 These diseases, often referred to as ALS mimics, include primary lateral 

sclerosis (PLS), spinal and bulbar muscular atrophy (SBMA), and Postpolio Syndrome (PPS).30 

PLS is characterized by only UMN degeneration, whereas SBMA is an X-linked disease and PPS 

is a disease secondary to poliovirus infection, with both having lower motor neuron 

degeneration.30 The diagnostic process includes a battery of blood tests, brain and spinal cord 

imaging like magnetic resonance (MRI), muscle biopsies and electrophysiological recordings in 

conjunction with the clinical history, signs and symptoms.31,32 Genetic testing may be ordered if 

there is a relevant family history of familial ALS. Adding to the diagnostic challenge, the first 

presenting symptoms are subtle, vague and less associated with ALS including malaise and 

fatigue in addition to walking difficulties and muscle weakness. Misdiagnosis has resulted in 

ALS patients receiving unnecessary, often invasive procedures.33,34 ALS patients have been 

found to undergo spinal, knee, carpal tunnel, shoulder, tonsillectomy, ulnar nerve transposition, 

and sinus surgeries prior to their diagnosis. The symptoms preceding the surgeries did not 

resolve afterwards. Currently, ALS patients experience a diagnostic delay of 8-22 months which 

has not improved for a decade despite recognition that prompt diagnosis may improve patient 

quality of life.35,36  
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The first diagnostic criteria, the El Escorial, for ALS was established in 1994 to classify patients 

by diagnostic certainty for clinical studies of disease.37 This system was revisited to improve its 

use by clinicians in addition to research purposes.38 This system considers both UMN and LMN 

signs across four topographical regions: bulbar, cervical, thoracic, and lumbar. The four 

diagnostic categories include possible ALS, probable ALS, laboratory-supported ALS, and 

definite ALS.29 In 2008, the Awaji-Shima criteria was established and has been found to improve 

diagnostic sensitivity by incorporating electrophysiological data along with clinical signs.39,40 

Still, many clinicians are not using these systems in the diagnosis of ALS as they were developed 

for research purposes and to inform decisions on including and monitoring patients in clinical 

trials.14 Most recently in 2019, the Gold Coast diagnostic criteria were developed specifically for 

the diagnosis of ALS with only a binary interpretation.41,42 These criteria have been validated for 

sensitivity and specificity and may be used more commonly in clinic.  

Staging systems have been developed to quantify disease progression in ALS patients and assess 

novel biomarkers and treatments in clinical trials.43 However, with the heterogeneity of the 

disease, it has been challenging for a system to cover all patients uniformly. Previously, the most 

commonly used scale for both physicians and researchers was the revised ALS Functional Rating 

Scale (ALSFRS-r).44,45 This scale is made up of 12 points for scoring and assessed the bulbar, 

respiratory, upper and lower limb domains. However, several limitations have been identified 

with the use of the ALSFRS-r including its non-linear progression, lack of correlation with 

prognosis, and poorly defined categories.46 More recently, the Kings College and the Milan 

Torino (ALS-MiToS) staging systems are increasingly used as the de factor clinical scales.47,48 

The Kings College is a 5 point scale based on anatomical spread of disease across neurological 

regions. Stage 1-3 focus on weakness and dysfunction in regions affected by motor neuron loss, 
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stage 4 focuses on nutritional and respiratory failure, and stage 5 corresponds to death. The 

MiToS is a 6-point scale which assess functional impairment and incorporates the ALSFRS-r. 

Studies have found that these two staging systems are not redundant but instead complimentary 

in their information and should be used together.49 Specifically, the Kings College was found to 

have higher resolution in early disease stages, and the MiToS for later disease stages.49  

 

Despite decades of research with advances in genetic and molecular understanding of the 

disease, there are minimal treatment options for ALS patients and currently no curative 

treatment.50 There exists a need for the development of treatment to reduce the rate of disease 

progression to improve both quality and quantity of life for patients. In Canada, there are 

currently three approved pharmacological disease modifying therapies for ALS.51 Firstly, 

Riluzole, an anti-glutamatergic agent aimed to reduce excitotoxicity.52 In clinical trials it was 

shown to increase survival by 3 months.52 However, more recent studies have found this may be 

as high as 19 months in real-world settings outside of clinical trials.53 In comparison to 

randomized-controlled trials, real-world data is collected from multiple sources with varying 

methodologies and is not bound by narrow patient eligibility or exclusion criteria.53,54 Real world 

evidence can be more relevant to patient populations. Secondly, Edavarone, a free radical 

scavenger designed to reduce neuroinflammation and oxidative stress, can reduce the loss of 

physical function by 33% over a 24-week treatment period and recent reports have also found it 

can improve survival up to 30 months.55,56  Lastly, Tofersen is a novel antisense oligonucleotide 

drug specifically for the treatment of ALS patients with a SOD1 mutation (discussed on Section 

1.14).57  
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Presently, specialized supportive multidisciplinary care is recommended for ALS patients to 

manage symptoms and has been found to improve their quality of life and survival.32,58  

Supportive care varies by the individual needs of each patient.59 For mobility related concerns, 

physical therapy helps to reduce fatigue and muscle stiffness whereas occupational therapy uses 

devices and strategies to assist in everyday tasks.59,60 Patients can participate in speech therapy 

for both communication and eating difficulties. With the progression of the disease, they may 

switch to the use of technological devices for communication. Additionally, as many ALS 

patients experience a decline in body weight because of challenges eating and swallowing, they 

may take nutritional supplements or undergo a gastrostomy.61,62 Most patients will undergo 

invasive ventilation procedures in the later stage of disease as respiratory symptoms worsen.63 

Generally, tracheostomy ventilation has been found to improve survival of ALS while still 

providing them with acceptable quality of life. However, it is associated with a high burden of 

care.63  Finally palliative care is aimed at reducing the symptoms and stress associated with ALS 

while overall improving patient quality of life.64,65 Palliative care teams often assist patients in 

making informed decisions about their health over the course of their illness. More recently, it 

has been recommended that patients receive palliative care early after diagnosis, as opposed to 

historically being offered at end-stage of the disease, to maximize its benefit.64,65    

1.1.4 Genetics 

While causative genetic mutations have been identified for the smaller subset of familial ALS 

cases (~10%), the underlying cause(s) and mechanism(s) of disease development in sporadic 

cases (~90%) remain unclear and are suggested to involve both genetic and environmental 

factors.66–69 Proposed mechanisms implicated in the pathogenesis of ALS include changes in 

protein homeostasis, mitochondrial dysfunction, impaired cell stress pathways, perturbations in 
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RNA processing, reduced axonal transport, glutamate mediated excitotoxicity, and autophagy.32 

Currently, mutations in around 30 genes are linked with ALS, however 4 genes have been 

identified to account for the majority of familial ALS cases which include SOD1 (encoding 

superoxide dismutase 1), FUS (encoding RNA-binding protein Fused in Sarcoma, FUS), 

C9orf72 (Chromosome 9 open reading frame 72), and TARDBP (encoding Trans-activation 

response (TAR) DNA-binding protein 43 kDA, TDP-43).70 Interestingly, while TARDBP only 

contributes to around 4% of familial cases, a hallmark of almost all (~97%) ALS cases is the 

nuclear-to-cytoplasmic mislocalization and aggregation of TDP-43.20,67,71–75  

 

1.2  Frontotemporal Dementia 

1.2.1 Epidemiology 

Frontotemporal dementia (FTD) is a neurodegenerative disorder with clinical and pathological 

heterogeneity.76 Dementia is a broad term for many diseases which are caused by impaired 

cognitive functioning. FTD is the second most common presenile dementia with an average age 

of onset of 58.77 Globally, FTD has an incidence of around 3 per 100, 000 with this increasing to 

9 per 100,000 for the above 60 age group.78 However, recent studies have found that in some 

population up to 70% of patients initially misdiagnosed with another psychiatric condition and 

thus, the epidemiological data for this disease may be under representated.77 The sex ratio for 

FTD is not well characterized. Some studies have reported an almost 5-fold greater prevalence in 

males, whereas others have found an equal distribution across the sexes, or a 3:1 female 

prevalence.76,79 These discrepancies may be explained by reports that females with FTD are 

significantly more likely to be misdiagnosed with other psychiatric conditions than males.79 

Survival time after diagnosis is highly variable ranging from 3-14 years.76,78,80,81 The most 
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common cause of death for FTD patients is aspiration pneumonia with others including infection, 

dehydration, gastrointestinal problems, and complications from falls.82  

 

1.2.2 Clinical Presentation, Diagnosis, and Treatment 

The pathological process underlying the clinical manifestation of FTD, is frontotemporal lobar 

degeneration (FTLD) with neurodegeneration of the frontal and temporal cortices.83  There are 

three categories of FTD based on the clinical presentation where these symptoms are determined 

by the pattern of neurodegeneration.80 These three categories include the behavioural variant 

(bvFTD), and primary progressive aphasia which is further categorized into semantic dementia 

(SD) and progressive nonfluent aphasia (PNFA).84 Diagnostic criteria for each of the three FTD 

variants was originally published in 1998, however this was revised to address limitations by the 

Frontotemporal Dementia Consortium 2011.76,85 Diagnosis of FTD is complex and currently 

there exists no singular test. Instead, physicians rely on clinical presentation, laboratory tests, 

batteries of neuropsychiatric tests, neuroimaging, and sometimes genetic testing to diagnosis 

patients with FTD while excluding other causes.80  

 

i. Behavioural Variant 

The bvFTD is the most common form of FTD constituting more than half of all 

the cases. However, they are commonly misdiagnosed with depression or 

personality disorders.38 There are three levels of diagnostic certainty including 

possible, probable, and definite bvFTD.83 Patients with bvFTD suffer a diverse 

range of disturbances in personality, behaviour, and cognition while performing 
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normally in the domains of memory, language and visuospatial processing on 

neuropsychiatric tests.81. Possible bvFTD requires patients to have progressive 

impairment in at least of the following: disinhibition, apathy, impaired executive 

function, lack of empathy, compulsions, and disordered eating.81,83,86,87  

Neuroimaging studies have found that patients with bvFTD display atrophy in the 

frontal and anterior temporal cortices including the orbitofrontal cortex, prefrontal 

cortex, anterior cingulate and insular cortex.87,88 Patients with neuroimaging 

findings consistent with these features are classified as probable bvFTD. Definite 

bvFTD requires confirmation through genetic testing or post-mortem pathological 

examination.  

ii. Semantic Dementia (SD) 

Semantic dementia (SD) accounts for around a quarter of all FTD cases.81,86,87 SD 

patients experience the loss of semantic knowledge and language deficits. While 

their language is fluent, they develop problems with word finding and 

comprehension as well as recognizing faces and objects.81 Atrophy of the 

temporal lobe including the fusiform and inferior temporal gyri are most 

implicated.87,88 Notably, the pattern of degeneration early in the disease course is 

usually asymmetrical with greater atrophy of the left hemisphere producing 

language deficits while the atrophy of the right hemisphere produces deficits in 

recognition.87 As the disease progresses, atrophy becomes more widespread to the 

other cortical lobes. There also three levels of diagnostic certainty for SD: clinical 

diagnosis, neuroimaging-supported diagnosis, and definite.83 While language 

must be the primary symptom of impairment, they must also present with at least 
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two of the following symptoms for a specific diagnosis of SD: surface dyslexia, 

dysgraphia, spared repetition, spared speech production, and impaired object 

knowledge. 

iii. Progressive nonfluent aphasia 

The remaining 25% of FTD cases are classified in the subtype of progressive 

nonfluent aphasia (PNFA).81 These patients experience agrammatism and apraxia 

of speech which results in their speaking being nonfluent, effortful, slow with 

sound distortions.81,89 The agrammatical features are correlated with degeneration 

in the left hemisphere language network across the inferior frontal, temporal and 

parietal lobes whereas degeneration in premotor and motor cortices including 

Broca’s area result in apraxia 36,38. The left inferior gyrus is affected earliest in 

NFPA and atrophy to the other areas progresses with the disease course.87 The 

PNFA has the same levels of diagnosis certainty as SD.89 However, these patients 

must have at least two of the following features: spared object knowledge, spared 

single-word comprehension, and impaired comprehension of syntactically 

complex sentences.  

1.2.3 Pathological Subgroups 

Contributing to its heterogeneity, FTD can also be subdivided by the predominant protein which 

accumulates in pathological intraneuronal inclusions.84,89 There are three categories based on the 

three proteins: tau (FTLD-tau), TAR DNA binding protein 43 (TDP-43, FTLD-TDP), and fused 

in the sarcoma (FUS, FTLD-FUS).  
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i. FTLD-Tau 

Tau is a microtubule associated with important functions supporting axonal 

transport and structural stability for neurons as well as glia.89 In pathological 

conditions collectively known as tauopathies, tau is hyperphosphorylated and 

forms insoluble cytoplasmic aggregates. Across the different tauopathies there are 

differences in the level of hyperphosphorylation, isoforms and other modifications 

of the tau protein. Several of these diseases are classified as FTD (FTD-tau). 

Sporadically, FTD patients can have Pick’s disease which includes the presence of 

swollen neurons called Pick cells, and large argyrophilic cytoplasmic inclusions in 

neurons and sometimes glia called Pick bodies.89 While Pick’s disease is most 

associated with the bvFTD, it can be present in any of the clinical subtypes. 

Familial cases of FTLD-tau are also found with patients having mutation in the 

tau encoding gene, MAPT. Upwards of 30% of all familial cases of FTD have 

mutations in this gene.  

ii. FTLD-FUS 

FUS is an RNA-binding protein with known roles in regulating transcription, 

splicing, and DNA repair.89 In neurodegenerative disorder, there has been support 

for both gain and loss of function mediating FUS toxicity.90 Patients with FUS 

pathology make up the smallest percentage, 10% of all cases, and at the 

histopathological level develop cytoplasmic FUS inclusions in neurons and to a 

lesser extent glia.89 More recently, aggregates of the other members of the FET 

protein family, to which FUS belongs, have been found in FTLD-FUS 

inclusions.91 Currently, no causative genetic mutations in the encoding gene have 
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been identified in patients.92 Unlike the other molecular subtypes, FTLD-FUS has 

only been associated with the bvFTD and not PPA.91,93 Additionally, these patients 

have a younger average age of onset at 40 with more severe clinical symptoms 

and degeneration in association brain regions.94 Interestingly, FTLD-FUS patients 

specifically have greater atrophy of the caudate, which has been proposed as a 

potential diagnostic biomarker.90  

iii. FTLD-TDP 

Trans-activation response (TAR) DNA-binding protein 43 kDA (TDP-43) is a 

ubiquitously expressed ribonuclear protein which has been found to be involved 

in several cellular functions. In FTLD-TDP, the predominately nuclear TDP-43 

mislocalizes and aggregates in the cytoplasm of neurons and glia.89,91,93 These 

inclusions include TDP-43 which is hyperphosphorylated and immunoreactive to 

ubiquitin. However, this pathology is not exclusive to FTLD.89 FTLD-TDP makes 

up the majority, at around 50% of all cases despite familial mutations in its 

encoding gene being of very low percentage.89 Similarly, to FTLD-tau, this 

pathology is predominately associated with the bvFTD.95 The FTLD-TDP 

classification can further broken down into FTLD-TDP type A-D based on 

pathological features, clinical phenotypes, and causative mutations.  

A. FTLD-TDP Type A 

Type A cases are particularly associated with neuronal cytoplasmic 

inclusions of TDP-43 in the superficial neocortical layers.91,96 

However, pathology is also found within regions of the hippocampus. 
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At the clinical level, FTLD-TDP-43 Type A can manifest as bvFTD or 

NFPA.96  

B. FTLD-TDP Type B 

Type B pathology includes TDP-43 cytoplasmic inclusions throughout 

the cortex.91 Importantly, FTLD cases with TDP-43 pathology in lower 

motor neurons are almost exclusively Type B even when no other 

features of ALS are present. These cases are most likely to develop 

ALS-FTD.96  

C. FTLD-Type C 

In Type C, there are little to no TDP-43 intraneural cytoplamsic 

inclusions in the cortex, however, dystrophic neurites become 

abundant.91,96 In subcortical structures including the dentate gyrus and 

striatum there is numerous cytoplasmic TDP-43 inclusions in 

neurons.96 Clinically, this subtype is associated with SD. 

D. FTLD-Type D 

For Type D cases, there is an absence of cytoplasmic TDP-43 

pathology across cortical and subcortical regions.91,96 Throughout, 

dystrophic neurons and intranuclear inclusions can be identified. This 

subtype is only found in patients with a genetic mutation in VCP, and 

is most often associated with the bvFTD.91,96  

 

As with many types of dementia, developing treatment is challenging, and currently there are no 

approved disease-modifying therapies for patients with FTD.80,84,97,98 Pharmacological and non-
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pharmacological approaches focus on alleviating the symptoms of the disease. Antipsychotics 

and mood stabilizers are commonly used to treat symptoms of agitation and aggression and their 

use is supported by studies finding improvement in behavioural domains.78,86,99 More research is 

needed to determine the benefits of other psychiatric drugs.78 Numerous non-pharmacological 

interventions for behavioural management of FTD patients are employed including physical 

exercise, speech therapy, music therapy, changes in the environment to address both sensory and 

safety needs.100  

 

1.3 The ALS/FTD Clinical Spectrum  

While ALS and FTD are both neurodegenerative disorders, the manifestations of their clinical 

symptoms appear distinct. However, increasing evidence has been found in support of an overlap 

between these two diseases at the clinical, genetic, and pathological level.101 They are now said 

to exist on a spectrum. Of the ALS patients who experience cognitive impairment, approximately 

20% will fit the diagnostic criteria for FTD. Additionally, around 10% of patients initially 

diagnosed with FTD, will go on to develop motor symptoms characteristic of ALS. While 

mutations in genes can produce pure forms of either ALS (e.g. SOD1) or FTD (e.g. MAPT), there 

also exists genes whose mutations can cause either disease.84 Most notably these include 

chromosome 9 open reading frame 72 (C9orf72), Sequestosome-1 or p62 (SQSTM1), and TDP-

43 (TARDBP).70 The hexanucleotide expansion repeat in C9orf72 is the most common genetic 

mutation for both familial and sporadic forms of ALS and FTD.102 However, despite mutations in 

TDP-43 making up a small percentage of both ALS and FTD cases, given the high predominance 

of patients displaying TDP-43 pathology, it has become known as a pathological hallmark of 
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these neurodegenerative diseases.74,75 Thus, TDP-43 is the point of convergence between 

genetics and pathology in ALS and FTD.  

1.3.1 Biomarkers 

ALS and FTD are both diseases which are challenging to diagnose early and lack disease 

modifying interventions. One of the contributing factors is the lack of biomarkers. As defined by 

the UK Medical Research Council, biomarkers are any objective measure which can give 

indication of a biological or pathological process, or pharmacological to a therapeutical 

intervention.103 There are different categories of biomarkers depending on their clinical benefit. 

Diagnostic biomarkers aid in discrimination between diseases. Biomarkers can be predictive or 

prognostic for progression of diseases or be used to monitor the effectiveness of a novel 

therapeutic. A reliable biomarker would aid in clinical trials to monitor progression of patients 

and response to novel treatments in conjunction with the current staging systems and clinical 

tests. In recent years there has been growing effort to identify biomarkers for ALS/FTD in many 

areas including neuroimaging, electrophysiological, and biofluids including blood and 

cerebrospinal fluid (CSF). An ideal biomarker would be sensitive and specific to the disease of 

interest, be detectable early in the disease course prior of significant levels of degeneration, and 

practical to measure in patients.103 Presently, the most studied biomarker for ALS and FTD is 

Neurofilament light chain (Nfl).104 Nfl is a part of the axonal cytoskeleton providing structural 

support and specific to neurons.105 Upon damage or degeneration to the axon, Nfl is released 

from the neuron where it can then be detected in the blood and CSF.104,105 Higher levels of Nfl in 

the blood or CSF are not specific to ALS or FTD but can be found in other degenerative 

diseases.106 However, Nfl in ALS patients has been found to be significantly higher than ALS 

disease mimics up to 6 months after symptom onset.107,108 With this discriminative capacity it 
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can aid in earlier diagnosis. Additionally, its levels in ALS patients have been found to be 

correlated with the ALSFRS-R over the progression of the disease. For FTD, Nfl levels were 

higher allowing differentiation between Alzheimer’s patients and were correlated with frontal 

and temporal lobe atrophy from neuroimaging.104,109 While Nfl as a biomarker has promising 

benefits, there are limitations to its utility. As mentioned, it is not specific to ALS or FTD, and 

the differences in levels compared to other diseases is not completely understood. Additionally, 

whether Nfl can serve as a presymptomatic biomarker is still being investigated. While some 

studies report no difference in Nfl between presymptomatic ALS genetic risk carriers, others 

have found Nfl begins to increase prior to symptom onset, however this may be for aggressive 

forms of the disease.110 Overall, more work is needed in the development of biomarkers for ALS 

and FTD to benefits patients.  

 

1.4  TDP-43  

1.4.1 TDP-43 Pathology in ALS/FTD 

Known as a pathological hallmark, the nuclear to cytoplasmic mislocalization and subsequent 

aggregation of TDP-43 is a key feature in 97% of ALS and over 50% of FTD cases. 

Neuropathological features of TDP-43 in disease include nuclear depletion, cytoplasmic 

accumulation, and formation of insoluble aggregates in neurons and to a lesser extent glia. 

Additionally, it has been found that these inclusions contain TDP-43 which is hyper-

ubiquitinated and hyper-phosphorylated (Serine 403/404 and 409/410), as well as 25 and 35kDa 

truncated C-terminal fragments of the full-length protein. These aggregates have also been found 

to be positive for p62.111,112 



 

17 
 

1.4.2 Structure and Function 

TDP-43 is 414 amino acid residues in length and a highly conserved member of the 

heterogenous nuclear ribonucleoprotein family.67,113–115 TDP-43 is ubiquitously expressed in 

many tissues including the nervous system and is essential for embryonic development.116 

Structurally, TDP-43 is comprised of four domains: an N-terminal, two RNA recognition motifs 

(RRM1 and RRM2), and a low complexity glycine -rich C-terminal domain.114,117,118 Within the 

linker between the N-terminal domain and the RNA-binding domains is the bipartite nuclear 

localization signal (NLS) and a nuclear export signal (NES) within RRM2.114 The NLS and NES 

shuttle TDP-43 between the nucleus and the cytoplasm, despite it being predominately found in 

the nucleus. However, the NES remains controversial with some studies suggesting it is not 

functional.119 Finally, the C-terminal domain is known as the low-complexity domain being 

unstructured and prone to pathological aggregation.120 Curiously, the majority of ALS and FTD 

mutations are found within this domain and are generally thought to increase cytoplasmic 

localization and aggregation propensity.121  

 

TDP-43 has several roles within the nucleus and cytoplasm. Most functions of TDP-43 relate to 

its ability to bind nucleic acids, binding hundreds of RNA species, for RNA metabolism and 

include mRNA stabilization, splicing, transcription and translation.67,113,122,123 TDP-43 also 

regulates its own mRNA levels via a negative feedback loop. In binding its own transcript at the 

3’ untranslated region, it triggers the destruction of the mRNA and tightly autoregulates TDP-43 

protein levels.124,125   Importantly, TDP-43 plays a role in the cellular stress response. In stress 

conditions, cytoplasmic TDP-43 has been found to be associated with stress granules.126–128 
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Stress granules are transient membrane-less organelles that form in response to various stressors 

including heat, osmotic, or oxidative.129 They promote cell survival during these periods of stress 

by stalling translation and triaging mRNA critical for cellular survival for translation.130 With the 

resolution of the stress, stress granules disassemble.126–128  The relationship between TDP-43 and 

stress granules is not completely understood. TDP-43 has been found to be recruited to stress 

granules and to regulate stress granule assembly by stabilising RNA transcripts.131–133 However, 

TDP-43 loss of function can reduce the formation of stress granules and promote cell death.134 

While stress granules disassemble under acute stress, in chronic stress they have been found to 

persist.129 It has been hypothesized that these chronic stress granules arise in neurodegenerative 

diseases and may act as seeds for aggregation of TDP-43, as seen in ALS/FTD, and contribute to 

cell death.135,136 Stress granule markers have been detected to associate with TDP-43 aggregates 

of ALS and FTD patients.135 However, there is also evidence for an independent model of TDP-

43 aggregation not requiring stress granules.137 Overall, there is support for TDP-43 and the 

stress response implicated in ALS/FTD pathogenesis.    

1.4.3 TDP-43 Mediated Toxicity: Loss or Gain of Function? 

The exact mechanisms of TDP-43 toxicity that are linked to neurodegeneration is not yet 

completely understood especially as this pathology is not unique to patients with TDP-43 

mutations. However, evidence has found support for both loss of nuclear and gain of cytoplasmic 

TDP-43 functions as contributors in disease.  

i. Loss of Function 

The nuclear depletion of TDP-43 in ALS and FTD patients suggests that 

the loss of TDP-43 nuclear function may contribute to neurodegeneration. 
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There has been support for this from animal models. The loss of nematode 

TDP-43 ortholog in C. elegans, impairs growth and locomotion activity, 

however, it also extends the lifespan.138 In flies, loss of  TDP-43 homolog 

(TBPH) results in premature lethality, deficits in motor behaviour, and 

impairs synaptic connectivity.139 Similarly, knocking out TDP-43 (Tardbp) 

and its paralogue (Tardbp-like) in Zebrafish leads to muscle degeneration, 

reduces axonal outgrowth length of motor neurons, and shortens the 

lifespan of the animals.140 While murine TDP-43 knockout models are 

embryonically lethal, targeted depletion of TDP-43 in lower motor 

neurons recapitulates ALS features in mice.141  

 

Molecular evidence for loss of functions toxicity relates to the role of 

TDP-43 as a splicing repressor.142 TDP-43 depletion results in the 

inclusion of cryptic exons which are splice variants with erroneous 

frameshifts or stop codons in the mature RNA.143 Numerous studies have 

identified cryptic exons in post-mortem ALS and FTD patient 

tissues.144,145 Two note-worthy cryptic exons with their relevance to 

disease include STMN2 (Stathmin 2) and UNC13A (Unc-13 homolog 

A).144 STMN2 encodes a microtubule associated protein and the inclusion 

of the cryptic exon reduced levels of the functional protein and impaired 

axonal regeneration.144,146 Loss STMN2 in mice produces denervation of 

neuromuscular junctions and impaired motor behaviour.146  It is therefore 

thought to play a role in ALS pathogenesis by playing a critical role in the 
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health of motor neurons. UNC13A is involved in various aspects of 

synaptic transmission and knockouts in mice result in mortality soon after 

birth.144,147,148 The loss of TDP-43 was found to result in the inclusion of 

cryptic exons in UNC13A, providing a mechanistic link to UNC13A as a 

strong genetic risk factor for ALS.144,147,148 However, it is important to 

note that for both STMN2 and UNC13A, the cryptic exons are not 

conserved in mice. Therefore, humanized models will be required to 

understand whether blocking the cryptic exon rescues the TDP-43 loss of 

function. However, TDP-43 regulates splicing of conserved exons 

POLDIP3 (DNA Polymerase delta interacting protein 3), SORT1 (Sortilin 

1), and PFKP (Phosphofructokinase, platelet). Altered splicing can be 

used to study TDP-43 nuclear loss of function in mice.144 

ii. Gain of Function 

With its widespread but critical functions for the cell, TDP-43 protein 

levels are highly regulated. Clinically, higher levels of TDP-43 have been 

found in biofluids of ALS and FTD patients which suggests that 

perturbations in autoregulation may contribute to disease pathogenesis 

through gain of function mechanisms.149 The importance of maintaining 

TDP-43 levels has been demonstrated using a transgenic mouse line which 

modestly overexpresses the protein.150 With TDP-43 less than 60% above 

endogenous levels in the central nervous system, these mice develop 

features of ALS including neurodegeneration.150 Furthermore, a knock-in 

mutation in TDP-43 was found to perturb autoregulation while producing 
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cognitive impairment in the mice.151 In other animal models including C. 

elegans and flies, overexpression of TDP-43 equivalents lead to similar 

toxic phenotypes as depletion.139,152 Supporting that both mechanisms play 

a role in disease.  

 

Studies have also specifically investigated whether the localization of 

TDP-43 to the nucleus is directly toxic. Using rat cortical neurons, a point 

mutation of TDP-43 (A315T) or a disruption in the NLS increased 

mislocalization, and these cells had reduced viability.153 Additionally, a 

mutation in the NES alleviated the toxicity of the A315T mutant. In 

transgenic models, the expression of human TDP-43 with a disrupted NLS 

modelled histological and behavioural features of ALS.154,155 These mice 

exhibited phosphorylated cytoplasmic TDP-43 inclusions, brain atrophy, 

loss of motor neurons, muscle denervation, and premature mortality. 

Behaviourally, deficits in locomotion and motor behaviour as well as 

cognitive abilities and social performance were observed. TDP-43 can 

exert toxicity in the cytoplasm by impairing protein synthesis of 

mitochondrial proteins in motor neurons.156 Importantly, the contribution 

of mislocalization and aggregation of TDP-43 in the cytoplasm is still not 

completely understood.  Studies in vitro have shown, that while 

intrinsically prone to aggregation through the C terminal domain, disease 

linked mutations in TDP-43 accelerate this process.157 This increased 

number of aggregates promotes toxicity by causing enhanced cell death. 
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However, while the mislocalization of TDP-43 is toxic to neurons in 

culture with increased cytoplasmic mutant TDP-43 resulting in cell death, 

the formation of aggregates independently is not.153 Overall, 

understanding the regulation of TDP-43 localization is critical for the 

development of effective treatments to mitigate toxicity. 

 

1.4.4 TDP-43 Mouse Models of ALS/FTD 

Mouse models of ALS date back to 1956 and the Wobbler mouse.158 This mouse model arose by 

spontaneous mutation and developed many features of ALS including motor neuron 

degeneration, reduced body weight, gait impairments and muscle atrophy. It was later discovered 

that this mouse had a mutation in the Vps54 gene which is not associated with ALS or other 

motor neuron diseases.158,159 Now, sixty-seven years later, numerous models of ALS and FTD 

have been created often targeting genetic mutations found in patients. Given its predominant role 

in disease pathogenesis, numerous approaches for TDP-43 mouse models have been developed 

to investigate whether the ALS/FTD phenotypes can be recapitulated. These models include 

overexpression of humanized wild-type and mutant forms of TDP-43, temporal and spatial 

conditional knockouts of TDP-43, as well as endogenous knock-in mutations of TDP-43.160 

Despite the many models available, there is currently still a great need to develop models with 

greater translational capacity to patients.161 While the models listed above can all provide 

informative insight into TDP-43 pathobiology in disease, there are also limitations in reflecting 

what is observed in patients which is critical for the development of therapeutics and biomarkers. 

Overexpression models of mutant and wild-type TDP-43 often present with rapid and aggressive 

disease progression with very early death. There is also currently no evidence that TDP-43 is 
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overexpressed in patients. Similarly, knock-out models can develop ALS/FTD phenotypes but 

does not reflect patients because TDP-43 is essential. Lastly, knock-in mutations only reflect a 

small subset of patients who have the specific mutation that is being modelled. Across the board, 

TDP-43 models of ALS and FTD are variable in their behavioural impairments and pathological 

findings including the presence of TDP-43 pathology. More work is needed to develop a model 

which reproduces the prevalent phenotypes found in patients to facilitate clinical advancements.  

1.4.5 Post-translational Modification of TDP-43  

As previously mentioned, TDP-43 undergoes key post-translational modifications in ALS/FTD 

including phosphorylation and ubiquitination.74,75  

While phosphorylation of proteins plays critical roles in healthy states, it is proposed to be toxic 

in ALS/FTD.162,163 Phosphorylation of full length TDP-43 specifically at Serine residues 403/404 

and 409/410 are consistently detected in post-mortem patient cytoplasmic aggregates.92 

Additionally, increased levels of phosphorylated TDP-43 in patient biofluids have been 

detected.164 Despite most evidence supporting phosphorylation as toxic and driving 

neurodegeneration, there is some evidence that suggests it may play a protective role by 

preventing aggregation.165  

Akin to phosphorylation, ubiquitinated TDP-43 is also consistently detected in pathological 

TDP-43 aggregates. Causative mutations in machinery of the ubiquitin-proteosome system 

(UPS) are known in ALS/FTD.166 In healthy states, TDP-43 can be cleared by the UPS, and there 

is strong support for dysfunction of the system in disease. Ubiquitination of TDP-43 promotes 

aggregation into cytoplasmic inclusions.167  
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Besides phosphorylation and ubiquitination, several other post-translational modifications of 

TDP-43 are being investigated including acetylation, cysteine oxidation, and 

PARylation.114,163,168 These modifications have been found to alter the solubility, particularly 

promoting TDP-43 accumulation in insoluble aggregates, impair its ability to bind RNA and 

regulate splicing, and intracellular localization. Overall, post-translational modifications play a 

clear role in regulating aspects of TDP-43 biology and dysfunction can be implicated in disease 

pathology. This provides rationale to explore less studied modifications of TDP-43, like 

SUMOylation, and potential links to ALS/FTD.  

1.5 SUMOylation 

Conserved across eukaryote evolution, SUMOylation is an essential process which involves the 

covalent attachment of small ubiquitin-like modifier (SUMO) proteins to lysine residues of a 

target protein.114,169 There are 5 SUMO isoforms in humans (SUMO1-SUMO5) and the first 3 

are conserved in mice and ubiquitously expressed.170–172 In short, once SUMO proteins are 

cleaved at the C terminus by SUMO-specific proteases (SENPs) in a maturation process, it is 

activated in an ATP-dependent manner by an E1 enzyme.173,174 Next, the activated SUMO will be 

delivered to an E2 conjugating and often an E3 ligating enzyme to catalyze its binding to the 

target protein generally at lysine residues in the SUMO consensus motifs (Ψ-K-x-D/E; Ψ, large 

hydrophobic amino acid).175 This process is reversible with SENPs completing deSUMOylation 

of target proteins.173,174 SUMOylation has been found in numerous cellular functions including 

protein trafficking, subcellular localization, stability, solubility, and protein interactions.170 
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1.5.1 SUMOylation and ALS/FTD 

There is an increasing body of evidence that SUMOylation regulates proteins critical in the 

pathogenesis of various neurodegenerative diseases, including some implicated in 

ALS/FTD.173,176,177 This is particularly interesting considering the role of SUMOylation in the 

cellular stress response.169 However, the role of SUMOylation of TDP-43 in the context of ALS 

is currently not clear.  When either full length TDP-43 or a mutant form lacking the C terminal 

domain was over-expressed in primary neuronal cultures an increase in SUMO2/3 co-

localization with insoluble TDP-43 positive aggregates in the nucleus and to a lesser extent in the 

cytoplasm.178 Cultured motor neurons overexpressing wild-type TDP-43 treated with anacardic 

acid, a known inhibitor of the E1 SUMO activating enzyme, had improved cell viability and 

neuritogenesis whereas the number of cytoplasmic TDP-43 aggregates was reduced.179 However, 

the overexpression of either SENPs or a TS-1 cell permeable peptide which promote 

deSUMOylation lead to increased cytosolic localization of TDP-43.180 Importantly, 

SUMOylation regulates many proteins, and these experiments did not specifically disrupt an 

interaction with TDP-43 which may account for the divergent results. Furthermore, these studies 

mutated a bioinformatically predicted SUMOylation consensus site on TDP-43 at Lysine 136 

(K136).179,180 They found this mutated TDP-43 had impaired splicing activity and 

nucleocytoplasmic localization, remaining in the nucleus upon exposure to stress and was 

associated with less toxicity. However, it is important to note that no studies have demonstrated 

biochemical evidence that K136 is a SUMOylation or that mutating this site reduces TDP-43 

SUMOylation. Therefore, the loss of SUMOylation may not be responsible for the results in 

these studies. Additionally, it has been found that up to 40% of SUMOylation sites are non-

consensus sequences.181 Overall, more comprehensive study of SUMOylation and cellular 
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mislocalization and toxicity associated with TDP-43 aggregates in ALS is required. What’s more, 

no animal models exist to study it in the context of ALS and FTD to address this gap in the field.  

1.6 Rational for the Tdp-43K408R Mouse Line 

With the overlapping roles of TDP-43 and SUMOylation, a co-immunoprecipitation assay with 

GFP-tagged TDP-43 and HA-tagged SUMO2 was used to investigate TDP-43 SUMOylation 

(Figure 1A). When cells were treated with sodium arsenite stress, there was a robust increase in 

TDP-43 SUMOylation from the minimal levels at basal conditions (Figure 1B).  Using 

bioinformatics, predicted TDP-43 SUMOylation sites at K136 (consensus) and K408 (non-

consensus) were identified. These residues were mutated from Lysines to Arginines to block 

SUMOylation but maintain structure. Following stress, TDP-43 K136R could be SUMOylated to 

wild-type levels, but TDP-43 K408R could not. This result suggests that K408 is a stress-

dependent SUMOylation site of TDP-43. This is tantalizing since the K408 residue is within a 

SUMOylation site dependent on phosphorylation, a hallmark feature of TDP-43 pathology, and a 

region of the C terminal domain that is highly conserved among vertebrates. To explore the in 

vivo consequences of blocking SUMOylation, the Tdp-43 “SUMO dead” mouse model (Tdp-

43K408R) was generated.  
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Figure 1. TDP-43 is SUMOylated at K408 in a stress-dependent manner. A) Schematic representation 

of co-immunoprecipitation experiment for GFP-tagged TDP-43 and HA-tagged SUMO2 following 

cellular stress. B) Western blot results for co- immunoprecipitation with and without sodium arsenite 

stress. C) Western blot results for co-immunoprecipitation experiment with TDP-43 K136R, K408R, or 

double mutant compared to wildtype TDP-43. 
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2. Hypothesis 

Disruption of Tdp-43 SUMOylation is predicted to induce motor and cognitive behavioural 

features and neuropathology associated with ALS-FTD spectrum.  

3. Aim 

1. Characterization of the Tdp-43K408R mouse wellness and behaviour as a model of ALS and 

FTD 

2. Characterize the Tdp-43K408R mouse for histological features of ALS and FTD 

4. Contributions to the Project 

Generation, genotyping, and maintenance of the breeding colony of the Tdp-43K408R mouse line 

was completed by Terry Suk (Ph.D. Candidate, Rousseaux Lab, University of Ottawa). During 

tissue collection, Terry completed the dissection and weighing of the brain. Terry Suk completed 

work for Figure 1 and 2. All other experiments were completed by me.  

5. Materials and Methods 

5.1 General Information for Animal Work and Ethics Statement 

All mouse procedures were carried out in accordance with the Canadian Council on Animal Care 

and approved by the University of Ottawa Animal Care Committee. All mice were group housed 

(3-5 per mice cage) with access to food and water ad libitum on a standard 12-hour light dark 

cycle. Exceptions included adult male mice who were separated and single housed if persistent 

fighting and fight wounds were observed in the cage. All experimental mice were given crinkle 

paper in addition to the standard nestlet and hut enrichment material. Husbandry was completed 
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by University of Ottawa Animal Care and Veterinary Services except for cohorts actively 

undergoing behaviour testing for which husbandry was completed by the experimenter.  

5.2 Tdp-43K408R Mouse line Generation 

At The Centre of Phenogenomics, the Tdp-43K408R (C57BL6/N background) mice were generated 

based on the methods described in Gertsentein and Nutter (2018) using CRISPR/Cas9-mediated 

gene editing of the endogenous Tardbp locus. In brief, spCas9 loaded with an sgRNA to target 

exon 6 of Tardbp (MGI:2387629; 5’-TGGGGGCTTTGGCTCGAGCA-3’) was electroporated 

into embryos alongside a single stranded oligonucleotide (ssODN) repair template (5’-

CTAAATCTACCTAACCTAATAACCAACCTACTAACCACCCCCCACCACCTACATTCCCCAGCC

AGAAGACcTAGAATCCATGgaCGAGCCAAAGCCCCCATTAAAACCACTGCCCGATCCTGCAT

TTGATGCTGACCCCCAACCAAGGGGGGC-3’). Embryos were screened via allelic 

discrimination (see Genotyping below) to identify founders. 4 founders were crossed to 

C57BL6/N mice to ensure germline transmission of knock-in allele. 

5.3 Genotyping 

Tail samples were collected prior to weaning and again postmortem for genomic DNA (gDNA) 

isolation and genotyping. Tails were solubilized in 300 µL solubilization buffer (10X SET, 100 

mM NaCl, 100 µg/mL Proteinase K (Bio Basic PB0451-250)) at 55 °C overnight. Cell debris 

was precipitated by adding 150 µL of “Tail Salts Buffer” (4.31M NaCl, 0.63M HCl, 10 mM Tris-

HCl, pH) then samples were centrifuged at ~21,000g for 15 minutes at 4 °C. Supernatant 

containing gDNA was transferred into 600 µL of chilled 100% ethanol to precipitate nucleic 

acids which were then pelleted by centrifugation for 10 minutes at ~21,000g at 4 °C.  The 

supernatant was carefully removed, and the pellet was washed in 600 µL of chilled 70% ethanol 
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then centrifuged at ~21,000g at 4°C for 5 minutes. The supernatant was carefully removed, and 

residual supernatant was left to evaporate for 5 minutes. The gDNA pellet was resuspended in 

double distilled H2O at 55 °C for 10 minutes.  

Genotyping reaction was prepared in a 10 µL reaction containing ~5ng of gDNA, 250nM Tardbp 

Forward primer (5'-CCACCATTCTAAATCTACCTAACCTAATA-3'), 250nM Tardbp Reverse 

primer (5'-GGATCGGGCAGTGGTTTTA-3'), 125nM Wild Type Locked Nucleic Acid (LNA) 

probe (HEX-TCT+A+A+GT+CT+TCT+GGC-IowaBlack FQ), 125nM K408R LNA probe 

(FAM-TCT+A+G+GT+CT+T+CT-IowaBlack FQ), and 2X PerfeCTa qPCR Tough Mix 

(QuantaBio). Reactions were run on a BioRad CFX96 qPCR thermocycler with the following 

cycling parameters: Initial annealing at 95°C for 2 minutes, followed by 40 cycles of 95°C for 15 

seconds then 60°C for 60 seconds. Results were analyzed via allelic discrimination in the BioRad 

Maestro software. 

5.4 Mouse Wellness Monitoring 

Mice were monitored weekly starting at age P21 and included assessment of hindlimb clasping, 

kyphosis, weight, and general health. The hindlimb function was assessed based on methods 

described by Miedel et al. 2017.182 Briefly, the mouse was suspended in the air for approximately 

5-10 seconds by the base of the tail. Features of the limbs were assessed to give a score from 0-4 

as described in Table 1. Kyphosis was assessed by allowing the mice to briefly walk on the flat 

tabletop in the housing room and visually observing the straightness of the spine. A score of 0-3 

was given based on methods previously described by Guyenet et al. 2010 in Table 2.183 Weight 

was measured every other week by placing individual mice on a digital weigh scale. Notably, 

mice exhibiting barbered patches were monitored and recorded.  
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5.5 Behaviour Testing  

5.5.1 General Information 

The main behaviour cohort consisted of males and females with 12-15 animals per sex per 

genotype. Over the course of the study, one mouse reached endpoint prior to the 9-month testing 

timepoint and twelve mice reached endpoint prior to the 16-month testing timepoint. 

Additionally, two mice were excluded from the hanging wire test at 16-months due to large 

ventral masses. Established TDP-43 knock-in mouse models have found differences between 

heterozygous and homozygous mutant mice.184 Thus, both heterozygous (Tdp-43K408R/+) and 

homozygous (Tdp-43K408R /K408R) mutant mice were included in the study to understand the 

consequences of losing SUMOylation on one or both alleles of TDP-43. 

All adult behaviour testing was performed in the University of Ottawa Behaviour and Physiology 

Core. During behaviour testing periods the mice were minimally disturbed: food and water were 

only added/changed as needed and cages were changed by the experimenter with a transfer of 

old bedding material. Apart from nesting and Beam Break testing, all behaviour tests were 

performed in the light phase of the cycle. The experimenter was blinded to the genotype of the 

mice during behaviour testing and until the mice were end pointed.  Mice were brought to the 

testing room to habituate in dim white light at least 30 minutes prior to commencing testing with 

the exceptions of nest building and fear conditioning for which there was no habituation period.  

Behaviour testing was completed in the same order at each age point which was as follows: light 

dark box, open field, grooming, tube test of social dominance, 3-chamber social interaction, 

marble burying, spontaneous Y-maze, beam break, nesting, grip strength, hanging wire, Digigait, 

rotarod, and tail suspension. Tests were ordered such that tests of anxiety were first, followed by 
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cognitive, motor, and finally aversive tests. Importantly fear conditioning was only conducted at 

the 16-month age point for the main behaviour cohort. Two separate cohorts for fear conditioning 

at 2- and 9-months of age were used to ensure no influence on other behaviour testing. These 

cohorts had a sample size of 4-15 animals per sex per genotype. All mice used in behaviour 

testing had been backcrossed three times to C57BL/6N background.  

5.5.2 Developmental Testing 

A small battery of behaviour tests was completed at P8 and P21. At P8, these tested included 

weight, righting reflex, hindlimb suspension, and forelimb suspension.185 

i. Weight: Weight was measured every other week by placing individual mice on a 

digital weigh scale. 

ii. Righting Reflex: Mice were placed on their back on a tabletop and timed for how 

long it took them to right themselves onto their paws. 

iii. Hindlimb Suspension: Mice were placed facing downward in a 50mL Falcon tube 

(VWR 21008-940) and timed for their latency to fall.  

iv. Forelimb Suspension: Mice were placed to grasp a wire suspended by a pencil 

holder and timed for latency to fall. 

At P21, hanging wire was performed in which the mouse was allowed to grasp a wire 30cm off 

the ground and time for its latency to fall.186 Each mouse completed three trials with a maximum 

time of 60 seconds.  
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5.5.3 Beam Break 

The Beam Break test was used to assess general locomotor activity and habituation to a novel 

cage environment.187 The apparatuses used to record and analyze the mice activity included the 

Micromax analyzer/Fusion Software (Omnitech Electronics; Columbus, OH, USA) at the 2-

month time point and the Photobeam Activity System (San Diego Instruments; San Diego, CA, 

USA) at the 9 and 16-month timepoints. Clean cages with only a thin layer of corncob bedding, 

food, and water were loaded into the recording frame. Mice were singly housed in one of these 

cages 2 hours prior to the start of their dark cycle. For a 24-hour period at the standard 12-hour 

dark/light cycle, the activity of the mice was monitored by infrared beam emitters and receptors. 

When the test was completed, the sum of the infrared beam breaks in 5-minute, 1-hour, and 24-

hour sampling bins was analyzed.  

5.5.4 Digigait 

The Digigait treadmill Imager and Analysis Software (Mouse Specifics Inc.) were used to record 

and analyze parameters of gait, respectively.188,189 Mice were placed on the unmoving treadmill 

surface and once recording was started the speed was increased to 18cm/s with 0degree incline. 

A 3 second video of each mouse walking continuously, with no stopping or starting, was 

captured. A mouse was excluded from the test if it was unable to walk for 3 seconds at the 

18cm/s speed.  

5.5.5 Fear Conditioning 

Contextual and cued fear conditioning were tested using a 3-day protocol to assess associative 

fear learning and memory.189,190 Prior to each testing timepoint of fear conditioning, a separate 

cohort of naïve age and sex matched mice were used to determine the optimal shock value. Mice 
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were exposed to incrementally increasing shock amperage and the experimenter observed signs 

of flinching, movement, jumping, or vocalization in the mouse. The maximal shock value in 

which a mouse displayed two of the four behaviours twice in a row was selected for testing. The 

shock value used at all testing time points was 0.3 mAmps. On day 1 (training), the mice were 

placed into a Phenotyper box (Noldus Information Technology) with a grid shock floor (Med 

Associates). The testing room was set to 60lux light level and 70dB of white noise (context A). 

The mice were left in the apparatus for 6 minutes during which they receive 3 tone-shock 

pairings (30 seconds tone co-terminated with a 2 second foot shock). On day 2 (Context), the 

mice were placed in the same apparatus (Context A) with no tone or foot shock delivered for the 

6 minute trial. On day 3 (cue), the animals were placed in the test apparatus with an altered 

context (context B) including red light, no white noise, vanilla scent, textured mat covering the 

shock floor and plastic inserts in the apparatus. The mice are allowed to explore this context with 

no tone for 3 minutes, and then are presented with the same tone from Day 1 for the last 3 

minutes. The time freezing was analyzed with EthoVision software for all 3 testing days.  

5.5.6 Grip Strength 

A grip strength meter (Chatillon DFE II, Columbus Instruments) was used to assess the maximal 

forelimb grip strength of the mice.191 The grip strength meter was rotated vertically and 

temporarily mounted on a flat surface prior to testing.192 The mouse was brought near the 

triangular attachment and allowed to grasp the lower bar with its forepaws. The mouse was 

pulled directly downward, by the tail, in one smooth motion. Each mouse was tested, and the 

grip strength recorded for 5 consecutive trials with a 1-minute intertrial interval. If a trial was 

deemed unsuccessful by the blinded experimenter, the trial was redone. Causes of an 
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unsuccessful trial included the mouse prematurely loosing its grip on the bar or grasping the bar 

with its hindfoot. The average grip strength for the 5 successful trials was analyzed.  

5.5.7 Grooming 

Spontaneous self-grooming was evaluated by individually placing mice in a clean cage with no 

bedding.155 Each mouse was allowed to habituate to the cage for 10 minutes and was then 

recorded by a camera mounted on a tripod for 10 minutes. The cumulative time spent grooming 

was analyzed by The Observer XT software (Noldus Information Technology).  

5.5.8 Hanging Wire 

The hanging wire test was used to assess muscle strength and coordination.186 A metal wire was 

secured to the top of a tall plastic box with padding on the bottom. The mouse was brought near 

and allowed to grasp the wire with its forepaws. A timer was started once the experimenter 

released the mouse to allow it to hang freely. When the mouse fell from the wire the time was 

recorded. Mice had three trials and were allowed to hang for a maximum of 600 seconds with a 

60 second intertrial interval in between. If a mouse hung for 600 seconds, it did not complete any 

additional trials. The maximum hanging time from the trials was used for analysis.  

5.5.9 Light Dark Box 

The light dark paradigm was used to assess anxiety-like or disinhibited, exploratory behaviour.193 

The testing apparatus (med Associates) has two equal sized rectangular compartments the mouse 

can move freely between. The one is fully illuminated whereas the other is covered by a black 

plastic insert. The position of the mouse in the apparatus testing field is recorded using infrared 

beams. To start the test, the mice are placed into the lit side and allowed to explore for 10 
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minutes. The time spent in each compartment and number of entries into each compartment was 

recorded and analyzed by Activity Monitor software (Med Associates).  

5.5.10 Marble Burying 

Digging and burrowing are innate behaviours for mice.194 The marble burying assay can assess 

the motor function required to bury objects as well as cognitive changes related to apathy or 

perseverance.151 Cages were filled with 10cm of fresh corncob bedding and one mouse was 

placed to habituate for 5 minutes. After habituation, 20 glass marbles were laid out evenly in a 4 

by 5 pattern. The mouse was returned to the cage and left alone for 30 minutes in 60 lux light. 

With the completion of the trial, the number of marbles buried by at least two thirds was scored 

by a blinded experimenter.  

5.5.11 Nest Building 

Nest building is an innate behaviour of mice in their daily lives. This complex behaviour requires 

both executive planning and sensorimotor coordination. Directly following Beam Break testing, 

a single square nestlet (5cm2 cotton pad) was placed in each Beam Break cage for 16 – 18 hours, 

of which 12 of these hours was during the dark cycle. At the end of the test, images were taken of 

the nests and scored blindly for quality as previously described on a scale from 1-5.195  

5.5.12 Open Field 

The open field test was used to assess anxiety and locomotor activity in a novel environment.155 

The apparatus consists of white plastic square arenas measuring 45cm on each side. The mice 

were placed in a corner of the arena and allowed to freely explore for 10 minutes with light 
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levels at 300 lux. The distance travelled, time spent in the corners and center of the field was 

recorded and analyzed by EthoVision software (Noldus Information Technology).   

5.5.13 Rotarod 

The rotarod (IITC Life Science, Ugo Basile) was used to test the motor performance of mice 

including coordination and resistance to fatigue.155 Mice were placed in the stationary rotarod bar 

for 10 seconds before the rotarod program was initiated. The bar accelerated from 4rpm to 40rpm 

for 5 minutes and the latency to fall for each mouse was recorded. The time was stopped when 

the mouse fell from the bar or rotated passively. Mice were completed four trials per day, with a 

10-minute intertrial interval in their home cage, for 3 consecutive days.  

5.5.14 Spontaneous Y-Maze 

The spontaneous Y-Maze test was used to assess spatial working memory.155 The Y-shaped maze 

has three identical arms at 120degrees around a center point triangle. The mice were placed in 

the center point and allowed to freely explore the arms for 8 minutes. The movement of the 

mouse was tracked including the sequence of arm entries by EthoVision (Noldus Information 

Technology). An alternation is defined as the mouse making consecutive, sequential entries into 

each of the three arms without revisiting an arm. The alternation index was calculated as 

(number of alternations/(total number of arm entries minus two)) and reported as a percent.  

5.5.15 Tail Suspension 

The automated Tail Suspension apparatus (Med Associates) was used to assess apathetic-like 

behaviours of the mice.196 Mice were taped and suspended by the tail to a vertical steel bar which 

measures strain gauge as the mouse moves during a 6-minute trial. The cumulative time spent 
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immobile, hanging passively (below lower threshold of) was measured by the Tail Suspension 

software. 

5.5.16 Three Chamber Sociability 

The Three Chamber test was conducted to measure the sociability of mice when allowed to 

interact with a novel mouse or a similarly sized inanimate object.196 The testing apparatus is a 19 

x 45cm plastic box divided into three equal chambers with clear plastic wall dividers. The two 

external chambers each have a single weighted metallic mesh pencil holder and the central 

chamber is empty. The mice are habituated to the apparatus for 5 minutes by being placed in the 

central chamber and allowed to freely explore and enter all chambers. The mouse has a 5-minute 

intertrial interval in its home cage. In the test trial, a sex and age matched wild-type mouse 

(social target) is placed beneath one mesh pencil holder, and an inanimate plastic toy (non-social 

target) is placed beneath the other. To commence the test trial, the mouse is paced in the central 

chamber. The time spent in each chamber and interacting with the social or non-social target is 

recorded and analyzed by EthoVision software (Noldus Information Technology).  

5.5.17 Tube Test of Social Dominance 

To tube test was used to assess social dominance and within cage social hierarchy.197,198 Mice 

from the same cage were paired against each other for testing in a round-robin design. The tube 

test was conducted on a flat tabletop, which the mice were allowed to run around on for 5 

minutes prior to commencing the testing. One foot of vinyl tubing was used. Mice were 

habituated to the tube prior to testing on the same day by encouraging them to run through the 

empty tube from either side 5 times. A blinded experimenter placed a mouse on either end of the 

tube, and released their tales when they completely entered the tube. The first mouse to step its 
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hind paws out of the tube lost the battle. The battle was redone if after 2 minutes no mouse had 

won.  

5.6 Tissue Collection and Processing 

Mice were euthanized by isoflurane inhalation. A V-cut was made through the skin and 

abdominal wall to expose the diaphragm which was cut along the rib cage to fully expose the 

heart. The right aorta was cut to allow blood to drain into the chest cavity. A 1ml syringe 

(without a needle) was used to collect blood and placed into VACUETTE® TUBE 5 ml CAT 

Serum Separator Clot Activator tubes (VWR 95057-389). Mice were then decapitated, and the 

brain was removed. Using a razorblade, the brain was cut into left and right hemispheres. The 

body was eviscerated prior to making an incision at the level of the hips. Through an 18-gauge 

needle (Fisher Scientific 14-826-5D), phosphate buffer saline (PBS) 1x was pushed into the 

caudal end of the spinal cavity with a 10 ml syringe to extract the spinal cord. The lumbar 

enlargement was visually identified and dissected out. The right hemispheres and lumbar 

enlargements were immediately placed in 10% buffered formalin for fixation. After 72 hours, the 

tissue was transferred into 70% ethanol and delivered to the University of Ottawa Louise 

Pelletier Histology Core Facility for paraffin embedding. The lumbar spinal cords were sectioned 

on a microtome (Microm HM 330) at 5µm. 

5.7 Histology 

5.7.1 General Information 

Histology experiments included tissue from Tdp-43+/+ (wildtype; WT) and homozygous mutant 

mice. Histology tissue for the 5-month timepoint was collected from animals which were 

backcrossed once to C57BL6/6 background. This cohort consisted of only female mice with 3-5 
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animals per genotype. Histology tissue from the 9-month timepoint was collected from animals 

which were backcrossed tree times to C57BL6/N background. This cohort consisted of both 

males and females with 3-4 animals per sex per genotype.  

5.7.2 Immunofluorescence Staining 

Brain and spinal cord slides were deparaffinized in two consecutives rounds of 100% xylenes 

(Fisher Scientific X3P-1GAL) for 10 minutes each. The slides were then rehydrated in 

descending ethanol solutions: two 5 minutes rounds in 100%, 5 minutes in 70%, and 5 minutes in 

50%. The slides were then immersed in PBS 1x solution for at least 5 minutes. Antigen retrieval, 

to expose antigens affected by fixation, was performed by placing slides in 1X sodium citrate 

buffer (2.94g sodium citrate  0.5mL Tween-20 in 1L 1X PBS, pH6) at 95°C for 30 minutes. To 

block nonspecific binding, the slides were incubated in 10% cosmic calf serum and 1% Triton-X 

for 2 hours at room temperature. Following blocking the slides were incubated with primary 

antibody (listed with dilution in Table 3) overnight at 4°C. The next day the slides were washed 

twice in PBS 1X + 0.1% Triton-X for 5 minutes each and then for 3 times in PBS 1X for 5 

minutes each. The slides were then incubated in secondary antibody at room temperature for 2 

hours. Following another round of washes, the slides were covered with #1.5 coverslips (Thermo 

Fisher Scientific 12-544E) and fluorescent mounting media (Dako S3023).  

5.7.3 Chromogenic Dye Staining 

Brain and spinal cord slides were deparaffinized in two consecutives rounds of 100% xylenes 

(Fisher Scientific X3P-1GAL) for 10 minutes each. The slides were then rehydrated in 

descending ethanol solutions: two 5 minutes rounds in 100%, 5 minutes in 70%, and 5 minutes in 

50%.For cresyl violet staining, slides were left in 0.1% cresyl violet acetate (Electron 
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Microscopy Sciences, Cedarlane 26681-02) for 5 minutes. Slides were then rinsed in one change 

of distilled H2O, and then differentiated in two rounds of 100% ethanol for three minutes each. 

For Luxol Fast Blue (Electron Microscopy Sciences, Cedarlane 26681-01) staining, slides were 

left in the stain for 16 hours at 55°C in a water bath. The slides were then rinsed in 95% ethanol 

for 3 minutes, 0.05% Lithium Carbonate (Electron Microscopy Sciences, Cedarlane 26681-04) 

for 30 seconds, and 70% ethanol for 1 minute. For both dyes, the slides were dipped in 100% 

ethanol for 2 minutes and then 100% xylenes for 6 minutes. The slides were mounted with 

Permount mounting media (Fisher Scientific SP15-100) and covered with #1.5 coverslips 

(Thermo Fisher Scientific 12-544E).  

5.7.4 Image Acquisition and Analysis 

Stained slides were imaged on the Zeiss AxioObserver 7 or Zeiss LSM800 AxioObserver Z1 

Confocal (University of Ottawa Cell Biology Image Acquisition Core) and processed and 

analyzed with FIJI ImageJ 1.54f. 

Cresyl violet staining of the cortex was captured at 10x magnification. The measurement for 

cortical thickness was measured from layer I to VI. NeuN and Ctip2 staining was captured at 20x 

magnification. Cells were completed in a 0.5mm2 area. Hippocampal cresyl violet and GFAP 

staining was captured at 40x and cells were counted within the anatomical limits of the dentate 

gyrus. Luxol Fast Blue staining was captured at 10x in both the brain and spinal cord regions. 

Full length TDP-43 staining in the cortex was captured at 20x and pS403/404 TDP-43 in the 

ventral spinal cord root was captured at 63x. ChAT staining in the ventral root of the spinal cord 

was captured at 40x. C-terminal TDP-43 in the ventral root of the spinal cord was captured at 

20x.  
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5.8 Statistical Analysis 

GraphPad Prism 10 was used for all statistical analyses and graphs (GraphPad, San Diego, CA, 

USA). All data in this study is represented as mean +/- standard error of the mean (SEM). For bar 

graphs, individual dots represent a mouse, and the bars represent the average for all the mice in 

the group. For line graphs, the points represent the average for each group. For behaviour 

experiments, Brown-Forsythe and Welch One-Way ANOVA was completed for comparisons of 

genotype only. If a significant main effect was found a Dunnett’s post-hoc test was run for 

multiple comparisons. For analysis of genotype and age, trial, or time, a Two-Way ANOVA was 

used with Tukey’s post-hoc test if a main effect was found. The tube test was analyzed by a One-

Tailed binomial test for observed versus expected distributions with the expected distribution set 

to 50% wins for each genotype. For histological analysis, a Student’s t-test was used for 

comparison between genotypes. For all statistical analysis, p<0.05 was considered statistically 

significant.  

6. Results 

6.1 Tdp-43K408R Mouse Line Validation 

The Tdp-43K408R mice were found to be viable and breeding crosses between Tdp-43K408R/+ mice 

produced litters with normal Mendelian ratios (Figure 2A). Additionally, from mouse embryonic 

fibroblast tissue, it was confirmed that there is a stress dependent reduction in SUMOylation 

ofTDP-43 in the Tdp-43K408R mutant mice via co-immunoprecipitation (Figure 2B). From 2-

month-old mouse brains there were no differences in TDP-43 protein levels between Tdp-43+/+  

and Tdp-43K408R/K408R mice, suggesting that potential phenotypes will be neurodegenerative.  
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6.2 Behavioural Characterization 

To determine whether blocking endogenous SUMOylation of TDP-43 in mice will recapitulate 

motor and cognitive phenotypes of ALS and FTD patients, the Tdp-43K408R mouse line was 

characterized at the behavioural level. Established animal models with altered TDP-43 have 

varied outcomes in terms of motor and non-motor phenotypes and timing of their emergence. 

Therefore, a longitudinal approach to the characterization of the Tdp-43K408R mouse model with 

regular wellness checks and an extensive battery of behavioural tests to encompass the full 

phenotypic spectrum of ALS-FTD. The battery of tests included assessments of motor function 

(rotarod, grip strength, hanging wire, Digigait), exploration and anxiety (light-dark box, open 

field, beam-break), social function (tube test of social dominance and 3 chamber social 

interaction), naturalistic behaviours (marble burying and best building), memory (Y-maze), and 

emotional processing (tail suspension and fear conditioning). With 12-15 animals per sex per 

genotype, this sample size provided statistical power and allowed for analysis of sex differences.  

6.2.1 Tdp-43K408R Mice Development 

Aside from its role in neurodegenerative diseases, TDP-43 plays crucial roles in development. 

TDP-43 levels are high during embryonic development and gradually decline postnatally. 

Specifically, TDP-43 plays important roles in the development of the nervous system being 

highly expressed in the neuroepithelium and neural progenitor cells. Therefore, the first 

timepoint for wellness and behaviour testing of the mice was at P8 followed by P21 to provide a 

baseline assessment. For all measures, there was no significant differences across the genotypes 

for any of the tests performed at these ages (Figure 3). This suggests that the loss of TDP-43 

SUMOylation did not produce gross developmental or motor deficits prior to adulthood.  
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6.2.2 Motor Function of Tdp-43K408R Mice 

Multiple tests were used to identify possible ALS-like motor deficits. These tests captured 

various features of motor performance and neuromuscular function including muscle strength, 

coordination, and resistance to fatigue. The forelimb grip strength of mice was tested using a 

modified setup where the force transducer meter is perpendicular to the floor, allowing the 

mouse being tested to be pulled vertically off the grate. The modified setup was previously 

shown to reduce inter-trial variability.192 At all testing ages, there was no significant differences 

between genotypes in forelimb grip strength (Figure 4A). All genotypes followed the same 

direction in grip strength amplitude across age. Interestingly, there was a significant main effect 

of genotype and age in the female mice, but post-hoc analysis revealed a non-significant trend 

for the Tdp-43K408R/K408R mice having increased forelimb strength compared to wild type controls 

from the 2- to 16-month timepoint.  For the hanging wire test, a mouse was placed on a single 

metal rod by its forelimbs and its maximum latency to fall time was recorded giving an 

indication of muscle strength and endurance. Each mouse is given 3 trials but if a mouse held on 

for the maximum of time, 300 seconds, this value is recorded, and no further trials conducted. 

Like grip strength, no significant differences in fall latency were found between genotypes at 2-, 

9-, and 16-months (Figure 4B). There was a significant effect of genotype for females across 

time with a non-significant trend for increased hanging time in the Tdp-43K408R/K408R mice 

compared to wild type control except at the oldest timepoint. The rotarod test was used to assess 

motor coordination and endurance. Mice completed 3 days of testing with 4 trials each day.  
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Figure 2.  TDP-43 SUMOylation is blocked in vivo with K408R mutation but not does not 

affect viability or breeding ratios. A) Sex and genotype ratios for Tdp-43K408R mouse line for 

breeding crosses between Tdp-43K408R/+ animals. B) Western blot results for co-

immunoprecipitation of TDP-43 and SUMO2/3 from Tdp-43K408R/K408R mouse embryonic 

fibroblasts. C) Western blot D) and quantification of TDP-43 protein levels in mouse brain tissue 

at 2 months. 
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Motor impairment like in ALS mouse models reduce the fall latency off the rotarod. At the age of 

2-months, genotype was not a main effect on latency to fall (Figure 5A). At the 9-month 

timepoint, there was a sex-specific effect in the rotarod result. Male, but not female, Tdp-

43K408R/+ mice performed significantly worse than wildtype controls (Figure 5B, C). However, 

this deficit did not progress to the 16-month age. This result is likely due to 16-month wildtype 

mice having significantly worse performance on this test in comparison to their motor ability at 

the earlier age points (Supplementary Figure 1A).  

6.2.3 Naturalistic Behaviour of Tdp-43K408R Mice 

Nesting building and marble burying are both tests of natural innate behaviours in mice. Nest 

building is imperative for temperature regulation, shelter from predators, and facilitates 

reproduction.199,200 It requires a complex combination of sensorimotor skills and reflects the 

overall wellbeing of the mouse. Similarly, marble burying assesses innate mouse digging 

behaviour which they use when foraging food or finding shelter. Abnormalities in either of these 

behaviours has been identified in mouse models of FTD. Improved nest building or marble 

burying reflects a perseverant, compulsive, or repetitive phenotype, whereas deficits can reflect 

apathetic behaviour baring motor or other impairments. Nest quality scores had no significant 

differences between genotypes at the 2-, 9-, or 16-month testing ages (Figure 6A). For the marble 

burying assay, no significant results were observed across the three age points when male and 

female mice were pooled together (Figure 6B). However, when split by sex, the male Tdp-

43K408R/+ mice buried significantly less marbles compared to wildtype counterparts at 9-months 

of age (Figure 6D). Importantly, male mice displayed mild motor impairment on the rotarod task 

at this age point which could explain the lower percentage of marbles buried. With no deficits in  



 

47 
 

Figure 3. Tdp-43K408R mutant mice do not display overt development impairment. At P8 A) 

body weight (grams), B) time to right (seconds). C) forelimb and D) hindlimb latency to fall 

(seconds) hanging test. At P21 E) body weight (grams) and F) longest hang time in hanging 

wire. All statistical analyses are via Brown-Forsythe and Welch One-Way ANOVA with 

Dunnett’s post-hoc test. Mean +/- SEM is shown. Each dot represents one animal.  
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Figure 4. Tdp-43K408R mutant mice do not display deficits in forelimb grip strength or 

hanging wire. A)  Average force measurement (Newtons) for five trials of forelimb grip strength 

at 2-, 9-, and 16-months for all animals, females, and males only. B)  Longest latency to fall 

(seconds) from three rials of hanging wire at 2-, 9-, and 16-months for all animals, females, and 

males only. All statistical analyses are via Two-Way ANOVA with Tukey’s post-hoc test. Mean 

+/- SEM is shown. Each dot represents one animal.  
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their ability to build nests, this may suggest the motor impairment was not severe to interfere 

with these naturalistic behaviours. However, this result did not persist at the 16-month testing 

age, suggesting only a mild cognitive change. 

6.2.4 Exploration, Locomotion and Anxiety of Tdp-43K408R Mice 

To explore anxiety-related behaviour phenotypes observed in FTD patients and mouse models, 

the Tdp-43K408R mice underwent open field, light-dark box, and beam break testing. For open 

field, mice were placed in an empty square arena under bright light and allowed to freely move 

about. Mice tend to avoid bright light and stay in the corners. At 2-months of age, female Tdp-

43K408R/K408R spent a significantly greater amount of time in the center of the arena (Figure 7E). 

They also travelled a significantly greater distance around the box during their trial (Figure 7B). 

These results suggest that young female Tdp-43K408R/K408R mice display a hyperactive, 

disinhibited phenotype compared to controls. At the 9-month timepoint, there was a significant 

reduction in the distance travelled by all animals, suggestive of a mild motor impairment (Figure 

7A). This result did not progress to the 16-month testing round, likely because the control mice 

had significantly reduced activity at this age compared to 2- and 9-months of age akin to rotarod 

(Supplementary Figure 1B). The light-dark box paradigm was the other measure of anxiety 

behaviour where mice are allowed to explore two connected boxes. The only difference between 

the box is that one is light, and one is dark. Mice usually find the light box aversive. Unlike the 

results from open field, there was no differences between genotypes for the time spent in or 

entries into the light box (Figure 8A, B).  

 



 

50 
 

 

Figure 5. Male Tdp-43K408R mutant mice display deficits in rotarod deficits at middle age. A) 

All animals B) females only C) and males only latency to fall (Seconds) from 3-day rotarod 

testing each with 4 trials per day for 2-, 9-, and 16-month testing ages. All statistical analyses are 

via Two-Way ANOVA with Tukey’s post-hoc test. Mean +/- SEM is shown. (*P<0.05). 
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Figure 6. Male Tdp-43K408R mutant mice display mild marble burying deficits at middle age. 

A) Nesting scores (out of five) for all animals at 2-, 9-, and 16-month testing ages. B) All 

animals C) females only, and D) males only percentage of total marbles buried at 2-, 9-, and 16-

month testing ages. All statistical analyses are via Brown-Forsythe and Welch One-Way ANOVA 

with Dunnett’s post-hoc test. Mean +/- SEM is shown. Each dot represents one animal. 

(*P<0.05). 
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In the beam break test, mice were singly placed into an empty cage and monitored for horizontal 

activity over a 24-hour period to assess general locomotion, circadian rhythm, and habituation in 

a novel cage environment. Firstly, there were no significant differences between genotypes at any 

age for the total horizontal activity (Figure 8C). Breaking this down into 1-hour bins across the 

24 hours of testing, there were no significant difference in activity between genotypes at any age 

(Figure 8D). All animals across age displayed normal patterns of activity relative to the circadian 

cycle with higher activity during the dark hours. However, non-significant trends for activity 

differences were observed in the first 4 hours of testing. Therefore, to more closely investigate 

activity during this habituation period, the activity counts were further broken down into 5-

minute bins for these initial testing hours. Specific to the 9-month age point, genotype was a 

main effect for the female mice. Post hoc analysis revealed that Tdp-43K408R/K408R had 

significantly reduced activity counts at 65, 75, 105, 150, 190, 195, 220, and 225 minutes (Figure 

9B). These results suggest these mice habituation to a novel cage environment more quickly 

compared to control mice. This reduced exploratory behaviour may indicate changes in 

motivational processing.   

6.2.5 Social Behaviour of Tdp-43K408R Mice 

Animal models of FTD present with changes in social behaviour.201 To assess this in the Tdp-

43K408R mice, the 3-chamber social interaction and tube test of social dominance were used. In 

the 3-chamber test, a mouse was first habituated to the empty apparatus, and subsequently 

reintroduced into the center chamber of the apparatus and allowed to explore either of the side 

chambers which either had a novel mouse (social chamber) or inanimate object (non-social  
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Figure 7. Tdp-43K408R mutant mice behavioural alterations in open field testing. A) All 

animals B) females only C) and males only total distance travelled (centimeters) for 2-, 9-, and 

16-month testing ages. D) All animals E) females only F) and males total time spent in the arena 

center (seconds) for 2-, 9-, and 16-month testing ages. All statistical analyses are via Brown-

Forsythe and Welch One-Way ANOVA with Dunnett’s post-hoc test. Mean +/- SEM is shown. 

Each dot represents one animal. (*P<0.05 ***P<0.001). 
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Figure 8. Tdp-43K408R mutant mice do not show changes in light-dark box and beam break. 

A) Time in the light box (seconds) B) and number of entries into the light box. C) Total 

horizontal activity counts normalized to the mean of wild-type animals D) Horizontal activity 

counts across 24 hours in 1-hour bins normalized to the mean of wild-type animals in the first 

hour. Statistical analyses for A-C are via Brown-Forsythe and Welch One-Way ANOVA with 

Dunnett’s post-hoc test. Mean +/- SEM is shown. Each dot represents one animal. Statistical 

analyses for D are via Two-Way ANOVA with Tukey’s post-hoc test. Mean +/- SEM is shown. 
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chamber) behind mesh. A social ratio was calculated by dividing the time spent in the social 

compared to the non-social chamber. An interaction ratio was calculated as the time the mouse 

spent in the interaction zone of the social compared to the non-social chamber. FTD patients 

often exhibit social withdrawal, and previously characterized FTD mouse models have 

demonstrated a loss of preference for interacting with the social target. At the 2-, 9-, and 16-

month timepoints, there was no statistical difference between genotypes of the Tdp-43K408R mice 

for either social or interaction ratios (Figure 10A, B). All mice across all testing ages, 

demonstrated a preference for interacting with the social rather than the non-social target. While 

the 3-chamber test explores social behaviour with a novel mouse, the tube test was used to assess 

social relationships between cage mates and social dominance hierarchy. Using a round robin 

approach, cage mates were placed on either end of an open tube. The mouse who steps all four 

feet out of the tube is declared the loser, and the one who remains in the tube is the winner.  At 

the 2- and 9- month age points, there were no significant differences in battle wins between 

controls and Tdp-43K408R/+ or Tdp-43K408R/K408R mice compared with the expected 50% (Figure 

10C). At 16-months of age, there was a nonsignificant trend for Tdp-43K408R/+ mice, and a 

statistically significant increase in Tdp-43K408R/K408R wins against wildtype animals (Figure 10C). 

These results may indicate an age dependent effect of blocking TDP-43 SUMOylation to reduce 

social dominance in mice living together in their home cage. However, it is important to note that 

at the 16-month age timepoint, some mice in the behaviour cohort had died, reducing the number 

of battles thus affecting the statistical power of this test.  
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Figure 9. Female Tdp-43K408R mutant mice show changes in habituation behaviour at middle 

age in beam break. A) All animals B) females only C) and males only horizontal activity counts 

for the first four hours in 5-minute bins normalized to the mean of wild-type animals in the first 5 

minutes. Statistical analyses are via Two-Way ANOVA with Tukey’s post-hoc test. Mean +/- 

SEM is shown. (*P<0.05 **P<0.01). 
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Figure 10. Tdp-43K408R mutant mice display reduced dominance within cages at old age. A) 

Social ratio and B) interaction ratio from 3-chamber sociability test for 2-, 9-, and 16- month age 

points. C) Percentage of wins between genotypes in tube test. Statistical analyses for A-B are via 

Two-Way ANOVA with Tukey’s post-hoc test. Mean +/- SEM is shown. Each dot represents one 

animal. Statistical analyses for C via Binomial test where expected results are 50% for each 

genotype in a battle. One-tailed P-value is reported (*P<0.05).  
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6.2.6 Working Memory of Tdp-43K408R Mice 

Particularly in bvFTD, the loss of executive function including working memory is the most 

common feature of disease and have been linked to dysfunction in the frontal lobe.202,203 Such 

deficits have been demonstrated in various preclinical animal models of FTD. To assess the  

Tdp-43K408R mice for spatial working memory, the spontaneous Y-Maze test was used. Mice were 

allowed to explore all 3 identical arms, and if they have intact working memory, will explore a 

novel arm each entry. A mouse completes a spontaneous alternation when they enter a novel arm 

three times in a row. At the 2- and 9-month timepoints, there were no differences between the 

genotypes, or split by sex, for the percentage of spontaneous alternations (Figure 11). At the 16-

month timepoint a sex difference was observed. There was a significant reduction in percentage 

alternations of female Tdp-43K408R/K408R mice compared to controls, suggesting a working 

memory impairment (Figure 11B). In the 16-month male mice, the Tdp-43K408R/+ were found to 

have a significantly increased number of spontaneous alternations compared to controls (Figure 

11C). However, the number of arm entries was assessed at all testing time points to ensure any 

result was not due to lack of exploration. Exclusively for the 16-month mice age, the male Tdp-

43K408R/+   mice entered arms at significantly reduced frequency (Supplementary Figure 2A). 

Therefore, the male result is likely not related to working memory.      

6.2.7 Emotional Processing of Tdp-43K408R Mice 

Patients with FTD display emotion blunting, or impaired responses to aversive stimuli.204 To 

explore emotional processing in the Tdp-43K408R  mice, they were subjected to tail suspension and 

fear conditioning paradigms. For tail suspension, the tail of the mouse was taped to a metal force 

meter, suspending the mouse above the ground for 6 minutes. The time the mouse spent 
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immobile during testing, or not actively trying to escape, was calculated as the main measure. 

There were no significant differences between genotypes at 2-, 9-, or 16-months of age (Figure 

12A). In fear conditioning, both contextual and cued memory was tested. A foot shock was 

delivered to the mice, in a specific context and paired with a cue. The time the mice spent 

freezing in fear when exposed to the context or cue independent of the shock was measured. At 

the three age points tested, there were no differences between genotype in the time spent freezing 

in the novel environment prior to exposure to the shock (Figure 12B). There were no differences 

between genotypes at any age for time spent freezing on the context or cue testing days (Figure 

12B). The time spent freezing on these days was increased from baseline, indicating the mice 

learnt and remembered the shock associations but responded similarly. Overall, no differences in 

emotional processing were observed in the Tdp-43K408R mice. 

6.2.8 Wellness Monitoring of Adult Tdp-43K408R Mice 

To monitor progression of ALS and FTD disease phenotypes, Tdp-43K408R mice were regularly 

monitored across their lifespan. Genotype was not a main effect for body weight or hindlimb 

clasp scoring in adult mice (Figure 13A, B). No signs of kyphosis were observed in the mice 

(data not shown). All mice followed a pattern of increasing weight with age, except for period of 

active behaviour testing. Interestingly, in female mice signs of barbering, or excessive grooming 

by other cage mates, was observed. Specifically, bald patches on the neck, back, and chest area. 

Looking at the cumulative probability, the Tdp-43K408R/+ and Tdp-43K408R/K408R genotypes were 

significantly more likely to be barbered by their cage mates compared to controls (Figure 13C). 

Barbering is a complex behaviour, and there could be multiple explanation for this result. This 

may reflect changes in social relationships or dominance within the cage, in line with results 

from the tube test. However, barbering was observed in cages with and without control animals  
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 Figure 11. Tdp-43K408R mutant female mice have cognitive deficit in Y-maze at old age. A) All 

animals B) females only C) and males only for the percentage of alternations completed in spontaneous 

Y-Maze test. All statistical analyses are via Brown-Forsythe and Welch One-Way ANOVA with Dunnett’s 

post-hoc test. Mean +/- SEM is shown. Each dot represents one animal. (*P<0.05) 
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Figure 12. Tdp-43K408R mutant mice do not display changes in emotional processing. A) Total 

time mice spent immobile (seconds) in tail suspension test at 2-, 9-, 16- month age time points. 

B) All animals C) females only D) and males only for the time spent freezing in the three-day 

fear conditioning paradigm. All statistical analyses are via Brown-Forsythe and Welch One-Way 

ANOVA with Dunnett’s post-hoc test. Mean +/- SEM is shown. Each dot represents one animal. 
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Figure 13. Tdp-43K408R mutant mice neuromuscular impairments but female mice show 

changes in barbering behaviour. A) Adult body weight (grams) across lifespan. Gridlines 

indicate periods of active behaviour testing. B) Hindlimb clasping scores (out of 4) across 

lifespan. Gridlines indicate periods of active behaviour testing. C) Cumulative probability 

(percentage) of female mice for Tdp-43+/+, Tdp-43K408R/+, and Tdp-43K408R/K408R in the first 18 

weeks. D) Kaplan-Meier survival curve for all mice in behaviour colony up to 16-months of age. 

Statistical analyses for A-C are via Two-Way ANOVA with Tukey’s post-hoc test. Mean +/- SEM 

is shown for A and B. (****P<0.0001) 
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and could therefore reflect behavioural differences in the mutant animals themselves. Finally, a 

survival curve was plotted but there was no difference between genotypes for the overall lifespan 

of the animals (Figure 13D).  

6.3 Histological Characterization 

6.3.1 Cortical Neurodegeneration in 5-Month Female Tdp-43K408R Mice 

Cortical atrophy is a clinical feature in both ALS and FTD.205 Cortical neurodegeneration was 

assessed broadly in the prefrontal and motor cortices of the Tdp-43K408R mice. Measures of 

cortical thickness revealed no difference between Tdp-43K408R/K408R and controls (Figure 14A, B). 

Additionally, there was no differences in neuronal counts for either of the areas (Figure 14C, D). 

Specific to ALS pathogenesis, layer V upper motor neurons are lost. Ctip2 as a marker of this 

cortical layer was used in the motor cortex to assess degeneration of upper motor neurons. There 

were no significant differences in Ctip2 positive cells counts between Tdp-43K408R/K408R and 

controls (Figure 15). 

6.3.2 Hippocampal Pathology in 5-Month Female Tdp-43K408R Mice 

There has been increasing evidence that hippocampal pathology is found in ALS and FTD based 

on neuroimaging and post-mortem studies.206–208 As a novel mouse mode, the consequences of 

the K408R mutation on the hippocampus was explored. Interestingly, there was a non-significant 

increase in the number of pyknotic cells in the subgranular zone of the dentate gyrus of the Tdp-

43K408R/K408R (Figure 16A, B). There was no significant astrogliosis as measured by GFAP 

positive astrocytes in the dentate gyrus (Figure 16A, C).  
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Figure 14. Tdp-43K408R mutant female mice do not display cortical neurodegeneration at 5-

months. A) Cresyl violet staining of prefrontal and motor cortices. B) Quantification of cortical 

thickness measurements (micrometers) of prefrontal and motor cortices. C) Neuronal staining 

(NeuN, red) of prefrontal and motor cortices. D) Quantification of neuronal counts (NeuN 

positive counts) of prefrontal and motor cortices. Scale bar represents 200µm. Statistical 

analyses are via Student’s T-test. Mean +/- SEM is shown. Each dot represents one animal.  
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Figure 15. Tdp-43K408R mutant female mice do not display loss of upper motor neurons. A) 

Staining of layer V (Ctip2, green) neurons (NeuN, red) in the motor cortex. B) Quantification of 

neurons and C) Ctip2 positive cells. Scale bar represents 200µm. Statistical analyses are via 

Student’s T-test. Mean +/- SEM is shown. Each dot represents one animal.  
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Figure 16. Tdp-43K408R mutant female mice do not display significant hippocampal 

pathology at 5-months. A) Cresyl violet and GFAP staining of the hippocampal dentate gyrus. 

B) Quantification of the number of pyknotic cells in the dentate gyrus. B) Quantification of the 

number of GFAP positive astrocytes in the dentate gyrus. Scale bar represents 200µm. Statistical 

analyses are via Student’s T-test. Mean +/- SEM is shown. Each dot represents one animal. 

 



 

67 
 

6.3.3 CNS Myelination in 5-Month Female Tdp-43K408R Mice 

Oligodendrocytes have been implicated in the pathogenesis of ALS and FTD. The loss of TDP-

43 in oligodendrocytes results in their death and subsequently a reduction in myelination which 

has been reproduced in animal models.150,209 Myelin staining was assessed in the cerebellum, 

hippocampus, cortex, and spinal cord. Qualitatively, there were no differences in white matter 

staining intensity across genotypes suggesting no demyelination with the loss of TDP-43 

SUMOylation (Figure 17).  

 

6.3.4 Pathological TDP-43 in 5-Month Female Tdp-43K408R Mice 

TDP-43 mislocalization and phosphorylation are pathological hallmarks in ALS/FTD patients. In  

the cortex, full-length TDP-43 was qualitatively assessed for its cellular localization. In both the 

motor and prefrontal cortex, cells with cytoplasmic mislocalized TDP-43 were identified in the 

Tdp-43K408R mice but not controls. Furthermore, in the spinal cord, mislocalized phosphorylated 

TDP-43 at S403/404 was observed in large (motor neuron) cells. These results suggest that 

blocking TDP-43 SUMOylation results in histopathological phenotypes reminiscent of 

ALS/FTD. 
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Figure 17. Tdp-43K408R mutant female mice do not display central nervous system 

demyelination at 5-months. A) Luxol Fast Blue staining of myelin in the cerebellum, 

hippocampus, and cortex. B) Luxol Fast Blue staining of the myelin in the ventral and dorsal 

horn of the spinal cord. Scale bar represents 200µm.  
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 Figure 18. Tdp-43K408R mutant female mice display pathological TDP-43 at 5-months. A)  

Staining for full-length TDP-43 (green) and neurons (NeuN, purple) in the prefrontal and motor cortices. 

Scale bar represents 30 µm. B) Staining for pS403/404 TDP-43 (green) in ventral spinal cord. Scale bar 

represents 10µm.  
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6.3.5 Lower Motor Neurons in 9-Month Tdp-43K408R Mice 

Pathologically, ALS leads to the loss of motor neurons in the ventral horn of the spinal cord, 

producing motor impairment. And as previously, discussed, TDP-43 pathology is a hallmark of 

almost all ALS cases. To investigate these disease features in the Tdp-43K408 mice, ChAT positive 

lower motor neurons in spinal cord sections were quantified at 9-months of age. There was no 

significant difference in number between Tdp-43K408R/K408R and controls (Figure 19). 

Qualitatively, full-length TDP-43 was assessed in these cells and there was no mislocalization or 

aggregation observed (Figure 19).  

 

6.3.6 C-Terminal TDP-43 in 9-Month Tdp-43K408R Mice 

TDP-43 can be N-terminally cleaved to produce C-terminal fragments (CTF) of varying 

molecular weights.120 In patients, CTFs have been detected within TDP-43 inclusions in brains 

and less commonly spinal cords. While their role in the pathogenesis of disease is not completely 

understood, some studies suggest they are toxic and promote neuronal death. This species of 

TDP-43 was specifically investigated in the spinal cord ventral roots of Tdp-43K408R mice at 9-

months old. Qualitatively, the number of large soma cells (presumed lower-motor neurons) with 

C-terminal TDP-43 mislocalization was significantly increased in in Tdp-43K408R/K408R mice 

compared to controls (Figure 19). This result may underly the mild behavioural phenotypes 

observed in the mice at this age, especially the onset of motor deficits in rotarod.  
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Figure 19. Tdp-43K408R mutant mice display mislocalized TDP-43 at 9-months. A) Staining for full-

length TDP-43 (red) and lower motor neurons (ChAT, green) in the ventral horn. B) Quantification of 

ChAT positive cells for each spinal cord section. Dots represent one animal as an average of three slices. 

C) Staining for c-terminal TDP-43 (green) in the ventral horn. B) Quantification of large (motor neuron) 

cells with mislocalized c-terminal TDP-43. Dots represent one animal. Scale bars represents 20µm.  
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5. Discussion 

ALS and FTD are two debilitating neurodegenerative diseases existing on a clinical spectrum. 

ALS is caused by the degeneration of motor neurons in the central nervous system, producing 

neuromuscular symptoms and is inherently fatal.15 FTD results in behavioral and cognitive 

changes due to the loss of cortical neurons.78 Despite ALS being the most common adult-onset 

motor neuron disease and FTD the second most common form of dementia, there are currently 

very limited biomarkers and therapeutic interventions to improve the quality and quantity of life 

for patients. An important connection between these diseases at the genetic and pathological 

level is the protein TDP-43, making it a relevant target in the development of novel 

therapeutics.210 However, there is still a need for mouse models of ALS/FTD to translate basic 

science findings to clinical benefit. ALS and FTD are challenging diseases to model because of 

the many layers of heterogeneity. Patients have diverse clinical presentations, symptoms, 

progression, and positions along the ALS/FTD spectrum. Additionally, numerous genes and 

associated proteins have been implicated in disease pathogenesis. Furthermore, most patient 

cases are sporadic, of which there is no defined genetic mutation to model in animals.  

In this present work, the Tdp-43K408R mouse line was characterized as a novel model of 

ALS/FTD.  Disturbances in TDP-43 yield detrimental phenotypes and thus, understanding TDP-

43 misregulation could uncover novel targets to correct this. TDP-43 is regulated by post-

translational modifications. However, the post-translational modification of TDP-43 by 

SUMOylation is not well understood and no animal models exist to study this. To fill this 

knowledge gap, the Tdp-43K408R allele was generated. By blocking endogenous SUMOylation 

with a point mutation in TDP-43 at lysine 408 (K408R), the Tdp-43K408R mouse line facilitated 

the investigation of whether ALS/FTD phenotypes were recapitulated at the histological level. 
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5.1 TDP-43 Animal Models have Variable Onset of ALS and FTD Disease 

Features 

Established animal models with altered TDP-43 have varied outcomes in terms of motor and 

non-motor phenotypes and timing of their emergence.160 The characterization of the Tdp-43K408R 

mutant mice was performed with a longitudinal approach to capture potential phenotypes. Tdp-

43K408R  mice do not exhibit motor deficits at P8 based on weight, righting reflex, or limb 

suspension or at P21 based on weight or latency to fall in the hanging wire test. Some TDP-43 

animals models observe significant phenotypes around this age. The overexpression of human 

mutant TDP-43 with a known disease mutation resulted in hindlimb clasping deficits at 14 days 

of age with poor gait and rotarod performance at 22 days.211 Between 26 and 30 days old, these 

mice develop paralysis and die. Additionally, mice with a homozygous, but not heterozygous, 

knock-in of a disease mutation in TDP-43 (N390D) were not able to survive past three weeks of 

age.184 Across the adult lifespan of the Tdp-43K408R mutant mice, there were no significant 

differences in weight, hindlimb clasping, or survival up to approximately 16 months of age. An 

absence of weight differences was observed in endogenous knock-in models of TDP-43 and 

post-natal knockout of TDP-43 did not alter survival.184,212 However, survival differences have 

previously been detected after 20 months in knock-in models and thus extending the survival 

study of the Tdp-43K408R mice may give more insight. Overall, no robust neuromuscular deficits 

were found in the Tdp-43K408R model. The unexpected barbering phenotype that was observed 

significantly more in the Tdp-43K408R mutant mice has been noted in non-TDP-43 mouse models 

of FTD but not exclusively in females.193,213 However, this phenotype has not been extensively 

characterized and is not well understood in the context of FTD. Moving forward, planning cages 
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with different genotype ratios and scoring barbering could help parse out its relation to social 

behaviours.    

In the Tdp-43K408R mutant mice, cognitive related phenotypes preceded deficits in motor 

performance. This pattern of progression is seen in human patients as well as a mouse model 

overexpressing human TDP-43.196 Female Tdp-43K408R/K408R mice exhibited increased distanced 

travelled, and time spent in the center of the open field test at 2-months suggesting a hyperactive, 

disinhibited phenotype. Related behaviors have been found in multiple Tau based models of 

FTD.214,215 At 9-months of age, there was reduced locomotion of the female Tdp-43K408R/K408R 

mice during habituation to a novel cage-like environment which may indicate changes in 

cognitive processing.216 At this age, male Tdp-43K408R/+ buried significantly less marbles, 

suggestive apathetic behavior. Deficits in marble burying presenting at 5 months has been well-

characterized in other models.151 At 9-months of age the mutant male mice develop a rotarod 

deficit, falling off the rod faster than controls. TDP-43 knock-in and overexpression models have 

observed rotarod deficits starting at 6-8 months as well. However, unlike in previously 

characterized models, the impaired rotarod performance did not persist or progress with age in 

the Tdp-43K408R mutant suggesting that this motor deficit is mild whereas in other models, the 

motor deficit significantly worsened in an age-dependent manner. Additionally, there was no 

reduction in their grip strength which is a common feature of ALS models.150,212 The mild motor 

impairment in the mice was supported by a reduced distance travelled in the open field test at 9-

months of age. Finally, at the 16-months age point, Tdp-43K408R mutant mice displayed further 

cognitive and social behavioral changes. Female Tdp-43K408R/K408R mice performed poorly in the 

Y-maze test of spatial working memory. In the tube test, Tdp-43K408R/K408R mutant mice were less 

dominant, winning less battles against control cage mates. While TDP-43 models of FTD have 
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explored social behavior and found deficits, the tube test has been characterized specifically in 

progranulin models.197 Similar results of reduced dominance at older age points were found.  

Akin to the behavioral phenotypes, TDP-43 based models of ALS and FTD have heterogenous 

features. Motor neuron loss has been detected in various TDP-43 models with overexpression 

systems showing this the earliest before 1-month of age.211 However, knock-in mutant TDP-43 

models display behavioral impairments, but motor neuron degeneration is absent up to 2 years of 

age in the mice.217 No neurodegeneration was detected in Tdp-43K408R mutants up to 9-months 

but it is possible this was too early in the disease progression. However, while lower motor cell 

body counts were investigated in this study, the distal neuromuscular junctions were not. There is 

evidence to support that neuromuscular proceeds motor neuron death.218  Therefore, future work 

will examine the neuromuscular junctions in the Tdp-43K408R mouse line to determine whether 

the loss of TDP-43 SUMOylation contributes to pathology in this region. Astrogliosis is a well 

characterized feature of ALS/FTD pathogenesis and replicated in mouse models.184,211 

Additionally, oligodendrocyte dysfunction including a cell-autonomous role has more recently 

been implicated, resulting in white matter loss.209 A recent study has investigated white matter in 

a wild-type TDP-43 overexpression model and found progressive demyelination with age.150 

Neither of these glial features were observed in this work. Regarding TDP-43 pathology, 

overexpression of humanized wild-type TDP-43 produced nuclear clearing in motor neurons at 

1-month of age, whereas in animals with endogenous knock-in mutations of TDP-43, subtle 

mislocalization at 6-months and aggregation at 24-months has been found.184,211 However, other 

knock-in models lacked TDP-43 pathology.217 Tdp-43K408R mutants display mislocalization and 

phosphorylation between 5- and 9-months of age. This result suggests that this model may be 

promising for modeling ALS/FTD TDP-43 pathology for future studies.  
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Although it was not significant in this study, Tdp-43K408R mutants were trending for an increased 

number of pyknotic cells in the sub-granular zone of the dentate gyrus, the site of adult 

neurogenesis. A recent study of a TDP-43 knock-in model found significantly impaired 

neurogenesis in the hippocampus.219 Furthermore, there has been growing evidence that adult 

neurogenesis is impaired across many neurodegenerative diseases and this could be a potential 

therapeutic target.220   

In summary, blocking endogenous SUMOylation of TDP-43 in mice reproduces mild ALS/FTD 

phenotypes for motor and non-motor behavior as well as histopathological features.  

5.1.2 Investigation Limitations 

It is important to note that this study has limitations. Firstly, in comparison to ALS/FTD patients 

and other animals, blocking SUMOylation in the Tdp-43K408R mutant mice had mild behavioural 

and histological phenotypes despite promising signs of TDP-43 pathology in various regions of 

the CNS. There could be several explanations for why more robust changes are not observed. 

TDP-43 is known to be highly regulated by numerous mechanisms. Thus, other mechanisms 

including epigenetic effects or other post translational modifications could be compensating in 

the face of blocked SUMOylation. Another explanation could be that phenotypes resulting from 

the loss of TDP-43 SUMOylation could be partially penetrant where some mice have stronger 

phenotype compared to others of the same genotype. Although inbred laboratory mice are 

isogenic, there have been mouse models of other diseases which display variable penetrance. 

Future studies with a larger sample size could investigate this possibility and look for 

correlations between behavioural and histological phenotypes. Lastly, the timepoints chosen for 

this study could have been too early for robust phenotypes to emerge. TDP-43 knock in mouse 
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models of known patient mutations sometimes do not show phenotypes until around 20 months 

of age. Therefore, this study may have missed changes past the 16-month time point selected. 

Adding to this, it was hypothesized that blocking SUMOylation of TDP-43 in a stress dependent 

system would lead to the recapitulation of ALS/FTD phenotypes, reflecting the idea that these 

diseases are a multistep process. Aging is a stressor for biological systems, and thus more 

advanced age combined with the loss of TDP-43 SUMOylation may produce neurodegenerative 

phenotypes. There are other ways to impose additional stressors on the Tdp-43K408R mouse model 

and investigate ALS/FTD features as discussed in future directions.  

Another limitation of this study was that heterozygous but not homozygous mutant Tdp-43K408R 

mice have behavioural phenotypes in certain tests such as marble burying. It is possible that this 

was a false positive result especially since heterozygous mice were not statistically different in 

any other behaviour test. Another explanation could be that there is a dominant negative effect 

where the wildtype allele attempts to autoregulate the mutant allele. Previous studies have found 

that perturbed TDP-43 autoregulation can produce cognitive phenotypes in mice.151 Future 

studies could investigate the levels of wildtype and or mutant TDP-43 alleles in the mutant mice.  

5.2 Future Directions 

5.2.1 Sex Differences in ALS/FTD 

In this present work, sex differences were present for several phenotypes. Mutant Tdp-43K408R 

female mice showed significant alterations in multiple domains of cognition and male mice 

presented with more motor-like deficits. Histologically, many of the experiments featured only 

female mice which is a limitation of this study. The presence of mislocalized TDP-43 in the 

cortex and phosphorylated TDP-43 in the spinal cord need to be investigated in male 
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counterparts at 5-months. However, c-terminal TDP-43 was observed in both sexes at 9-months. 

With the male sex bias in ALS patients, disease models often focus more on phenotypes of male 

mice.184 However, more recently studies have begun to specifically look at sex differences in 

models. This is particularly important in TDP-43 since the sex bias in FTD is not well 

characterized. There has been growing support that estrogens may play neuroprotective roles in 

various disorders of the nervous system, including ALS and FTD.221,222 Clinical evidence has 

found that increased exposure to estrogens and being pre-menopausal each reduces the risk of 

developing ALS.223 The relationship between estrogens and FTD is more controversial.224 In 

preclinical models, many report no sex differences. However, it was found that female sexed 

animals with a TDP-43 knock-in mutation have a significant delay in the motor and cognitive 

symptoms found in male counterparts.225 Furthermore, androgens have been proposed to play a 

detrimental role in ALS pathogenesis. Female patients have been reported to have higher 

androgen levels compared to healthy controls.226 In animal models, mutant TDP-43 

downregulated androgen receptors in spinal cords of male mice.227 Overall, recapitulating sex 

differences in animal models can aid in understanding the interaction between sex, genetics, and 

selective cellular vulnerability in ALS/FTD risk. Future investigation with the Tdp-43K408R allele 

could alter sex hormones through gonadectomized animals and hormone replacement, to 

understand their contribution to pathogenesis and may lend to identifying novel therapeutic 

targets to protect against disease.  

5.2.2 Environmental Insults and Stress in ALS/FTD 

An important consideration in the modelling of neurodegenerative disorders, including ALS and 

FTD, is that they are likely multistep processes in which their pathophysiology depends on the 

interaction between genetics, age, and environmental stressors.228 Therefore, the use of strictly 
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genetic models limits a wholistic understanding of the complexities of disease. From clinical 

data, while age is a strong risk factor for ALS and FTD, studies have also suggested factors 

including exposure to heavy metals, pesticides, cyanotoxins, and electromagnetic fields whereas 

lifestyle factors include military service, high intensity physical activity, traumatic brain injury 

and smoking.66,229 These studies are limited by their retrospective and correlational design, 

nevertheless, support environment as a contributor to disease. Stressors in ALS/FTD in vivo and 

in vitro models have been used to begin drawing connections with patient data. In a mouse model 

with mutant TDP-43, exposure to hyperthermic stress led to nuclear depletion and cytoplasmic 

mislocalization of TDP-43 with defective stress granule assembly.230 In cell models with mutant 

TDP-43, stress has been found to induce recruitment of TDP-43 to the cytoplasm where it can 

activate an early integrated stress response or increase cellular toxicity during stress recovery.231 

Under chronic stress conditions, cytoplasmic TDP-43 can be cleaved, phosphorylated, and form 

disease like aggregates.232 SUMOylation as a post-translational modification has also been 

implicated in the cellular response to stress. Stress leads to an increase in SUMOylation of 

targets.233 There is currently little evidence linking SUMOylation to ALS. In one study, it was 

found that the ALS associated C9ORF72 mutant proteins were found to disrupt SUMOylation 

resulting in impaired cellular stress responses mechanisms.234 In this present characterization of 

the Tdp-43K408R   mouse model, the loss of TDP-43 SUMOylation was investigated using age as a 

stressor. However, the absence of other stressors for the mice to reflect the human experience 

(e.g. viral infection, head trauma, intense physical activity) may not have been sufficient to 

produce cellular disruption and recapitulate ALS/FTD pathogenesis. There could be several 

methods to impose additional stressors in the Tdp-43K408R mice. For environmental stressors 

relevant to ALS/FTD, the mice could be exposed to toxins, forced exercise training, or a 
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concussion paradigm. However, genetic stressors like the C9ORF72 repeat expansion may be 

amenable in a laboratory setting. Clinically, ALS/FTD patients with a C9ORF72 mutation also 

present with TDP-43 pathology, and C9ORF72 toxicity results in cellular stress. This therefore 

suggests a potential link between these two genes in the context of ALS/FTD. Future studies, 

crossing the Tdp-43K408R mice to an established transgenic mouse model expressing the human 

C9ORF72 hexanucleotide repeat expansion will help establish this link. The latter model has 

C9ORF72 pathology but lacks behavioural and histological phenotypes relevant to ALS/FTD.235 

Therefore, it is hypothesized that the combination of C9ORF72 stress and the loss of TDP-43 

SUMOylation will push the system together age leading to an amplification of phenotypes. This 

study design may reflect the multiple hits required in patients to develop disease.  

5.2.3 Biomarker Development for ALS/FTD 

As previously discussed, there is a pressing need for ALS and FTD biomarkers for the benefits of 

patients. These biomarkers can be integrated into the diagnostic workflow, monitor disease 

progression, and be used in clinical trials to evaluate the effectiveness of novel therapeutics.236 

Overall, biomarkers are critical for early diagnosis and treatment of these diseases which still 

pose a great challenge for the field. Biofluid biomarkers are the most conventional approach for 

various diseases as they do not require highly advanced equipment and are relatively accessible 

to collect from patients.237 CSF was previously the focus in neurodegenerative diseases because 

it is in close contact with the nervous system. However, the CSF exchanges contents with the 

blood and recent studies have found there is generally a high correlation between the contents of 

CSF and blood.238 Blood has benefits over CSF as the process to collect it is less invasive and it 

can also contain potential systemic biomarkers of disease from other organ system involved such 

as muscle for ALS.237,238  
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Proteomic-based approaches are a powerful, high-throughput tool in biofluid biomarker 

discovery.239 Proteomics involves characterizing the protein profile of a biological sample. 

Proteins can be seen as a bridge between genetics and phenotypes.239 Therefore, they are ideal 

targets for understanding and monitoring disease. Proteomics for the discovery of biomarkers 

involves the generation of many candidate proteins which have significant differences in 

experimental compared with control conditions and subsequent prioritization using 

bioinformatics and validation of these candidates.239 Clinically, proteomics is increasingly 

utilized to attempt to identify proteins that can serve as disease-specific biomarkers.240  

 

The need for biomarker discovery extends to preclinical translational biomarkers. Most patient-

centered biomarker discovery studies have focused on distinguishing patients based on genetic 

subtypes. These studies have been able to identify differentially expressed biomarker candidates. 

As TDP-43 pathological hallmark, identifying biomarkers associated with this feature would 

likely be applicable to most ALS/FTD cases. However, since TDP-43 pathology must be 

confirmed post-mortem, animals models offer a promising alternative approach. Translational 

biomarkers are those identified in animal models of disease and validated in patients as well. 

Presently, there have been numerous clinical trials for ALS/FTD which have failed, highlighting 

the need for enhanced preclinical and clinical study designs with a focus on translation.238 

Translational biomarkers would not only improve understanding of disease pathophysiology but 

also inform clinical studies on dosage, time course, adverse reactions of drugs, and target 

engagement.241 Unfortunately, most preclinical studies have focused on SOD1 mutant mice, 

translating to a small percentage of human patients. Galectin-3 was identified as a biomarker 

candidate in mutant SOD1 mice and was also found to be elevated in ALS patient biofluids.242 
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Additionally, a 7-amino acid endogenous protein responded to ASO treatment in SOD1 mutant 

mice, suggesting it could act as a pharmacological biomarker.243 However, one study focused on 

an endogenous TDP-43 knock-in mutant ALS/FTD model and characterized plasma extracellular 

vesicles and found the alterations could predict disease progression in ALS patients.244 

Overall, the use of TDP-43 based animals models holds promise for preclinical biomarker 

discovery. Therefore, future work is planned to investigate whether there are changes in the 

proteome of the Tdp-43K408R mice resulting from lost TDP-43 SUMOylation. With the critical 

functions of both TDP-43 and SUMOylation within cells, we may be able to uncover 

dysregulated pathways relevant to ALS/FTD pathogenesis. These results could be validated in 

ALS/FTD patient samples where discovery is more challenging due to patient variability. In fact, 

we have collected blood serum from the Tdp-43K408R mouse line at three age points to monitor 

proteomic changes in a longitudinal approach which may give insight to progression in patients. 

Overall, preclinical biomarker discovery in mouse models can provide insights to better 

understand disease pathogenesis or translate to patients for clinical benefit.  

5.3 Conclusion 

In conclusion, we have successfully generated the Tdp-43K408R mouse line which recapitulates 

some behavioral and histological features of ALS and FTD, including the TDP-43 pathology, a 

pathological hallmark. The results from this study suggest that SUMOylation of TDP-43 is likely 

implicated in the pathogenesis of these diseases. This mouse line may serve to model the familial 

cases of disease, which constitute most patients, as it is not linked to a known disease-causing 

mutation.  This model may serve as a useful tool for understanding the misregulation of TDP-43 

in disease and facilitate the development of novel biomarkers and therapeutics.  
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Table 1. Scoring For Hindlimb Clasping Phenotype 

 

 

 

Table 2. Scoring for Kyphosis Phenotype 

Hindlimb Score Description 

0 Spine is straight when mouse is walking. No kyphosis. 

1 Mild spine curvature (kyphosis) but mouse is still able to straighten 

spine. 

2 Mouse is unable to straighten spine completely and maintains 

persistent but mild curvature (kyphosis). 

3 Mouse maintains pronounced spinal curvature (kyphosis) while 

walking and sitting. 

 

 

 

 

 

Hindlimb Score  Description 

0 No limb clasping. Normal toe splay and escape extension. 

1 One hind limb exhibits loss of mobility with incomplete splay. Toes 

exhibit normal splay. 

2 Both hind limbs exhibit loss of mobility with incomplete splay. Toes 

exhibit normal splay. 

3 Both hind limbs exhibit clasping, loss of mobility, and curled toes.  

4 Fore and hindlimbs exhibit clasping, loss of mobility, curled toes, and 

retraction into the body. 
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Table 3. List of Primary Antibodies Used in Study 

Antigen Host Species Dilution Catalogue Number Source 

ChAT Goat 1:200 AB144P EMD Millipore 

Ctip2 Rat 1:500 AB18465 Abcam 

GFAP Guinea Pig 1:200 173004(SY) Synaptic Systems 

NeuN Mouse 1:1000 MAB377 EMD Millipore 

TDP-43 Rabbit 1:500 10782-2-AP Proteintech 

TDP-43 (C-terminal) Rabbit 1:200 12892-1-AP Proteintech 

pS403/404 TDP-43 Mouse 1:500 66079-1-Ig Proteintech 
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Supplementary Figure 1. Wild-type mice display motor decline in rotarod and open field with age. 

Behaviour comparison between 2-, 9-, 16-month in A) rotarod B) and open field. All statistical analyses 

are via Two-Way ANOVA with Tukey’s post-hoc test. Mean +/- SEM is shown. (*P<0.05, **P<0.01) 

***P<0.001, ****P<0.0001). Green asterisks denote comparisons between 2- and 18-months. Blue 

asterisks denote comparisons between 2- and 9-months. Red asterisks denote comparisons between 9- and 

16-months.  
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Supplementary Figure 2. Number of arm entries during Y-maze test at 16-months. A) Number of 

arm entries for all animals, females, or males only during the Y-maze test at 16-months of age. All 

statistical analyses are via Brown-Forsythe and Welch One-Way ANOVA with Dunnett’s post-hoc test. 

Mean +/- SEM is shown. Each dot represents one animal. (*P<0.05).  
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