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While predominantly nuclear localized in healthy cells, in neurodegenerative diseases such as 

frontotemporal lobar degeneration (FTLD-TDP) and amyotrophic lateral sclerosis (ALS), TDP-43 

accumulates in hyperphosphorylated cytoplasmic aggregates. TDP-43 aggregates can also be 

a co-pathology, associating with more severe clinical outcomes in Alzheimer’s disease (AD). In 

chapter 1 we generated new C. elegans models with inactivating mutations in the nuclear 

localization sequence (NLS) of human TDP-43, uncovering distinct cellular responses to nuclear 

versus cytoplasmic TDP-43 localization. In chapter 2 we use point mutations to alter TDP-43 

domains in a gain of function C. elegans model to better understand its neurotoxic synergy with 

tau. We generated and characterized mutant TDP-43; tau transgenic lines, finding TDP-43 post 

translational modifications and cellular location contribute to neurotoxic synergy with tau. In 

chapter 3 we characterize an 18 month old cohort of a new TDP-43; tau transgenic mouse 

model. We found modest neurotoxic synergy between TDP-43 and tau in behavioral tests and 

some sex differences. These 3 chapters improve current models for studying TDP-43 in C. 

elegans and mice with the hopes that the cytoplasmic TDP-43 models and TDP-43; tau models 

will lead to biological targets and translational experiments. 



Introduction  

 TAR DNA-binding protein of 43 kDa (TDP-43), a predominately nuclear protein, 

performs essential RNA metabolism roles in healthy individuals (Kattuah et al., 2019). In 

neurodegenerative diseases such as frontotemporal lobar degeneration (FTLD) or amyotrophic 

lateral sclerosis (ALS), TDP-43 gets depleted from the nucleus, loses its nuclear functions, and 

gets mislocalized to the cytoplasm, where it gains new toxic functions (Feldman et al., 2022, 

Neumann et al., 2021). C. elegans have been used to study TDP-43 gain of function toxicity, by 

generating transgenic strains that overexpress human TDP-43 in neurons. These TDP-43 C. 

elegans models show motility defects, neurodegeneration, and phosphorylated TDP-43 in the 

nucleus but not the cytoplasm (Liachko et al., 2010).  To better model human disease and to 

reveal differences between nuclear and cytoplasmic TDP-43 we created cytoplasmic TDP-43 C. 

elegans strains named TDP-43 DNLS by adding three point mutations K82A/R83A/K84A in the 

nuclear localization sequence (NLS) of TDP-43. Chapter 1 focuses on the differences between 

cytoplasmic and nuclear TDP-43, and the characterization of three TDP-43 DNLS strains.   

In diseases that have tau pathology, TDP-43 can be a co-pathology, with evidence 

showing the two proteins have a neurotoxic relationship in disease states (Nelson et al., 2019, 

Tome et al., 2023).  This co-pathology can be seen in some patients with Alzheimer’s disease 

(AD), the main cause of dementia globally. AD pathology is normally driven by amyloid beta 

(Ab) deposits and phosphorylated tau (ptau) containing neurofibrillary tangles (NFTs) (Higashi 

et al., 2007, Wisse et al., 2025). TDP-43 was first identified in AD patients in 2007 (Higashi et 

al., 2007), and this TDP-43 pathology was termed in 2019, Limbic-predominant age-related 

TDP-43 encephalopathy (LATE) (Nelson et al., 2019). Interestingly, looking at autopsies from 

3803 participants that have tau pathology, the more severe tau pathology correlated with a 

higher percentage of those individuals also having TDP-43 pathology (Wisse et al., 2025). AD 

patients with LATE also have increased ptau in their hippocampus and frontal cortex (Tome et 

al., 2023). Having TDP-43 along with tau pathology worsens cognition in humans, with patients 

with TDP-43 and tau pathology performing worse on cognitive tests compared to patients with 

comparable tau pathology without TDP-43 (Josephs et al., 2014). This neurotoxic relationship 

has also been shown in C. elegans, with worms expressing human TDP-43 and human tau 

showing increased levels of tau and ptau compared to worms just expressing tau. These 

transgenic worms expressing TDP-43 and tau also have more neuronal dysfunction, shown with 

decreased ability to swim (Latimer et al., 2022). To better understand how TDP-43 increases 

tau toxicity, we created transgenic C. elegans strains that express human TDP-43 with different 



point mutations that alter normal functions of TDP-43. These point mutations cause changes to 

TDP-43 that prevent TDP-43 from undergoing specific post translational modifications, reduce 

TDP-43 RNA binding ability, prevent TDP-43 oligomerization, and force TDP-43 to be 

cytoplasmic. These mutant TDP-43 strains were crossed with human tau expressing transgenic 

strains to detect changes in neurotoxicity. Chapter 2 describes experiments that help us better 

understand why tau and TDP-43 have a neurotoxic relationship in C. elegans. For chapter 3 we 

moved from C. elegans to study TDP-43 and tau in mice. Mice allow us to look at tau; TDP-43 

synergy in a more complex organism. We crossed tau and hemizygous TDP-43 transgenic mice 

to create a transgenic mouse model to study TDP-43 and tau co-pathology in aging. Aging is 

the main risk factor for most neurodegenerative diseases, making it an important factor to 

consider in a mouse study (Hou et al., 2019). Chapter 3 looks at behavior and pathological 

changes with aging in this transgenic TDP-43; tau mouse model and determines if we can 

replicate tau and TDP-43 neurotoxic synergy in mice (Wheeler et al., 2015, Wils et al., 2010). 

 Chapter 1 reveals differences between nuclear and cytoplasmic TDP-43 functions. 

Chapter 2 betters our understanding of which TDP-43 domains and functions are important to 

function and toxicity of tau. Chapter 3 details age related behavioral and pathologic changes in 

a new mouse model co-expressing TDP-43 and tau.  

 

TDP-43 in health  
TDP-43 is a part of the heterogeneous ribonucleoprotein (hnRNP) family that functions in 

regulation of RNA transport, splicing, transcription, and translation (Kattuah et al., 2019). TDP-

43 is 414 amino acids, has a molecular weight of 43kDa and is encoded by TARDBP. TDP-43 is 

essential for embryonic development, with knockout (KO) of the gene TARDBP leading to 

embryonic lethality in mice (Sephton et al., 2010).  

In healthy cells, TDP-43 is ubiquitously expressed, predominantly nuclear, and controls 

many aspects of RNA metabolism. In particular, it regulates mRNA splicing of thousands of 

transcripts (Sephton et al., 2012). TDP-43 also participates in RNA transport, transcription, and 

translation (Rummens and Da Cruz, 2025). TDP-43 is composed of an N-terminal domain 

(NTD), nuclear localization signal (NLS), two RNA recognition motifs (RRM1 and RRM2), and a 

glycine rich C-terminal domain (Fig. 1).  
 

 



 

TDP-43 has many roles, with one of its main nuclear functions being suppressing cryptic 

exons during pre-mRNA splicing. Cryptic exons are sequences within introns that mimic exons 

and can be incorrectly included in mRNA during splicing (Ling et al., 2015). Inclusion of cryptic 

exons destabilizes mRNA, leading to degradation, or can code for aberrant peptides. TDP-43 

can bind around cryptic exon sequences, preventing them from slipping into mRNA (Koike, 

2024). Stathmin 2 (STMN2) is a TDP-43 cryptic splicing target that is linked to ALS. STMN2 

encodes a protein involved in neuronal microtubule stability. The depletion of TDP-43 in the 

nucleus leads to abnormal splicing events that lead to truncated STMN2 mRNA, reducing 

STMN2 protein levels, affecting motor neuron axons, which is commonly seen in sporadic and 

familial ALS cases with TDP-43 (Melamed et al., 2019, Klim et al., 2019). TDP-43 also plays an 

important role in spinogenesis, the process of generating dendritic protrusions/spines on cells. 

These dendritic protrusions on hippocampal neurons and are important for learning and memory 

(Majumder et al., 2012). 

TDP-43 is passively and actively imported into the nucleus and passively exported into the 

cytoplasm. Nuclear RNA binding regulates TDP-43 nuclear localization and passive nuclear 

export. Free TDP-43 binds to GU-rich RNA in the nucleus. Disrupting the RNA binding domains 

of TDP-43 or disrupting RNA transcription, splicing, binding, or export results in passive 

diffusion of TDP-43 through nuclear pore channels to the cytoplasm (Duan et al., 2022). The 

nuclear localization signal (NLS) of TDP-43 promotes active import of TDP-43 into the nucleus 

by binding to nuclear import adaptor Importin a1, which recruits the receptor Importin b to form 

 

Fig. 1. TDP-43 schematic of domains with common disease state PTM. Common PTM of TDP-43 in 
neurodegenerative diseases.  



an Importin a1/b/TDP-43 complex. Mutation of the TDP-43 NLS site abrogates the ability of 

TDP-43 to bind to Importin a1 and eliminates active transport into the nucleus (Doll et al., 2022, 

Winton et al., 2008). C. elegans express three Importin a homologs (IMA-1, IMA-2, and IMA-3) 

(Oka and Yoneda, 2018), which likely function similarly to promote TDP-43 nuclear localization. 

Understanding why TDP-43 is depleted from the nucleus and how cytoplasmic TDP-43 is 

toxic to cells is crucial to future therapeutics. Nuclear TDP-43 cryptic-splicing events and TDP-

43 loss-of-function pathology could be an early event preceding cytoplasmic mislocalization 

(Spence et al., 2024). Acetylation of lysine 82 in the NLS region of TDP-43 causes TDP-43 to 

have trouble binding Importin a1, resulting in cytoplasmic mislocalization (Ko et al., 2024).  

 

TDP-43 in disease 
In neurodegenerative diseases, such as ALS and FTLD-TDP, TDP-43 is frequently depleted 

from the nucleus and accumulates in the cytoplasm. In the cytoplasm, TDP-43 aggregates, 

undergoes post-translational modifications including hyperphosphorylation, and increases in 

toxicity (Liao et al., 2022). Other than phosphorylation, TDP-43 can also undergo post-

translational modifications including oxidation, acetylation, zinc binding, SUMOylation, 

ubiquitination, cleavage, and PARylation. Most of these post translational modifications are only 

seen in neurodegenerative disorders with cytoplasmic TDP-43 (Francois-Moutal et al., 2019). 

TDP-43 propagation has been proposed to travel in a prion-like mechanism, by being 

transferred between cells by tunneling nanotubes (TNTs) or exosomes. In this proposed 

mechanism, TDP-43 aggregates would be released by exomes or TNTs, then bind to normal 

TDP-43, inducing more misfolding (Jo et al., 2020, Nonaka et al., 2013). TNTs are F-actin 

based, transient tubular connections between cells, with cargo being transported by molecular 

motors (Dagar et al., 2021).  

 

TDP-43 in FTLD  
Frontotemporal lobar degeneration (FTLD) is a term that groups neurogenerative disease 

associated with degeneration in the frontal and anterior temporal lobes, with symptoms causing 

social, emotional, and behavioral changes (Grossman et al., 2023). In 2006, TAR DNA-binding 

protein of 43 kDa (TDP-43) cytoplasmic inclusions were first discovered in FTLD and 

amyotrophic lateral sclerosis (ALS). Prior to this, ubiquitin-positive inclusions were the hallmark 

of frontotemporal lobar degeneration with ubiquitin positive inclusions (FTLD-U) and ALS but the 

protein composition of the aggregates was unknown (Neumann et al., 2006). These cytoplasmic 

TDP-43 inclusions were also found to be hyperphosphorylated and are the major pathologic 



protein inclusion of FTLD and ALS  (Arai et al., 2006). TDP-43 aggregates are present in around 

97% of ALS patients and around 50% of FTLD patients (Feldman et al., 2022).  

FTLD is an umbrella term that refers to non-Alzheimer disease (AD) dementias that show 

gliosis and focal neuronal loss in autopsies of patients with frontotemporal dementia (FTD) 

clinical syndrome. FTD clinical syndromes include behavioral variant frontotemporal dementia 

(bvFTD), progressive nonfluent aphasia (PNFA), corticobasal syndrome (CBS), and semantic 

dementia (SD). These syndromes have varying symptoms, for example, bvFTD involves social 

behavior and personality changes, while in PNFA consists of speech and language impairments 

(Dickson et al., 2011).  

Abnormal tau is the second most common aggregate causing FTLD, with FTLD-tau 

individuals having abnormal tau pathology in glia and neurons (Dickson et al., 2011). The third 

most common type of protein in FTLD inclusions, involving 5-10% of individuals, are from the 

FUS-Ewing sarcoma-TAF15 family (FTLD-FET). Around 20-25% of FTLD cases are familial, 

with the three most common genetic mutations involving MAPT, causing FTLD-tau, or GRN and 

C9orf72 causing FTLD-TDP (Grossman et al., 2023).  

FTLD patients can have co-pathologies of multiple proteins, including having both TDP-43 

and tau present in autopsies. In a screening of 201 FTLD-TDP patients with confirmed TDP 

pathology, 42% of the patients also had ageing related tau astrogliopathy (ARTAG), and 36% 

with primary age-related tauopathy (PART) (Koga et al., 2022). ARTAG involves ptau staining in 

astrocytes and is commonly seen in individuals over 60 years old (Kovacs et al., 2016). ARTAG 

is detectible in one-third of brains autopsied over 80. ARTAG is likely to be found as a co-

pathology to LATE and brains with cerebrovascular pathology but is not associated with AD 

PART (Katsumata et al., 2024). PART encompasses neuronal changes as well as neurofibrillary 

tangles (NFT) but unlike AD has very little to no Ab plaques (Kovacs et al., 2016).  

Neocortical features are used to sub-classify FTLD-TDP-43 into four main types: A, B, C, 

and D (Fig. 2). Most cases of FTLD type A commonly have bvFTD, with abundant neuronal 

cytoplasmic inclusions (NCI), neuronal intranuclear inclusions (NII), dystrophic neurites (DN), 

and abundant hippocampal sclerosis. FTLD type B often has bvFTD in combination with ALS, 

with moderate NCI, especially in lower motor neurons, and few DN, and no NII (Neumann et al., 

2021) FTLD type C is common in semantic variant primary progressive aphasia (svPPA), with 

loss of empathy, prosopagnosia, obsessive/compulsive disorder, and have a slower disease 

progression than other sub-types. FTLD type C have few to no NCI, no NII, and is 

predominately DN. FTLD type D is found in familial cases with VCP mutations, that can cause 

FTD or ALS, with DN and NII but no NCI. FTLD type A has cytoplasmic and nuclear TDP-43 



aggregates, FTLD types B and C have cytoplasmic TDP-43 aggregates, and FTLD type D has 

nuclear TDP-43 aggregates (Neumann et al., 2021). 

 

 

With such variety in FTLD-TDP pathology, it is important to understand nuclear and 

cytoplasmic TDP-43. TDP-43 aggregates found in the nucleus or cytoplasm might be having 

different gain of function affects. Non-aggregating TDP-43 could be losing its normal cellular 

roles, leading to cellular dysfunction (Jo et al., 2020). This complexity of TDP-43 pathology 

makes it important to make better model organisms that closely mimic different aspects of TDP-

43 in human disease.  

 

TDP-43 in ALS 
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that affects 

upper and lower motor neurons and leads to progressive weakness of skeletal muscles, as well 

as autonomic dysfunction, trouble swallowing, speaking, and decreased respiratory function. 

Around 15% of ALS cases are familial and there are over 40 known ALS associated genes 

(Feldman et al., 2022). Mutations in TARDBP, the gene encoding TDP-43, can cause ALS in an 

 

Fig. 2. FTLD subtypes A-D. pTDP-43 is cytoplasmic in type B and C, nuclear in type D, and cytoplasmic and 
nuclear in type A.  



autosomal dominate pattern, but accounts for less than 4% of ALS patients (Jo et al., 2020) and 

very rare cases of FTD (Borroni et al., 2009). There have been more than 40 ALS-linked 

dominant mutations in TARDBP, with most of them being in the C-terminus of TDP-43 protein 

(Sreedharan et al., 2008, Conicella et al., 2016). TDP-43 pathology in ALS resembles TDP-43 

pathology in FTLD-TDP but in motor neurons, where TDP-43 is depleted in the nucleus, 

accumulates in the cytoplasmic and becomes phosphorylated (Balendra et al., 2025). Patients 

can get diagnosed with multiple diseases that can greatly alter disease prognoses. For 

example, bvFTD patients have a median survival of 9.6 years but bvFTD patients with ALS co-

pathology have a median survival of just 2.8 years (Grossman et al., 2023). 

 
 Tau and Alzheimer’s disease 

Tau was first discovered in 1975 as a protein essential for microtubule (MT) stability 

(Weingarten et al., 1975). In the brain, tau regulates axon outgrowth, axonal MT stability, and 

axonal transport (Wegmann et al., 2021). Tau gene transcripts undergo alternative splicing to 

form 6 tau protein isoforms, ranging from 352 to 441 amino acids long. Tau can have 0 to 2 N-

terminal repeats (0N, 1N, or 2N) and 3 or 4 microtubule binding repeats (3R or 4R).  In healthy 

adult brains, 1N is the most common isoform and there is an even ratio of 3R and 4R. In AD 

there is an uneven ratio of 3R and 4R, with the 4R isoform aggregating 2.5 to 3 times more 

rapidly than the 3R. Hyperphosphorylation of tau leads to a decreased affinity for microtubules 

and there is a disruption of microtubule assembly and stability (Boyarko and Hook, 2021). There 

are 2084 proteins that interact with tau in human tissue, with tau having an enrichment of 

interactions with proteins involved in RNA binding, proteosome, and ribosome function 

(Kavanagh et al., 2022). Tau aggregates contain RNA, can localize to splicing speckles in the 

nucleus, speckle components can mislocalize to tau aggregates in the cytoplasm, and tau can 

alter nuclear speckle composition. Nuclear speckles are non-membranous assemblies of RNA, 

splicing machinery, and protein containing nascent RNA transcripts (Lester et al., 2021).  

Alzheimer’s disease (AD) is the main cause of dementia, with 60-80% of the cumulative risk 

to get AD comes from heritable factors, with there being over 40 known AD associated genetic 

risk loci identified (Scheltens et al., 2021). The two protein aggregate hallmarks of AD pathology 

are amyloid b (Ab) plaques and neurofibrillary tangles. Ab is a peptide that can aggregate into 

insoluble fibrils that clump together to form extracellular plaques in the brain (Hampel et al., 

2023), while neurofibrillary tangles are intracellular and are primarily made up of the 

phosphorylated tau (Tome et al., 2021) While both protein aggregates are present, 

hyperphosphorylated tau is likely the primary driver of neurodegeneration (Long and Holtzman, 



2019). In 1991 Heiko Braak developed a staging protocol of AD pathology based on the 

predictable gradual deposition of hyperphosphorylated tau, with the higher ptau burden 

corelating to a more severe stage of disease (Braak et al., 2006). 

 

 
TDP-43 in aging and Alzheimer’s disease 

In 2007, TDP-43-positive inclusions were found in Alzheimer’s disease (AD), the main cause 

of dementia globally (Higashi et al., 2007). When looking at older individuals, TDP-43 is related 

to age related cognitive decline. Brains with TDP-43 pathology had declines in episodic and 

working memory (Wilson et al., 2013). When looking at 188 pathologically confirmed AD brains, 

TDP-43 was found in 59% of brains with typical AD pathology and 67% of the brains with Limbic 

AD pathology. Having TDP-43 present in the brain leads to greater memory loss, and smaller 

hippocampal volumes (Josephs et al., 2015). The accumulation of TDP-43 aggregates is often 

seen in older adults, termed limbic-predominant age related TDP-43 encephalopathy (LATE) 

(Nelson et al., 2019). Unlike FTLD and ALS where TDP-43 is the major disease-causing 

pathologic protein, TDP-43 is a co-pathology in AD LATE and DLB. In AD LATE, cytoplasmic 

TDP-43 inclusions are associated with more severe clinical outcomes than AD without TDP-43 

pathology. In samples from the CA1 in the hippocampus and the frontal cortex, the presence of 

TDP-43 in AD LATE brains increased the amount of p-tau compared to AD brains (Tome et al., 

2023). 

LATE is often comorbid with AD and is the second most common neurodegenerative 

disease behind AD in individuals over 90 years old. LATE pathologic changes involve the 

accumulation of pTDP-43 in the limbic system with or without hippocampal sclerosis (Butler 

Pagnotti et al., 2023, Nelson et al., 2019). LATE is associated with cognitive impairment and 

amnestic dementia (Nelson et al., 2019). Individuals with LATE present with less cognitive and 

functional complaints compared to those with AD or AD LATE. Individuals with AD LATE show 

comorbidity, with higher levels of dementia and greater amount of caregiver reported memory 

decline compared to LATE and AD individuals (Butler Pagnotti et al., 2023). The reported 

percentage of AD patients that have TDP-43 inclusions varies greatly, with reports ranging from 

20-50% of most AD patients, and up to 75% in AD patients with severe symptoms (Jo et al., 

2020). 

 

TDP-43 in LBD 



First seen in Lewy body disorders in 2007 (Nakashima-Yasuda et al., 2007), TDP-43 can be 

a frequent co-pathology in Lewy body dementia (LBD) (Uemura et al., 2022). LBD is the second 

most common dementia behind AD and encompasses dementia with Lewy bodies (DLB) and 

Parkinsons disease dementia (PDD). If you have dementia within one year of motor symptoms 

for Parkinsons it is classified as DLB but if dementia comes later it is diagnosed as PDD (Chiu 

et al., 2022). LBD has intraneuronal cytoplasmic a-synuclein positive Lewy bodies and neurites 

in the brainstem, limbic, and cortical regions. Lewy bodies are highly variable in shape and 

cause neuronal dysfunction and degeneration by disrupting normal cellular functions (Nouraei et 

al., 2018, Scholz et al., 2025). A contrary belief is that Lewy bodies play a protective role by 

sequestering a-synuclein, the real toxic driver of disease pathology (Kramer and Schulz-

Schaeffer, 2007). Interestingly, TDP-43 is detected in 30 to 63% of LBD autopsy cases. Having 

TDP-43 present in LBD pathology can lead to a misdiagnosis based on clinical presentation 

since TDP-43 might be causing hippocampal atrophy, resulting in memory loss, while LBD tend 

to have a more variable cognitive profile. Some LBD patients have memory impairment, but 

others may have attention, executive, and visuospatial dysfunction (Buciuc et al., 2020). 

Understanding the co-pathologies in neurodegenerative diseases is important to accurately 

diagnosing patients and finding the most appropriate treatments (Fig. 3).  

 



 

ER and mitochondrial Unfolded protein response (UPR) 
The accumulation of misfolded or unfolded proteins such as tau and TDP-43 in the 

cytoplasm and the endoplasmic reticulum (ER) lumen, can cause disrupted protein folding 

homeostasis and ER stress. ER stress triggers the unfolded protein response (UPRER), resulting 

in the activation of protein degradation pathways (He et al., 2024). Part of this stress response 

involves mRNA of the transcription factor XBP-1 getting alternatively spliced to its active form, 

XBP-1s. XBP-1s translocates to the nucleus where it increases transcription of genes involving 

ER chaperones and ER-associated degradation (ERAD) machinery, related to degrading 

misfolded proteins (Duran-Aniotz et al., 2023, Calfon et al., 2002). ERAD leads to the 

ubiquitination of these misfolded proteins, and their degradation in the proteosome (Fig. 4). 

XBP-1 activation has been shown to triggers the UPRER protecting against tau neurotoxicity 

(Waldherr et al., 2024, Duran-Aniotz et al., 2023).  

 

Fig. 3. Protein co-pathologies in neurodegenerative diseases.  



 

TDP-43 can co-localize with mitochondria, with TDP-43 being able to go into 

mitochondrial matrix (Wang et al., 2016), causing mitochondrial dysfunction, increased reactive 

oxygen species (ROS), decreased mitochondrial membrane potential, and the triggering of the 

mitochondrial unfolded protein response (UPRmt). The UPRmt is activated by misfolded proteins 

in the mitochondrial matrix, causing signaling to the nucleus to increase expression of 

chaperones and protases to reduce the abnormal mitochondrial protein load (Torres et al., 

2024).  

The mitochondrial protease LonP1 can regulate TDP-43, with down-regulation of LonP1 

resulting in increased mitochondrial TDP-43 levels (Wang et al., 2019). Deletion of the lonp-1 

gene in C. elegans increases ROS, decreases mitochondrial function, impacts behavior and 

lifespan (Taouktsi et al., 2022). In LONP-1 deficient C. elegans, the transcription factor ZIP-2 is 

activated in a PMK-3-dependent manner. ZIP-2 can be important in ageing by maintaining 

 

Fig. 4. Activation of XBP1s upregulates machinery for the ER unfolded protein response 



mitochondrial homeostasis. Deletion of zip-2 shortens lifespan of lonp-1 mutants. (Taouktsi et 

al., 2023).  

 

TDP-43 PTM 
Post-translational modifications (PTMs) are reversible covalent bonded adducts to the 

primary structure of proteins that add to chemical diversity and can modify protein structure and 

function (Keenan et al., 2021). Understanding post-translational modifications of TDP-43 may 

uncover mechanisms of TDP-43 in disease (Fig. 5). Hyperphosphorylated TDP-43 is a 

pathological hallmark in familial and sporadic TDP-43 proteinopathies, including most forms of 

FTLD, and ALS. Phosphorylation of serine residues 409/410 of TDP-43 is consistently seen in 

abnormal inclusions in TDP-43 proteinopathies (Neumann et al., 2009). Phosphorylation of 

S409/410 also increases toxicity of TDP-43 in C. elegans. C. elegans that express ALS TDP-43 

mutations such as A315T or M337V are sicker than C. elegans expressing WT human TDP-43. 

This toxicity is driven by the higher levels of phosphorylated TDP-43 in the ALS mutant strains 

(Liachko et al., 2010). TDP-43 is dephosphorylated by the phosphatase calcineurin, which 

directly binds to TDP-43 and reduces the accumulation of phosphorylated TDP-43. C. elegans 

has a single homolog of calcineurin, TAX-6. Loss of function of tax-6 results in increased 

 
Fig. 5. Common TDP-43 PTM in a diseased state and their effects on TDP-43  



phosphorylation of TDP-43 and worsened motility defects in TDP-43-Tg and TDP-43 M337V 

(Liachko et al., 2016b). 

Acetylation of TDP-43 K82 disrupts nuclear import of TDP-43 by disrupting importin a1/b 

(Ko et al., 2024). Acetylation of TDP-43 K145 increases nuclear and cytoplasmic TDP-43 

aggregation, increases TDP-43 phosphorylation, and alters TDP-43 RNA binding (Cohen et al., 

2015). PARylation of TDP-43 occurs in the NLS region, causing TDP-43 to localize in 

cytoplasmic stress granules (McGurk et al., 2018a). In humans, SUMOylation of TDP-43 

increases with aging and in ALS/FTLD patients. SUMOylation involves the addition of a covalent 

conjugation of a small ubiquitin-like modifier (SUMO) to proteins like TDP-43 to target them for 

cellular processes or degradation. Nuclear location is essential for TDP-43 K408 SUMOylation, 

with a TDP-43 NLS mutation resulting in almost complete loss of TDP-43 SUMOylation in 

HEK293T cells (Suk et al., 2025). Following SUMOylation, TDP-43 clearance happens through 

the ubiquitin proteasome system. SUMOylation and phosphorylation of TDP-43 have an inverse 

relationship, with the loss of phosphorylation causing an increase in SUMOylation (Suk et al., 

2025). 

 
Modeling neurodegenerative diseases  

Between 1880 and 1920, parasitic nematodes such as Ascaris, were among the first 

model organisms. Around 1966, Sydney Brenner started working with a different nematode, C. 

elegans, with hopes to be a tool to better research biology and neurobiology. Sydney’s work 

helped popularize C. elegans as a commonly used model organism (Nigon and Felix, 2017). C. 

elegans primarily exist as self-fertilizing hermaphrodites that are small in size, have a rapid life 

cycle, transparent, have a well-annotated genome, and go from an egg to an adult in just 3 days 

(Corsi et al., 2015). 

 C. elegans have a simple nervous system consisting of 302 neurons allowing for a 

simplistic way to study complex mechanisms (White et al., 1986). There have been many useful 

C. elegans models generated to study neurodegenerative diseases, with transgenic strains 

often expressing neurodegenerative-linked aggregating proteins such as tau, amyloid-b, a-

synuclein, and TDP-43 (Torres et al., 2025). Expression of TDP-43 and mutant forms of TDP-43 

such as TDP-43 M337 linked to ALS, results in motor dysfunction, phosphorylated TDP-43, and 

neurodegeneration (Liachko et al., 2010). Similarly, expression of human tau in C. elegans can 

cause motor dysfunction, phosphorylated tau, and neurodegeneration (Brandt et al., 2009). 

Interestingly, if TDP-43 and tau are co-expressed in C. elegans there is a neurotoxic synergy 



observed, with motor dysfunction, increased tau and pTau, and selective neurodegeneration 

(Latimer et al., 2022).  

TDP-1 is the C. elegans highly conserved ortholog to mammalian TDP-43. TDP-1 

shares similar sequence homology with TDP-43 in the N-terminus, RNA recognition motifs, and 

nuclear localization sequence. The main difference between is in the C-terminus, where TDP-1 

has much fewer amino acids in the C-terminus, lacks a Q/N and Gly-rich region that is important 

for TDP-43 phase separation and aggregation. Unlike TDP-43, TDP-1 does not aggregate  (Pir 

et al., 2026). tdp-1 null worms have reduced egg laying, slight defect in locomotion, and an 

elongated lifespan (Zhang et al., 2012). 

 Similar to C. elegans, mice have been used to study TDP-43. TDP-43 mouse models 

have struggled to closely follow human disease pathology, having trouble showing cytoplasmic 

TDP-43 inclusions that target specific neuronal and non-neuronal populations (Armas et al., 

2025). Human TDP-43 can also be hard to study due to its toxicity in model organisms. The 

homozygous Kumar-Singh mouse model overexpresses wild-type human TDP-43 in postnatal 

neurons causing severe motor impairment and death by one month of age (Wils et al., 2010). 

Due to this toxicity researchers typically use heterozygotes of the Kumar-Singh mice that still 

have TDP-43 pathology but a less severe phenotype.  

To improve cytoplasmic localization to more closely mimic human disease, mice (rNLS) 

have been made that express human TDP-43 with a defective nuclear localization signal (NLS) 

with doxycycline (Dox)-suppressible expression. These rNLS mice have accumulation of 

cytoplasmic pTDP-43 in the brain and spinal cord, brain atrophy, motor neuron loss, and 

decreased lifespan (Spiller et al., 2016, Walker et al., 2015).  TDP-43 mouse models allow for 

studying disease mechanisms in a complex organism closer to humans, but the complexities of 

each model can lead to interpretation difficulties as well as the long lifespans of mice can make 

experiments costly and time consuming. For these reasons I have predominantly focused on 

using C. elegans, a more tractable model, to study TDP-43. In chapter 1 I create a C. elegans 

TDP-43 model with a defective NLS to study the differences between cytoplasmic and nuclear 

TD-43.  

 

Chapter 1: Shared and distinct gain-of-function consequences from pathologic cytoplasmic 

versus nuclear TDP-43  

 

Abstract:  



While predominantly nuclear localized in healthy cells, TDP-43 can transit between the nucleus 

and cytoplasm. In frontotemporal lobar degeneration (FTLD-TDP) and amyotrophic lateral 

sclerosis (ALS), TDP-43 accumulates in hyperphosphorylated cytoplasmic aggregates. 

However, a subset of patients develop nuclear aggregates. Expression of wild-type TDP-43 in 

C. elegans neurons results in nuclear protein accumulation and toxic gain of function. To enable 

comparative study of nuclear and cytoplasmic TDP-43 phenotypes, we generated new models 

with inactivating mutations in the nuclear localization sequence (NLS) of TDP-43. When 

compared to nuclear TDP-43 strains, similar protein levels of cytoplasmic TDP-43 cause less 

neuronal dysfunction in C. elegans. Using RNA sequencing, we determine transcriptomes are 

largely unchanged in these models. However, we identify innate immune pathway increases in 

response to cytoplasmic but not nuclear TDP-43. We find phosphorylation-mediated 

neurotoxicity of both cytoplasmic and nuclear localized TDP-43 is controlled by the phosphatase 

calcineurin. We also find that overexpression of the unfolded protein response (UPR) 

transcription factor XBP-1s worsens outcomes for wild-type TDP-43 animals but improves TDP-

43 DNLS, suggesting different pathways controlling toxicity and clearance of nuclear versus 

cytoplasmic TDP-43. Taken together, these data support shared and distinct cellular responses 

to nuclear versus cytoplasmic TDP-43 localization in an intact animal nervous system. This 

comparative approach supports a better understanding of human disease and informs 

therapeutic development for pathological subtypes of TDP-43 proteinopathies. 

 
Introduction 

 In 2006, TAR DNA-binding protein of 43 kDa (TDP-43) was identified as the major 

pathologic protein inclusion in the fatal neurodegenerative diseases amyotrophic lateral 

sclerosis (ALS) and frontotemporal lobar degeneration (FTLD-TDP) (Neumann et al., 2006, Arai 

et al., 2006). ALS is characterized by loss of upper and lower motor neurons which leads to 

progressive weakness of skeletal muscles, autonomic dysfunction, difficulty swallowing, 

speaking, and decreased respiratory function (Feldman et al., 2022), while FTLD presents with 

degeneration in the frontal and anterior temporal lobes of the brain, resulting in social, 

emotional, and behavioral changes (Grossman et al., 2023). Following the discovery of TDP-43 

inclusions in ALS and FTLD-TDP, TDP-43-positive inclusions were also found as a secondary 

pathology in Alzheimer’s disease (AD), the main cause of dementia globally (Higashi et al., 

2007). The accumulation of TDP-43 aggregates in older adults, now termed limbic-predominant 

age related TDP-43 encephalopathy (LATE), can be a frequent co-pathology in other 

neurodegenerative diseases including Lewy body disease (LBD) and Huntington’s disease 



(Jiang et al., 2024). AD patients that have TDP-43 co-pathology have greater functional 

impairment, memory loss, poorer naming ability, and decreased hippocampal volume (Josephs 

et al., 2015). In many of these neurodegenerative diseases, TDP-43 is depleted from the 

nucleus and accumulates in the cytoplasm, where it undergoes post-translational modifications 

including hyperphosphorylation (Liao et al., 2022). Some exceptions exist, with FTLD type A 

exhibiting both cytoplasmic and nuclear TDP-43 aggregates and FTLD type D having nuclear 

but not cytoplasmic TDP-43 aggregates (Neumann et al., 2021). Cytoplasmic mislocalization of 

TDP-43 results in a loss of its normal nuclear functions, while gaining new functions by 

interacting with or disrupting cytoplasmic pathways. Similarly, a recent study implicates nuclear 

TDP-43 pathology as an early event preceding cytoplasmic mislocalization (Spence et al., 

2024). How or why nuclear versus cytoplasmic TDP-43 aggregates occur, and whether they 

engage in similar pathways for disease pathogenesis and progression remains to be 

determined.   

In healthy cells, TDP-43 is ubiquitously expressed, predominantly nuclear, and controls 

many aspects of RNA metabolism. In particular, it regulates mRNA splicing of thousands of 

transcripts (Sephton et al., 2012). TDP-43 also participates in RNA transport, transcription, and 

translation (Rummens and Da Cruz, 2025). In support of these roles, TDP-43 has protein 

domains including an N-terminal domain (NTD), nuclear localization signal (NLS), two RNA 

recognition motifs (RRM1 and RRM2), and a glycine rich C-terminal domain thought to regulate 

protein-protein interactions.  TDP-43 can undergo post-translational modifications, including 

oxidation, acetylation, phosphorylation, zinc binding, SUMOylation, ubiquitination, cleavage, and 

PARylation. Most of these post translational modifications are only detected on aggregated 

TDP-43 in neurodegenerative disorders (Francois-Moutal et al., 2019).  

TDP-43 is actively imported into the nucleus and passively exported into the cytoplasm 

through the nuclear pore complex. In the nucleus, TDP-43 binds RNA with a preference for GU 

rich sequences. Disrupting TDP-43 interactions with RNA by mutating the RNA binding domains 

of TDP-43 or preventing RNA transcription, splicing, binding to other RNA binding proteins, or 

export results in increased passive diffusion of TDP-43 through nuclear pore channels and the 

accumulation of TDP-43 in the cytoplasm (Duan et al., 2022). The nuclear localization signal 

(NLS) of TDP-43 promotes active import of TDP-43 into the nucleus by binding to nuclear import 

adaptor Importin a1, which recruits the receptor Importin b to form an Importin a1/b/TDP-43 

complex. Mutation of the TDP-43 NLS site abrogates the ability of TDP-43 to bind to Importin a1 

and eliminates active transport into the nucleus (Doll et al., 2022, Winton et al., 2008). C. 



elegans express three Importin a homologs (IMA-1, IMA-2, and IMA-3) (Oka and Yoneda, 

2018), which likely function similarly to promote TDP-43 nuclear localization. 

TDP-43 is evolutionarily conserved, with a homolog in C. elegans designated TDP-1. TDP-1 is 

structurally similar to human TDP-43 but lacks a glycine-rich C-terminus. While in vertebrates 

TDP-43 is an essential gene (Kraemer et al., 2010, Wu et al., 2010, Sephton et al., 2010, 

Chiang et al., 2010), deletion of C. elegans tdp-1 is tolerated, and does not result in apparent 

neuronal dysfunction. However, overexpression of TDP-1 results in an uncoordinated motor 

phenotype in C. elegans (Ash et al., 2010).  To better understand the role of TDP-43 in disease, 

transgenic models expressing human TDP-43 throughout the C. elegans nervous system have 

been generated and characterized (Ash et al., 2010, Pir et al., 2025, Liachko et al., 2010, Eck et 

al., 2023). Human TDP-43 has been shown to function appropriately in C. elegans, with genetic 

mutations causing similar dysfunction in C. elegans as in humans (Saldi et al., 2014). 

Expression of human TDP-43 in C. elegans causes progressive motor dysfunction, neuronal 

loss, a shortened lifespan, and the accumulation of insoluble, post-translationally modified TDP-

43 in nuclear puncta without apparent cytoplasmic accumulation (Liachko et al., 2010, Ash et 

al., 2010, Park et al., 2025). These models represent TDP-43 gain-of-function neurotoxicity, as 

their phenotypes do not recapitulate loss of tdp-1 (Liachko et al., 2010). 

To examine differences in outcomes between pathological accumulation of TDP-43 in 

the nucleus versus the cytoplasm, we have generated and characterized new transgenic C. 

elegans strains that express human TDP-43 with point mutations inactivating the nuclear 

localization sequence (TDP-43 DNLS). We generated three TDP-43 DNLS strains with varying 

levels of TDP-43 protein in the cytoplasm. We then compared these strains to well 

characterized C. elegans strains that express TDP-43 in the nucleus. Using neurofunctional, 

genetic and transcriptomic characterizations, we find shared and distinct pathogenic outcomes 

between nuclear versus cytoplasmic localized TDP-43. These models allow exploration of TDP-

43 gain-of-function effects in the absence of loss-of-function, enabling clear dissection of 

pathogenic consequences with relevance to human ALS and FTLD-TDP.  

 

Materials and Methods 
 
Strains and transgenics  



Wild-type (non-Tg) C. elegans (Bristol strain N2) was maintained as previously 

described (Brenner, 2003). A plasmid carrying human TDP-43 coding sequence downstream of 

the pan-neuronal C. elegans snb-1 promoter underwent site-directed mutagenesis (Agilent 

Quikchange) to incorporate three point mutations K82A/R83A/K84A (Keating et al., 2023), 

generating TDP-43 DNLS. As previously described (Han et al., 2024), multicopy integrated 

transgenes were produced by microinjection of transgene marker and the transgene into the 

germline of N2adults, followed by integration and outcrossing. Three strains, NLS152, NLS151, 

and NLS142, were categorized by TDP-43 protein level into TDP-43 DNLS (low), TDP-43 DNLS 

(med), and TDP-43 DNLS (high).  

Additional strains used include CK410 (TDP-43-Tg), CK403 (TDP-43-Tg 2), CK402 

(TDP-43-Tg 3), CK1943 (TDP-43-Tg (low), CK423 (TDP-43 M337V), AGD927 (xbp-1s o/ex), 

RB1667 (tax-6-KO), KJ306 (tax-6 GOF), CK3053 (tdp-1 KO), VC3056 (zip-2(ok3730)), and 

CZ1200 (Control [Unc-25p::GFP]). CK410, CK403, CK402, CK1943, and CK423 use a Psnb-1 

pan-neuronal promoter to drive human wild-type TDP-43 or TDP-43 M337V expression. The 

 
Table 1. complete list of all strains used in this chapter 1 



strain CZ1200 (a gift from Dr. Y. Jin, University of California, San Francisco, CA) has an 

integrated punc-25::GFP transgene expressed in GABAergic neurons that marks cell bodies and 

axons (Cinar et al., 2005). NLS152, NLS151, and NLS142 were crossed with CZ1200 to 

generate TDP-43 DNLS low, medium, and high strains that have GFP labeled GABAergic 

neurons. CK144 uses the Paex-3 pan-neuronal promoter to drive expression of human WT Tau 

(4R1N). AGD927 expresses constitutively active XPB-1s under a Prab-3 pan-neuronal promoter. 

AGD927 was crossed with nuclear and cytoplasmic TDP-43 strains as well as a tau strain. See 

Table 1 for a complete list of all strains used in this chapter 

 

Immunoblotting 

Stage matched day 1 adult C. elegans were harvested into 50µl pellets and flash frozen 

in liquid nitrogen. Pellets were resuspended in 1x sample buffer, sonicated 3 X 60% amplitude 

for 10 sec, and boiled for 10 min. 4-10µl of samples were loaded into 4–15% Criterion™ Tris-

HCl Protein Gels (BioRad), and transferred onto PVDF membrane. TDP-43 was detected by 

monoclonal Anti-TDP43 antibody (ab190963[EPR18554], Abcam, 1:1000), pTDP-43 was 

detected by monoclonal Anti-phospho TDP-43 (pS409/410, CAC-TIP-PTD-M01A, CosmoBio, 

1:1000), tubulin was detected by monoclonal antibody E7 (Developmental Studies Hybridoma 

Bank, 1:5000). Secondary antibodies used were Sheep anti-Mouse IgG peroxidase-linked 

whole antibody Secondary Antibody (Cytiva, 45-000-692, 1:5000) and Donkey anti-Rabbit IgG, 

peroxidase-linked species-specific whole antibody Secondary Antibody (Cytiva, 45-000-682, 

1:10000). Signal was visualized on film using ECL (Clarity Western ECL Substrate 1705061) in 

a 1:1 ratio for up to 15 minutes. Quantification was completed in Image J using densitometry of 

scanned film.  

  

C. elegans immunohistochemistry  

 Slides were coated with poly-L-lysine and baked at 60°C for 40 min. Day 1 adult animals 

were washed with M9 and then transferred into 5µl droplet of 1% PFA. After 5 min, animals 

were compressed under a cover slip. Slides were left on a dry-ice chilled metal block for 30 min. 

The cover slip was quickly removed to tear away upper levels of C. elegans cuticle, and slides 

were dipped in ice cold methanol for 5 min, followed by acetone for 5 min. Slides entered a 

humidified chamber for block, antibody incubation steps, and counterstain. Fixed whole animals 

were stained with anti-TAR DNA-binding protein 43 (TDP-43) (AbCam, ab57105) at a titer of 

1:500. ALEXA 647-conjugated anti-mouse antibody was used as the secondary antibody at a 

titer of 1:1000. Slides were counterstained with 300 nM 4,6-diamidino-2-phenylindole (DAPI) 



nuclear stain in PBS. Images were acquired on Andor Dragonfly 200 100 × oil immersion lens 

(Andor UK, Bellfast). Images were processed in FIJI:imageJ from 30.72x30.72 micron 

(512x512) ROI OEM TIFF files.   

 

Motility assays 

Radial locomotion (crawling) and thrashing (swimming) assays were conducted on 

unstimulated staged-matched day 1 adult C. elegans at room temperature as previously 

described (Currey and Liachko, 2021). In brief, for an individual radial locomotion assays, 10-15 

worms were placed in the center of a 10 cm NGM plate with OP-50 bacteria (food source) and 

allowed to crawl freely on the plate for an hour, and linear distance measured from the starting 

point. Radial locomotion assays are conducted in duplicate on an individual testing day (n = 20-

30), and with three independent testing days (N=3), for a total n = 60-90 animals. For thrashing 

assays, roughly 50 C. elegans were transferred in 1 ml M9 buffer onto 35mm NGM assay 

plates.  Worms were recorded for 1 min at 14 frames per second by WormLab system (MBF 

Bioscience). Swimming tracks were verified post recording and repaired as needed. Thrashing 

assays are conducted on three independent testing days (N=3), for an estimated total n = 150 

animals. Figures from radial locomotion and thrashing are from at least three independent 

biological replicates per genotype.  

 

Neurodegeneration 

Live day 1 adult worms were placed on a 3% agarose pad and immobilized with 0.01% 

sodium azide. GABAergic neurons were counted using fluorescence microscopy using a 60x 

objective on an upright microscope (Leica DM4 B). Scoring was conducted blinded to the 

genotype. Neuronal death, axonal defasciculation, gaps in the continuity of the nerve cord, and 

non-neuronal puncta were scored as signs of neurodegeneration. Figures are from at least 

three independent replicates. Representative images of axonal defasciculation, gaps in the 

continuity of the nerve cord were taken using the Andor Dragonfly at 100x and processed in 

FIJI.   

 

RNA extraction 

RNA was extracted from snap-frozen C. elegans pellets using the Thermo Fisher 

Scientific TRIzol RNA extraction protocol. RNA was resuspended in nuclease free water, run on 

an agarose gel to assess integrity, and concentration was assessed using a NanoPhotometer 

NP80 spectrophotometer (Implen GMbH).   



 

qRT-PCR 

Day 1 adult C. elegans cDNA was synthesized from RNA using iScript Reverse 

Transcription Supermix for RT-qPCR (Bio-Rad) and a T100 Thermal Cycler (Bio-Rad). Controls 

include no-RT supermix without the reverse transcriptase enzyme, and no template reaction 

mix. cDNA samples and no-RT controls were mixed with SYBR supermix and primers for TDP-

43, act-1, or rpl-32 and run on a CFX Connect RT-PCR Detection System (Bio-Rad). The strain 

CK423 was used to make a standard curve, using concentrations of 100ng, 10ng, 1ng, and 

0.1ng of cDNA. All experimental samples and controls were run at 10ng of cDNA per well.  

 

RNA sequencing 

RNA extracted from L4 stage C. elegans was assembled into poly-A enriched libraries 

and sequenced at a read-depth of 25 million pair-end reads per sample as a fee-for-service 

(Novogene).  FASTQ files were pre-processed with FASTP (version 0.23.4) (Chen et al., 2018), 

aligned with STAR two-pass-mapping (version 2.7.10b) (Dobin et al., 2013), and quantified with 

featureCounts (version 2.20.0) in R (version 4.4.2) without multi-mapping reads (Liao et al., 2014) 

against the C. elegans genome WBcel235 (version 113) (Harrison et al., 2024). Differential gene 

expression was calculated with DESeq2 (version 1.46.0) (Love et al., 2014) in R (version 4.4.2) 

(Team, 2021). Transcription factor activity was estimated with CelEsT (version 1.0) (Perez, 2024) 

in R (version 4.4.2) (Team, 2021) using decoupleR (version 2.12.0) (Badia-I-Mompel et al., 2022) 

and the recommended database of TF-target pairs from previously generated differential gene 

expression data. Differential mRNA splicing was calculated for both annotated and novel splicing 

sites with SpliceWiz (version 1.8.0) (PMC10753292) and DESeq2 (version 1.46.0) (Love et al., 

2014) in R (version 4.4.2) (Team, 2021) with default SpliceWiz filters. All visualizations were 

created with ggplot2 (version 3.5.1) (Wickham, 2016) in R (version 4.4.2) (Team, 2021). 

 

Statistical analysis 

All data was analyzed using GraphPad Prism software, unless otherwise described. 

Statistical significance was determined using one-way ANOVA with Tukey’s multiple 

comparison test. Error bars on graphs represent standard error of the mean. P-values were 

expressed as: * (p<0.05), **(p<0.01), ***(p<0.001), ****(p<0.0001) and ns is not statistically 

significant (p>0.05). 

 

 



Results 
It has been previously shown that wild-type human TDP-43 expressed in C. elegans 

(TDP-43-Tg) is strongly localized to the nucleus (Liachko et al., 2010).  To characterize 

differences between the gain-of-function consequences of nuclear versus cytoplasmic TDP-43, 

we developed new C. elegans models with cytoplasmic-localized TDP-43, referred to as TDP-

43 DNLS. TDP-43 DNLS was created by adding three point mutations (K82A/R83A/K84A) in the 

nuclear localization sequence of TDP-43, consistent with mammalian TDP-43 DNLS models 

generated previously (Walker et al., 2015, Winton et al., 2008) (Fig. 6A). Using this strategy, we 

established three TDP-43 DNLS strains with differing levels of transgene expression referred to 

as TDP-43 DNLS (low), TDP-43 DNLS (med), and TDP-43 DNLS (high).  



 

 
TDP-43 DNLS is localized to the cytoplasm  

To confirm localization of TDP-43 in the TDP-43 DNLS strains, we performed TDP-43 

immunohistochemistry with nuclear counterstaining in four strains: TDP-43-Tg (expresses wild-

type human TDP-43), TDP-43 DNLS (low), TDP-43 DNLS (med), and TDP-43 DNLS (high) (Fig. 

6B). In these strains, TDP-43 DNLS (low), TDP-43 DNLS (med), and TDP-43 DNLS (high) 

appeared predominantly cytoplasmic, more closely resembling the cytoplasmic distribution of 

TDP-43 in human disease, while TDP-43-Tg was strongly nuclear, consistent with previously 

published results (Fig. 6B, Fig. 7). 

 

Fig. 6. TDP-43 is localized in the cytoplasm and not the nucleus in TDP-43 DNLS worms. (A) TDP-43 protein 

domains including the N-terminus, nuclear localization signal (NLS), RNA recognition motifs (RRM1 and RRM2), and C-

terminus. The location of inactivating point mutations within the NLS are shown. (B) Immunostaining for nuclei (DAPI) 

and total TDP-43 in day 1 adult nerve cord of TDP-43-Tg, and TDP-43 DNLS (low), TDP-43 DNLS (medium), and TDP-

43 DNLS (high) C. elegans. Size bar = 10µm. 



 

 

TDP-43 DNLS strains exhibit dose-responsive neurotoxicity 

 We performed several measures to characterize TDP-43 DNLS strains. To determine 

expression levels of TDP-43, we performed immunoblot analyses on stage matched day 1 adult 

populations of animals. We determined the three TDP-43 DNLS strains had varying levels of 

TDP-43 expression and were designated TDP-43 DNLS (low), TDP-43 DNLS (med), and TDP-

43 DNLS (high) based on detected protein (Fig. 8A-C, Fig. 9). As comparators we included well-

characterized C. elegans strains expressing wild-type TDP-43 (TDP-43-Tg) or familial ALS 

(fALS) mutant TDP-43 (TDP-43 M337V) (Liachko et al., 2010).  

 

 

 

 

 

 

Fig. 7. pTDP-43 is localized in the cytoplasm and not the nucleus in TDP-43 DNLS worms. (A) 

Immunostaining for nuclei (DAPI) and phosphorylated TDP-43 (pTDP-43) in day 1 adult TDP-43 DNLS 

(med) C. elegans. Size bar = 10µm. 

 



 

We found that TDP-43 DNLS (low) had low levels of TDP-43 that were clearly detected 

upon overexposure (Fig. 9). There was no detectable pTDP-43 in TDP-43 DNLS (low) upon 

 
Fig. 8.  TDP-43 DNLS causes dose-dependent motility impairment. (A) Synchronized day 1 adult C. elegans 
were tested by immunoblot for total TDP-43, phosphorylated TDP-43, and tubulin (load control). Immunoblot is 

representative of three independent biological replicates. (B-C) Quantification of protein levels from scanned 

film images. *p<0.05 (D) qRT-PCR of TDP-43 expression in day 1 adult C. elegans. act-1 mRNA was used as 

an internal expression control. TDP-43 mRNA was highest in the TDP-43 DNLS (high) strain. *p<0.05, **p<0.01.  
(E-F) Motility impairment of TDP-43 DNLS as measured by (E) radial locomotion (linear distance crawling in one 

hour on an agar plate) or (F) swimming (rates of thrashing in liquid for a minute). Higher levels of cytoplasmic 

TDP-43 resulted in decreased crawling and fewer turns/minute. One-way ANOVA with Tukey’s multiple 

comparison test. **p<0.01, ***p<0.001, ****p<0.0001. ns, not significant. Data are mean ± s.e.m. 

 



overexposure (data not shown). TDP-43 DNLS (med) had similar levels of TDP-43 as TDP-43 

M337V but much less pTDP-43. TDP-43 DNLS (high) had roughly twice as much TDP-43 as 

TDP-43 M337V and comparable levels of pTDP-43 as TDP M337V (Fig. 8A-C).  

We also determined mRNA expression levels of TDP-43 DNLS (low), TDP-43 DNLS 

(med), and TDP-43 DNLS (high) using quantitative reverse transcription PCR (qRT-PCR) (Fig. 

8D). mRNA levels of the TDP-43 DNLS strains followed similar trends as protein quantity, with 

increasing levels of TDP-43 mRNA corresponding to higher amounts of protein detected (Fig. 

8A-D).  

 

Neuronal dysfunction corresponds to expression level of TDP-43 DNLS  
 Motility of C. elegans can serve as a sensitive readout of neuronal function (Zhen and 

Samuel, 2015) and has been used to quantify neuronal dysfunction and neurodegeneration in 

models of neurodegenerative diseases (Kraemer et al., 2003, Koopman et al., 2024). To 

quantify motility defects in TDP-43 DNLS strains, we performed two assays: radial locomotion 

for assessment of the ability to crawl on a solid agar surface, and swimming testing the ability to 

thrash in liquid (Currey and Liachko, 2021, Pierce-Shimomura et al., 2008). Radial locomotion 

and swimming both give a readout of GABAergic and cholinergic neurons, as well as associated 

circuits responsible for movement initiation, propagation, and cessation (Koopman et al., 2024, 

Currey and Liachko, 2021).  

For both radial locomotion and swimming, our TDP-43 DNLS strains had an inverse 

relationship with TDP-43 protein levels; with TDP-43 DNLS (low) having near normal motility, 

 
Fig. 9. TDP-43 is visible in TDP-43 DNLS (low) but not non-Tg control in long exposure. (A) 
Synchronized day 1 adult C. elegans were tested by immunoblot for total TDP-43, and left overnight to 

maximize signal on film. TDP-43 is visible in all the lanes other than the non-Tg lane. 

 



TDP-43 DNLS (med) having moderate impairment, and TDP-43 DNLS (high) having severe 

impairment (Fig. 8E-F). Surprisingly, TDP-43 DNLS (med) had similar crawling and swimming 

as TDP-43-Tg (Fig. 8E-F) even though the strain has significantly more total TDP-43 protein 

(Fig. 8A-B). Likewise, TDP-43 DNLS (high) had similar crawling and swimming as TDP-43 

M337V (Fig. 8E-F) despite accumulating more TDP-43 protein (Fig. 8B-C).  However, levels of 

pTDP-43 are comparable between TDP-43 DNLS (med) and TDP-43-Tg, and between TDP-43 

DNLS (high) and TDP-43 M337V, which may support previous findings that abundance of 

pTDP-43 correlates with neurotoxicity in C. elegans (Liachko et al., 2010).    

To examine whether the endogenous C. elegans homolog of TDP-43, tdp-1, contributes 

to motility defects in TDP-43 DNLS, we crossed tdp-1(bk3053), a CRISPR-generated whole-

gene deletion of tdp-1, with a TDP-43 DNLS (med) and TDP-43-Tg 3. However, we did not see 

any significant differences in motility in the absence of tdp-1 (Fig. 10).  

 

 
High levels of cytoplasmic phosphorylated TDP-43 cause neurodegeneration 

 TDP-43 DNLS (med) and TDP-43 DNLS (high) have clear motility defects, indicating 

possible neurodegeneration. GABAergic neurons control C. elegans motility (Schuske et al., 

2004) and are vulnerable to TDP-43-Tg and TDP-43 M337V (Liachko et al., 2010). To examine 

the integrity of GABAergic neurons in TDP-43 DNLS, we used a transgenic reporter that 

expresses GFP in the 19 GABAergic neurons (unc-25p::GFP) to visualize and quantify changes 

 

Fig. 10. tdp-1 KO does not alter motility in nuclear or cytoplasmic TDP-
43 strains. (A) Motility of tdp-1 KO day 1 adults was measured by radial 

locomotion (linear distance crawling in one hour on an agar plate). Neither 

TDP-43-Tg 3 nor TDP-43 DNLS (med) strains exhibited altered motility in 

the presence of tdp-1(bk3053). One-way ANOVA with Tukey’s multiple 

comparison test. ****p<0.0001. ns, not significant. Data are mean ± s.e.m. 

 



in GABAergic neurons (Liachko et al., 2010). C. elegans have 19 D-type GABAergic motor 

neurons. Control animals (unc-25p::GFP) had intact GABAergic neurons and axons with a 

continuous nerve cord, no non-neuronal puncta, and no visual signs of neurodegeneration (Fig. 

11A,B). TDP-43 DNLS (med) worms appeared similar to controls, but about half of the worms 

had one fewer GABAergic neuron (Fig. 11A,C). However, TDP-43 DNLS (high) animals 

 Fig. 11. TDP-43 DNLS causes loss of GABAergic neurons in a dose dependent manor. GABAergic 

neurons were counted in vivo in TDP-43 DNLS (high) and TDP-43 DNLS (med) strains using an unc-25p::GFP 

reporter. Neuronal death, axonal defasciculation, gaps in the continuity of the nerve cord, and non-neuronal 

puncta along the nerve cord were scored signs of neurodegeneration. (A) Number of GABAergic neurons 

present, with TDP-43 DNLS (med) (n=20) and TDP-43 DNLS (high) (n=19) having respectively 0.5 and 6.5 

neurons less than the control (n=30). (B-E) A representative nerve cord in control (B), TDP-43 DNLS (med) 

(C), and TDP-43 DNLS (high) (D). White arrows point to each GABAergic neuron. Scale bar = 80µM. (E) 

Examples of the neurodegenerative changes in a TDP-43 DNLS (high) worm. The yellow arrows point at 

axonal defasciculation, magenta arrow points at non-neuronal puncta, and the turquoise arrow points at gaps 

in the nerve cord. Scale bar = 40µM. (F-H) Representative images of axonal defasciculation (F), non-neuronal 

puncta (G), and gaps in the nerve cord (H) in TDP-43 DNLS (high).  Scale bar = 10µM. 

 



exhibited much more neurodegeneration, with an average of 6.5 fewer GABAergic neurons than 

the control (Fig. 11A,D). In addition to loss of GABAergic neurons, we also saw axonal 

defasciculation, gaps in the continuity of the nerve cord, and non-neuronal puncta along the 

nerve cord in all TDP-43 DNLS (high) worms analyzed (Fig. 11E-H).      

 
Transcriptome differences between models of cytoplasmic versus nuclear TDP-43 

To determine the molecular consequences of nuclear and cytoplasmic TDP-43 in C. 

elegans, we performed RNA sequencing on polyA-enriched RNAs from TDP-43-Tg and TDP-43 

ΔNLS (med) at the L4 stage. Overall, there were relatively few transcriptomic differences among 

TDP-43 ΔNLS, TDP-43-Tg, or N2 controls. These results are consistent with principal component 

analysis (PCA) where the groups are largely overlapping (Fig. 12A).  

 

 

However, compared to stage-matched non-Tg controls, TDP-43 ΔNLS (med) animals 

significantly differentially expressed 11 genes (p adj < 0.05 & |log2 fold change| > 1.0) (Fig. 13A, 

Table 2A) including the downregulation  of immunoglobulin zig-2, which can be secreted from 

 

Fig. 12. (A) Principal component analysis 
of gene expression in TDP-43 ΔNLS 

(med) Tg, TDP-43-Tg, and non-Tg 

controls (n = 12). (B) A volcano plot of 
differential RNA splicing in TDP-43 ΔNLS 

(med) Tg animals compared to non-Tg 

controls (n =8). (C) A volcano plot of 
differential RNA splicing in TDP-43-Tg 

animals compared to non-Tg controls (n 

=8). (D) A volcano plot of differential RNA 
splicing in tdp-1(csb38) null animals 

compared to non-Tg controls re-analyzed 

from (Taylor et al., 2023)(n =6) 
 



neurons to influence axon maintenance and interact with insulin (Benard et al., 2009, Nawrocka 

et al., 2024). To gain insight into the compensatory or effector cellular signals initiated by 

cytoplasmic TDP-43 aggregation and responsible for driving gene expression changes, we 

performed transcription factor (TF) network analysis to estimate significantly differentially active 

TFs using the computational tool CelEst (p adj < 0.05) (Perez, 2024). We found that the stress 

and infection-sensing TF ZIP-2 (Kniazeva and Ruvkun, 2025) and cell-death regulator BLMP-1 

 

Fig. 13. Differential gene expression in 
nuclear and cytoplasmic TDP-43 strains. 
(A) A volcano plot of differential gene 

expression in TDP-43 ΔNLS (med) Tg 

animals compared to wildtype controls (n = 
8). (B) A volcano plot of estimated 

differential transcription factor activity in 

TDP-43 ΔNLS (med) Tg animals compared 
to non-Tg controls (n = 8). (C) A volcano plot 

of differential gene expression in TDP-43-Tg 

animals compared to non-Tg controls (n = 8). 
(D) A volcano plot of estimated differential 

transcription factor activity in TDP-43-Tg 

animals compared to non-Tg controls (n = 8). 

(A-D) Dotted line represents threshold for p 
adj = 0.05.  

 

 
Table 2. (A) Differential gene expression and (B) estimated transcription factor activity in TDP-43 ΔNLS 
(med) animals. 
 



(Jiang et al., 2021) displayed an upregulation of their predicted target genes in TDP-43 ΔNLS 

(med) animals (Fig. 13B, Table 2B).  

We also performed RNA sequencing on TDP-43-Tg animals which accumulate nuclear 

soluble and insoluble TDP-43. We found TDP-43-Tg animals significantly differentially express 

19 genes relative to non-Tg controls (Fig. 13C, Table 3A), sharing five with TDP-43 ΔNLS (med) 

animals including zig-2. We estimated 2 TFs had significantly decreased activity in TDP-43 

animals (Fig. 13D, Table 3B), including ZIP-2 and the forkhead box PHA-4. Notably, ZIP-2’s 

activity is reversed compared to that in TDP-43 ΔNLS (med) animals.  

 

To examine the inverse relationship between estimated ZIP-2 transcription factor activity 

in TDP-43 ΔNLS versus TDP-43-Tg, we crossed a partial deletion of the zip-2 coding sequence, 

zip-2(ok3730) into these strains. We tested whether ZIP-2 transcription factor activity modifies 

TDP-43 phenotypes by evaluating motility of TDP-43 ΔNLS; zip-2(ok3730) and TDP-43-Tg; zip-

2(ok3730). However, we found that there were no significant differences between these strains 

and controls (Fig. 14), suggesting that ZIP-2 transcription factor activity is not promoting either 

neuroprotective or neurodegenerative outcomes.  

 
Table 3. (A) Differential gene expression and (B) estimated transcription factor activity in TDP-43-Tg 
animals. 
 



 

To identify the relative contribution of gain-of-function and loss-of-function mechanisms to 

TDP-43 toxicity in C. elegans, we also performed RNA splicing analysis on our RNA sequencing 

from TDP-43 ΔNLS (med) and TDP-43-Tg animals and previously published RNA sequencing 

from tdp-1(csb38) null animals (Taylor et al., 2023). We found that TDP-43 ΔNLS (med) and TDP-

43-Tg animals did not significantly alter the splicing of any events (p adj < 0.05 & |deltaPSI| > 0.1) 

(Fig. 12B,C). Consistent with known effects of TDP-43 loss of function, the loss of tdp-1 did alter 

splicing, including exon retention events (12. D). The excessive activity of nuclear TDP-43 is 

associated with an increase in exon-skipping (Carmen-Orozco et al., 2024), which we did not 

observe in TDP-43-Tg animals. Taken together, these transcriptomic analyses suggest both 

shared and distinct cellular responses to the presence of cytoplasmic versus nuclear TDP-43 

aggregation. Our transcriptomic data does not support a major role for altered RNA splicing to be 

driving the molecular mechanisms for TDP-43-driven. 

 

Calcineurin phosphatase activity protects against both nuclear and cytoplasmic TDP-43 
Phosphorylation of TDP-43 S409/S410 is consistently present in familial and sporadic 

TDP-43 proteinopathies (Neumann et al., 2009), and in C. elegans potentiates worsened 

motility (Liachko et al., 2010). The phosphatase calcineurin directly binds and dephosphorylates 

TDP-43, reducing accumulation of phosphorylated TDP-43 (Liachko et al., 2016a). C. elegans 

has a single homolog of calcineurin, TAX-6. Loss of function mutations in tax-6 result in severely 

 
Fig. 14. zip-2(ok3730) does not alter motility in nuclear or cytoplasmic TDP-43 strains. Motility of zip-

2(ok3730) day 1 adults was measured by (A) radial locomotion (linear distance crawling in one hour on an 

agar plate) and (B) swimming in liquid. Neither TDP-43-Tg nor TDP-43 DNLS (high) strains exhibited altered 

motility in the presence of zip-2(ok3730). One-way ANOVA with Tukey’s multiple comparison test. ns, not 

significant. Data are mean ± s.e.m. 

 



worsened motility defects in TDP-43-Tg and TDP-43 M337V (Liachko et al., 2016a). To test 

whether calcineurin/tax-6 similarly influences cytoplasmic TDP-43, we crossed tax-6(ok2065) to 

TDP-43-Tg and TDP-43 ΔNLS (med). In the absence of functional tax-6, both TDP-43-Tg and 

TDP-43 ΔNLS (med) strains had significantly increased total and phosphorylated TDP-43, 

worsened radial locomotion and swimming (Fig. 15A-D). These data support TAX-6 mediated 

protection against phosphorylation-driven neurotoxicity of both cytoplasmic and nuclear TDP-43.  

 

 Fig. 15.  tax-6 controls TDP-43 phosphorylation levels in both nuclear and cytoplasmic TDP-43 strains. 
(A) Synchronized populations of day 1 adult C. elegans were tested by immunoblot for total TDP-43, 
phosphorylated TDP-43, and tubulin (load control). Immunoblots shown are representative of four independent 

biological replicates. (B-C) Quantification of protein levels from four independent biological replicates. *p<0.05, 

**p<0.01. ns, not significant. (D-E) tax-6 KO day 1 adult motility as measured by (D) radial locomotion (linear 
distance crawling in one hour on an agar plate) or (E) swimming (rates of thrashing in liquid for a minute). TDP-

43-Tg and TDP-43 DNLS (med) strains were both equally affected by tax-6 KO. (F) tax-6 GOF motility 

measured by swimming. Motility impairment of TDP-43-Tg but not TDP-43 DNLS (med) strains were partly 

rescued by tax-6 GOF.  One-way ANOVA with Tukey’s multiple comparison test. ****p<0.0001. ns, not 
significant. Data are mean ± s.e.m. 
 



We also tested whether a constitutively active tax-6 gain-of-function mutant, tax-6 GOF, 

could protect against TDP-43-Tg and TDP-43 ΔNLS (med) motility defects. We found this was 

able to partly rescue TDP-43-Tg but not TDP-43 ΔNLS (med) (Fig. 15E), which may reflect 

differences in constitutive TAX-6 activity in the nucleus versus cytoplasm, differing contributions 

of phosphorylated TDP-43 to toxicity in TDP-43-Tg versus TDP-43 ΔNLS, or variability due to 

the relatively low levels of phosphorylated TDP-43 at baseline in these strains.  

 
XBP-1s differentially modifies cytoplasmic versus nuclear TDP-43 in C. elegans 

neurotoxicity. 
 Proteostatic endoplasmic reticulum (ER) stress initiates the unfolded protein response 

(UPRER), resulting in expression of the active form of the transcription factor X-box binding 

protein, XBP-1s (Calfon et al., 2002). In aging C. elegans, expression of XBP-1s  activates the 

UPRER, enables resistance to ER stress, and extends lifespan (Taylor and Dillin, 2013). In some 

neurodegenerative disease models, XBP-1 activation triggers the UPRER protecting against tau 

neurotoxicity (Loewen and Feany, 2010, Kraemer et al., 2006, Waldherr et al., 2019, Duran-

Aniotz et al., 2023). To determine whether XBP-1s modifies nuclear or cytoplasmic TDP-43 

phenotypes, we crossed an established transgenic xbp-1s overexpression strain (xbp-1s o/ex) 

with TDP-43-Tg and TDP-43 ΔNLS to generate double transgenic strains TDP-43-Tg; xbp-1s 

 

Fig. 16. xbp-1s overexpression protects against 
cytoplasmic TDP-43 but worsens outcomes for 
nuclear TDP-43 strains. (A-C) xbp-1s o/e driven 

motility changes of day 1 adults as measured by 

swimming (rates of thrashing in liquid for a minute). 

xbp-1s o/ex (A) worsened swimming in TDP-43-Tg-2 
but rescued swimming in (B) TDP-43 ΔNLS (med) 

and (C) tau-Tg. (D) Schematic of XBP-1s activation 

outcomes targeting nuclear versus cytoplasmic TDP-
43. Increasing XBP-1s increases proteostasis to 

protect against TDP-43 and tau in the cytoplasm, but 

leads to increased neurotoxicity when TDP-43 is 
nuclear. Higher levels of XBP-1s is only beneficial 

when dealing with cytoplasmic proteinopathies. One-

way ANOVA with Tukey’s multiple comparison test. 
****p<0.0001. Data are mean ± s.e.m. 

 



o/ex and TDP-43 ΔNLS; xbp-1s o/ex.  Using swimming as readout of neuronal dysfunction, we 

found that increased XBP-1s worsened motility in two independent TDP-43-Tg strains (Fig. 16, 

Fig. 17), but improved two independent TDP-43 ΔNLS strains (TDP-43 ΔNLS (med) Fig. 16B, 

and TDP-43 ΔNLS (high) Fig. 17B,C).  

 

To confirm xbp-1s o/ex was behaving consistently with prior published work (Waldherr et al., 

2024, Waldherr et al., 2019), we crossed it with a C. elegans model expressing wild-type human 

tau pan-neuronally (tau-Tg). In tau-Tg; xbp-1s o/ex animals, we saw a robust improvement in 

swimming (Fig. 16C), consistent with prior publications. Taken together, our data suggests that 

the location of toxic pTDP-43, whether it is in the nucleus or the cytoplasm, influences cellular 

responses and mechanisms of clearance (Fig. 16D). 

 We were curious if a TDP-43 with an ALS causing mutation, such as M337V, would 

behave the same way in the cytoplasm as in the nucleus. We created a TDP-43 DNLS M337V 

strain (Table 1) that has a similar amount of total TDP-43 to TDP-43 M337V but much less 

pTDP-43 (Fig. 18A,B). We ran behavior on these strains and found TDP-43 DNLS M337V to 

have much better motility than TDP-43 M337V (Fig. 18C). This motility difference could be 

 

Fig. 17. xbp-1s overexpression protects 
against cytoplasmic TDP-43 but worsens 
outcomes for nuclear TDP-43 strains. (A-
C) xbp-1s o/ex driven motility changes of 

day 1 adults as measured by swimming 

(rates of thrashing in liquid for a minute) and 
radial locomotion (linear distance crawling in 

one hour on an agar plate). xbp-1s o/ex (A) 
worsened swimming in TDP-43-Tg (low) but 
improves swimming in (B) TDP-43 ΔNLS 

(high). xbp-1s o/ex (C) improves radial 

locomotion in TDP-43 ΔNLS (med). One-
way ANOVA with Tukey’s multiple 

comparison test. **p<0.01, ***p<0.001, 
****p<0.0001. ns, not significant. Data are 

mean ± s.e.m. 

 



partially due to TDP-43 DNLS M337V being cytoplasmic but it’s likely that the low levels of 

pTDP-43 make TDP-43 DNLS M337V less toxic. It is possible cytoplasmic TDP-43 aggregates 

do not get phosphorylated as much as nuclear TDP-43 aggregates.  

 The lab has performed RNAseq on TDP-43 M337V and found that L4 developmental 

stage, TDP-43 M337V animals significantly differentially express 398 genes compared to N2 

controls (Fig. 18D). This is much more than the 19 differentially expressed genes seen in TDP-

43-Tg animals (Table 3A). We plan to perform RNAseq on TDP-43 DNLS M337V to determine if 

cytoplasmic TDP-43 M337V has a similar differential gene expression to nuclear TDP-43 M337 

or cytoplasmic TDP-43.   

 

When studying disease causing proteins in neurodegenerative diseases it can be very 

helpful to find suppressors of those proteins (Kraemer and Schellenberg, 2007, Currey et al., 

2023, Kow et al., 2022). Our lab often studies suppressors of TDP-43 and tau but we do not 

know if these suppressors would also suppress cytoplasmic TDP-43. KO of Srrt-1 has been 

 

Fig. 18. TDP-43 ΔNLS 
M337V is less toxic than 
TDP-43 M337V. (A) TDP-
43 ΔNLS M337V has 
similar TDP-43 levels as 
TDP-43 M337V but (B) 
much less pTDP-43 and 
(C) better motility. (4) L4 
TDP-43 M337V has large 
amounts of differential 
genes expressed 
compared to L4 N2.   



shown to suppress tau and TDP-43 in C. elegans (data not shown). Srrt-1 is a RNA binding 

partner of nuclear cap-binding complex and helps determine mRNA fate (Lykke-Andersen et al., 

2021) When crossing TDP-43 DNLS worms with Srrt-1 KO worms we also saw suppression of 

the TDP-43 DNLS phenotype (Fig. 19). Trying to find more TDP-43 DNLS suppressors will be 

useful to studying cytoplasmic TDP-43. We will also look for suppressors of nuclear TDP-43 in 

C. elegans that will not work on TDP-43 DNLS, allowing for us to uncover more differences 

between cytoplasmic and nuclear TDP-43.  

 

 
 
Discussion  

 Although TDP-43 can form cytoplasmic or nuclear pathologic protein inclusions in FTLD-

TDP (Neumann et al., 2006), little is known about whether disease processes differ based on 

localization of pathology. Expression of human TDP-43 in C. elegans neurons provides a 

tractable, gain-of-function system to dissect disease mechanisms (Wolozin et al., 2011, Liachko 

et al., 2010, Pir et al., 2025). However, previously generated strains accumulate TDP-43 

predominantly in the nucleus. To address this question, we have developed new transgenic C. 

elegans models that accumulate cytoplasmic TDP-43, enabling comparative evaluations of 

nuclear versus cytoplasmic localized TDP-43.  

In this study, we mutated the TDP-43 NLS to generate three C. elegans strains that 

accumulate predominantly cytoplasmic localized TDP-43. We compared these cytoplasmic 

 

Fig. 19. Srrt-1 KO rescues TDP-43 DNLS 
(med). (A) swimming (rates of thrashing in 
liquid for a minute). One-way ANOVA with 

Tukey’s multiple comparison test. 

****p<0.0001. Data are mean ± s.e.m. 
   



TDP-43 strains to previously existing, well characterized nuclear TDP-43 strains to identify 

similarities and differences in neurotoxic phenotypes, cellular responses, and protein 

homeostasis mechanisms.  These data provide important insights into FTLD-TDP biology, and 

represent a new system to better understand TDP-43 in disease.  

From our characterization of TDP-43 ΔNLS strains, we found dose-dependent toxicity of 

cytoplasmic TDP-43 (Fig. 8). Interestingly, cytoplasmic TDP-43 appears to cause less severe 

motility deficits at equivalent protein levels than nuclear TDP-43. When there were similar 

amounts of cytoplasmic and nuclear TDP-43, the strains with nuclear TDP-43 had more severe 

motility defects indicating greater neuronal dysfunction. However, burden of phosphorylated 

TDP-43 correlated with motility deficits similarly whether nuclear or cytoplasmic (Fig. 8). 

Likewise, loss-of-function mutation in tax-6, the C. elegans homolog of the TDP-43 phosphatase 

calcineurin, worsened both TDP-43-Tg and TDP-43 ΔNLS (med) strains and led to increased 

accumulation of phosphorylated TDP-43 (Fig. 15). In mouse models of TDP-43 proteinopathy, 

robust calcineurin depletion occurs during disease course (Waldherr et al., 2026, Davis et al., 

2017). In patients with ALS, calcineurin activity is decreased (Ferri et al., 2004, Wagey et al., 

1997), supporting loss of this neuron resilience factor as a contributor to worsened disease 

outcomes. Our C. elegans data suggest that TDP-43 phosphorylation is toxic regardless of 

subcellular localization, and that calcineurin/ tax-6 mechanisms controlling toxicity of 

phosphorylated TDP-43 are shared between the nucleus and the cytoplasm.  

At high expression levels of cytoplasmic TDP-43, we observed severe neurodegeneration 

with prominent GABAergic neuronal loss, axonal defasciculation, gaps in the continuity of the 

nerve cord, and GFP-positive puncta along the nerve cord (Fig. 11). We found mild 

neurodegeneration in the medium expressing TDP-43 ΔNLS strain, with only about half of the 

worms developing detectable neuronal loss (Fig. 11A).  

When comparing RNA transcriptome data from nuclear versus cytoplasmic TDP-43 strains, 

we found few differentially expressed genes and no alterations to RNA splicing. Transcription 

factor network analysis did suggest an opposite regulation of the transcription factor ZIP-2 

between these strains, supporting distinct cellular responses to cytoplasmic versus nuclear 

TDP-43. In nuclear-localized TDP-43-Tg, ZIP-2 targets were decreased, but in cytoplasmic- 

localized TDP-43 ΔNLS, ZIP-2 targets were increased (Fig. 13). ZIP-2 is an immune response 

effector in C. elegans (Estes et al., 2010) that has also been shown to be activated due to age-

related mitochondrial dysfunction in C. elegans and stalled translation elongation (Hahm et al., 

2020, Kniazeva and Ruvkun, 2025). TDP-43 has been previously implicated in mitochondrial 

health and function  (Wang et al., 2016, Huang et al., 2020, Xu et al., 2010). Looking more into 



the effect of TDP-43 on mitochondrial function between nuclear and cytoplasmic TDP-43 would 

be telling if there are mitochondrial differences. Blocking on of the mitochondrial targeting 

sequences, such as M5 (294-300), would cause TDP-43 to not localize to mitochondria (Wang 

et al., 2016). We can make TDP-43-Tg M5 and TDP-43 ΔNLS M5 mutants to look at 

mitochondrial changes in nuclear vs cytoplasmic TDP-43. We can also see if the M5 mutation 

changes ZIP-2 targets.  

To follow up the RNAseq, we determined a partial deletion of zip-2 failed to impact motility 

phenotypes of TDP-43-Tg or TDP-43 ΔNLS, which may indicate that transcriptomic changes are 

not the major driver of phenotypes observed in this model. While the transcriptomic changes are 

minimal in nuclear and cytoplasmic strains expressing TDP-43, there are much more 

transcriptomic changes in the nuclear TDP-43 M337V model (Fig. 18D).  We will need to run 

RNAseq on TDP-43 ΔNLS M337V to see if TDP-43 M337V also has large transcriptomic 

changes in the cytoplasm.  

ER stress can be triggered by accumulation of misfolded or unfolded proteins in the 

cytoplasm and in the ER lumen, resulting in activation of the unfolded protein response 

(UPRER). During activation of the UPRER, XBP1 mRNA becomes alternatively spliced into the 

activated form XBP1s, which then increases transcription of genes related to degrading 

misfolded proteins (He et al., 2024). Reduced XBP-1 exacerbates neurotoxicity in tau models of 

D. melanogaster (Loewen and Feany, 2010) and C. elegans (Kraemer et al., 2006), while 

overexpressing XBP-1s is neuroprotective in tau models of C. elegans (Waldherr et al., 2019, 

Waldherr et al., 2024). Interestingly, we found divergent effects of xbp-1s overexpression on 

nuclear versus cytoplasmic expressing TDP-43 strains. xbp-1s suppressed neurotoxic motility 

phenotypes of cytoplasmic TDP-43 ΔNLS strains, but worsened motility of nuclear TDP-43-Tg 

strains (Fig. 16, Fig 17). The neuroprotection against cytoplasmic TDP-43 aligns with its ability 

to protect against tau, another cytoplasmic accumulating aggregating protein. However, it is not 

clear why increased xbp-1s results in worsened outcomes for strains with nuclear-localized 

TDP-43. It is possible an xbp-1s mediated increase in cytoplasmic protein clearance decreases 

cellular ability to respond and clear nuclear proteins. This contrast between xbp-1s 

overexpression driving either a protective or worsened reaction based on the location of TDP-43 

in the cell highlights potential differences in disease mechanisms or cellular responses to 

pathological variation in human disease. Nuclear versus cytoplasmic TDP-43 inclusions may be 

physical manifestations of differences in disease etiology, progression, or cellular responses 

among individuals critical for effective treatments. The C. elegans models described here 

provide a comparative study of outcomes from TDP-43 pathologic localization, enabling a 



greater understanding of TDP-43 in normal and disease states essential for development of 

effective therapies.   

 

Chapter 2: Using point mutations to alter TDP-43 domains in a gain of function C. elegans 

model to better understand its neurotoxic synergy with tau 

 

Introduction 
Limbic-predominant age related TDP-43 encephalopathy (LATE) is often comorbid with 

Alzheimer’s disease (AD), especially with older patients (Nelson et al., 2019). Roughly half of 

Alzheimer’s disease (AD) patients have TDP-43 aggregates along with amyloid b plaques and 

neurofibrillary tangles that contain phosphorylated tau (p-tau) (Jo et al., 2020). The presence of 

TDP-43 aggregates in AD brains correlate with increased cognitive impairment and brain 

atrophy (Butler Pagnotti et al., 2023, Nelson et al., 2019). It has also been shown that TDP-43 

and p-tau interact and are associated with each other using biological approaches (Tome et al., 

2021) and AD cases with TDP-43 have an increased burden of pre-tangles and phosphorylated 

tau (Tome et al., 2023).  

In C. elegans, our lab has shown the co-expression of human tau and human TDP-43 

caused selective neuronal loss and increased neuronal dysfunction compared to either protein 

alone (Latimer et al., 2022). While there is an observed neurotoxic synergy between TDP-43 

and tau, there is little understanding of the mechanism behind the synergy. Chapter 2 seeks to 

identify the mechanism responsible for the neurotoxic synergy between tau and TDP-43 in AD. 

To accomplish this, we looked at the domains and functions of TDP-43, and if putative loss-of-

function mutations would alter the neurotoxicity with tau. We generated and characterized TDP-

43; tau transgenic lines that have mutations in TDP-43 domains. The TDP-43 mutants that we 

looked at included mutations that altered post translational modifications (PTM), RNA binding, 

oligomerization, and nuclear location. We found post-translational modifications, as well as the 

cellular location of TDP-43 to be important in the neurotoxic synergy with tau. We have started 

trying to replicate our findings by crossing our TDP-43 mutant strains into a second tau-Tg C. 

elegans strain. We have also started investigating singular TDP-43 post translational 

modification sites, to confirm the potential mechanism of synergy.  

TDP-43 is composed of a N-terminal domain (NTD), nuclear localization signal (NLS), 

two RNA recognition motifs (RRM1 and RRM2), and a C-terminal domain, and can undergo 

many PTMs (Fig. 1) (Francois-Moutal et al., 2019). PTM such as acetylation, phosphorylation, 

SUMOylation, ubiquitination, and Poly ADP-ribosylation (PARylation) can change the function of 



TDP-43 and play a role in pathogenic TDP-43 (Fig. 5) (Neumann et al., 2009, Verde et al., 

2025, Cohen et al., 2015, Duan et al., 2019).  

The N-terminal domain (NTD), amino acids 1-77, can form dimers and oligomers, with 

the reversible formation of polymers being required for splicing activity as well as phase 

separation and liquid droplet formation (Francois-Moutal et al., 2019). The nuclear localization 

signal (NLS), amino acids 78-100, links the NTD to the RRM1. The NLS is important for TDP-43 

localizing in the nucleus and can undergo post translational modifications, such as PARylation, 

acetylation, and ubiquitination (Winton et al., 2008, Francois-Moutal et al., 2019, Hans et al., 

2018). Acetylation of Lysine 82 alters the ability of TDP-43 to bind to importin-a1, resulting in 

cytoplasmic mislocalization of TDP-43 ( (Ko et al., 2024). Acetylation of Lysine 84 can also 

reduce nuclear import and cytoplasmic mislocalization of TDP-43 (Khosravi et al., 2020). Many 

of these amino acids of TDP-43 can undergo multiple PTM, making the study of their effects 

complex. For example, Lysine 84 is also a novel ubiquitination site for TDP-43 (Hans et al., 

2018). 

The N-terminal domain is also involved in TDP-43 self-oligomerization (Chang et al., 

2012). There is not much known about the role of TDP-43 oligomerization. TDP-43 

oligomerization is required for some alternative splicing (Jiang et al., 2017), could be an 

intermediate species providing scaffolding for formation of aggregates (French et al., 2019), or 

helps keep TDP-43 in the nucleus preventing cytoplasmic aggregation (Perez-Berlanga et al., 

2023). 

Poly(ADP-ribose) polymerase (PARP) can link ADP ribosyl units, forming large 

negatively charged branched Poly-ADP-ribose (PAR) polymers (Francois-Moutal et al., 2019). 

PARylation is linked to DNA damage repair, RNA biology, metabolism, cellular stress, and the 

unfolded protein response (Gupte et al., 2017). In Drosophila, reduction of Tankyrase, a PARP, 

reduced cytoplasmic accumulation of TDP-43. TDP-43 has PAR binding motifs located in its 

NLS, that allow it to bind PAR. This non-covalent binding leads to liquid-liquid phase separation 

of TDP-43, which is a requirement for TDP-43 accumulation in stress granules (McGurk et al., 

2018b). Stress granules accumulate RNA-binding proteins that regulate stability and translation 

of mRNA when under stress (Leung et al., 2011). PAR-binding motifs are important for 

promoting granulo-filamentous aggregation of TDP-43, with PAR binding causing TDP-43 to 

make thread like fibrils (McGurk et al., 2018b, McGurk et al., 2018a).  

RNA recognition motifs (RRM1 and RRM2), amino acids 106-177 and 192-259, are 

required for nucleic acid binding (Francois-Moutal et al., 2019). TDP-43 binds both mRNA and 

DNA, making it important for gene transcription and regulating mRNA, stability, and translation 



(Cohen et al., 2011). TDP-43 can undergo SUMOylation of lysine 136 in RRM1, altering TDP-43 

splicing activity, localization, and exon skipping (Maurel et al., 2020, Maraschi et al., 2021). 

Lysine 136 can also be acetylated, resulting in impaired RNA binding and splicing of TDP-43 

leading to phase separation (Garcia Morato et al., 2022). Acetylation of lysine 145, in the RRM1 

domain, can drive neuronal dysfunction, aberrant splicing, and transcription of genes 

(Necarsulmer et al., 2023). In the RRM2 domain TDP-43 can undergo acetylation of K192, 

hindering nuclear acid binding (Cohen et al., 2015).  

The TDP-43 C-terminal domain (CTD), amino acids 260-414, is important for hnRNP 

binding, self regulation, is the location of most of the phosphorylation sites, and is involved with 

many disease-linked mutations (Francois-Moutal et al., 2019, Mackenzie and Rademakers, 

2008). TDP-43 is able to downregulate it’s own mRNA transcript levels through the C-terminal 

region 321-366. (Ayala et al., 2011). TDP-43 has 64 potential phosphorylation sites (Eck et al., 

2021), with Serine 409/410 in the C-terminus being the most commonly phosphorylated sites in 

disease (Neumann et al., 2009). Most phosphorylation is thought to occur as a later event in 

pathology; when TDP-43 is mislocalized in the cytoplasm, phosphorylation could be an attempt 

to trigger degradation (Francois-Moutal et al., 2019). SUMOylation of TDP-43 increases with 

aging and in ALS/FTLD patients. TDP-43 K408 SUMOylation could be protective, with TDP-43 

clearance happening post SUMOylation through the ubiquitin proteasome system. SUMOylation 

and phosphorylation of TDP-43 have an inverse relationship in HEK293T cells, with a decrease 

of phosphorylation increasing TDP-43 SUMOylation (Suk et al., 2025).  

Previous work also suggests that TDP-43 toxicity may derive from mitochondrial dysfunction 

(Gao et al., 2019, Wang et al., 2019). TDP-43 has been shown to co-localize with mitochondria 

in ALS spinal cord motor neurons and FTD cortical neurons. TDP-43 mitochondrial import is 

dependent on the TOM and TIM22 complex. TDP-43 has six predicted mitochondrial 

localization sequences, named M1-M6, with deletion of M1 (35-41), M3 (146-150), or M5 (294-

300) significantly reducing mitochondrial localization. TDP-43 overexpression in cultured rat 

primary neurons resulted in mitochondrial fragmentation and dysfunction which was followed by 

neuronal death. TDP-43 binds mRNA that encodes for mitochondrial electron transport chain 

(ETC) complex I subunits ND3 and ND6, causing inhibition of translation. The suppression of 

TDP-43 localization in mitochondria reversed the toxicity of WT and mutant TDP-43 in 

mitochondria and neurons. Deletion of M1 in the TDP-43 plasmid, rescued mitochondrial 

membrane potential, oxygen consumption rate (OCR), ATP levels, and mitochondrial 

fragmentation (Wang et al., 2016). It has been recently found that the mitophagy receptor gene 

FUNDC1 is co-expressed with TDP-43 and can promote TDP-43 mitochondrial transport. 



Interestingly, overexpression of FUNDC1 enhances TDP-43 damage of mitochondria, while 

downregulation reverses the mitochondrial damage (Ma et al., 2023).  

 

 

Materials and Methods 
Strains and transgenics  

Wild-type (non-Tg) C. elegans (Bristol strain N2) was maintained as previously 

described (Brenner, 2003). TDP-43 mutant strains were created by injecting plasmids carrying 

human TDP-43 coding sequence downstream of the pan-neuronal C. elegans snb-1 promoter 

that had specific point mutations altering domains. As previously described (Han et al., 2024), 

multicopy integrated transgenes were produced by microinjection of transgene marker and the 

transgene into the germline of N2 adults, followed by integration and outcrossing. To study how 

TDP-43 alters tau toxicity we created transgenic C. elegans strains that expressed mutant forms 

of human TDP-43 and crossed these worms with C. elegans expressing human tau. TDP-43 

strains were crossed into two different tau strains, CK1441 (tau-TG), and CK1044 (tau-Tg 

(low)). 

These TDP-43 mutations altered normal TDP-43 functions, such as RNA binding, 

oligomerization, nuclear localization, or common post translational modification sites in disease 

states. A few of the post translational modifications that we blocked at specific sites were 

acetylation, SUMOylation, Ubiquitination, and Phosphorylation. Acetylation involves attaching 

an acetyl group to a lysine residue, while phosphorylation involves a kinase attaching a 

phosphate group to a serine, threonine, or tyrosine. Ubiquitination is the attachment of a 

ubiquitin to a protein lysine group, often playing a role in protein degradation. SUMOylation is 
 

Fig. 20. Blocking PTM by 
switching amino acids. (A) 
Changing a Lysine to an Arginine 
block SUMOylation, acetylation, 
and ubiquitination. (B) Changing a 
Serine to an Alanine block 
phosphorylation 
 



the addition of a small ubiquitin-like modifier (SUMO) to a lysine residue. Poly ADP-ribosylation 

(PARylation) is the attachment of a ADP-ribose to an acidic amino acid, such as aspartate of 

glutamate (Ramazi and Zahiri, 2021). TDP-43 has 41 serine, 15 threonine, and 8 tyrosine 

residues that can act as potential sites of phosphorylation, as well as 20 lysine residues that can 

act as potential ubiquitination, acetylation, or SUMOylation sites (Prasad et al., 2019). To block 

SUMOylation, acetylation, and ubiquitination we added point mutations on TDP-43 to change 

Lysine into Arginine (Fig. 20A). To block phosphorylation, we added point mutations on TDP-43 

to change Serine to Alanine (Fig. 20B). See Table 4 for a complete list of all strains used in this 

chapter.       

 

 
Immunoblotting 

See chapter one.  

  

C. elegans immunohistochemistry  

See chapter one.  

 

Motility assays 

 

Table 4. complete list of all strains used in this chapter 2 
 



See chapter one.  

 

Statistical analysis 

See chapter one.  

 
Results 
 
TDP-43 Doligo does not prevent neurotoxic synergy with tau  

To determine if oligomerization of TDP-43 is important for its neurotoxic synergy with 

tau, we developed a new C. elegans model of TDP-43, referred to as TDP-43 Doligo. TDP-43 

oligomerization of the N terminus is essential for TDP-43 splicing activity (Lye and Chen, 2022) 

and liquid-liquid phase separation (LLPS) (Wang et al., 2018). TDP-43 Doligo was created by 

adding 5 point mutations (E14/17/21/A, R52/55A) in the nuclear N-terminus of TDP-43 (Fig. 21), 

consistent with mammalian TDP-43 Doligo cell models generated previously (Perez-Berlanga et 

al., 2023). TDP-43 Doligo was then crossed with C. elegans strain CK1441 (tau-Tg) expressing 

human tau.  TDP-43 Doligo had better motility than tau-Tg and worse than non-Tg. Interestingly, 

TDP-43 Doligo; tau-Tg had significant worse motility than tau-Tg worms, indicating 

oligomerization is not essential for the neurotoxic synergy between tau and TDP-43 (Fig. 

22A,B). 
 

 
Fig. 21. TDP-43 oligomerization mutant schematic. The 5 point mutations in the N-terminus domain will 
block the ability of TDP-43 to self-oligomerization.  
 



 
Cytoplasmic TDP-43 has reduced neurotoxic synergy with tau 
 In chapter 1 we characterized cytoplasmic TDP-43 in C. elegans by creating three TDP-

43 DNLS strains. These strains have three point mutations (K82A/R83A/K84A) in the nuclear 

localization sequence of TDP-43 and range from low to high levels of TDP-43 (Fig. 6A,B). To 

determine if nuclear location is required for TDP-43-tau synergy we crossed TDP-43 DNLS 

(low), TDP-43 DNLS (med), and TDP-43 DNLS (high) with tau-Tg. We found that TDP-43 DNLS 

(low); tau-Tg, TDP-43 DNLS (med); tau-Tg, and TDP-43 DNLS (high); tau-Tg had the same 

radial locomotion as tau-Tg C. elegans (Fig. 23A). For swimming, TDP-43 DNLS (med); tau-Tg, 

and TDP-43 DNLS (high); tau-Tg had slightly worse swimming than tau-Tg (Fig. 23B). These 

motility results indicate cytoplasmic TDP-43 does not have as severe neurotoxic synergy with 

tau as nuclear TDP-43. Cytoplasmic TDP-43 could be altering different pathways than nuclear 

TDP-43, resulting in less enhancement of tau toxicity.  

 

Fig. 22. TDP-43 Doligo does not 
prevent TDP-43 neurotoxic synergy 
with tau. (A,B) Motility impairment of 

TDP-43 Doligo as measured by (A) radial 

locomotion (linear distance crawling in 

one hour on an agar plate) or (B) 
swimming (rates of thrashing in liquid for 

a minute). TDP-43 Doligo; tau-Tg had 

worse motility than tau-Tg alone. One-

way ANOVA with Tukey’s multiple 
comparison test. *p<0.05, ****p<0.0001. 

ns, not significant. Data are mean ± 

s.e.m. 



 

 
TDP-43 RNA binding does not prevent neurotoxic synergy with tau  

To determine if the RNA binding ability of TDP-43 is important for its neurotoxic synergy 

with tau, we developed a new C. elegans model of TDP-43, referred to as TDP-43 DRRM. RNA 

binding is essential for TDP-43 to perform is normal functions in RNA metabolism and is 

 
 Fig. 23. TDP-43 DNLS has reduced neurotoxic synergy with tau-Tg. (A,B) Motility impairment of TDP-43 

DNLS as measured by (A) radial locomotion (linear distance crawling in one hour on an agar plate) or (B) 

swimming (rates of thrashing in liquid for a minute). (A) All 3 TDP-43 DNLS; tau-Tg strains had the same 

crawling deficit as tau-Tg alone (B) TDP-43 DNLS (med); tau-Tg and TDP-43 DNLS (high); tau-Tg had worse 

swimming than tau-Tg alone. TDP-43 DNLS (low) ; tau-Tg had the same swimming deficit as tau-Tg alone.    

One-way ANOVA with Tukey’s multiple comparison test. *p<0.05, ns, not significant. Data are mean ± s.e.m. 

 

 
 Fig. 24. TDP-43 RNA binding mutant schematic. 2 point mutations in the RRM1 and 3 in the RRM2 will decrease 

the ability of TDP-43 to bind RNA.  

 



important for LLPS (Perez-Berlanga et al., 2023). TDP-43 RRM1 and RRM2 are important for 

binding GU rich RNA sequences and organizing TDP-43 cooperative binding (Feng et al., 

2026). 

 TDP-43 DRRM was created by adding 2 point mutations (F147/149A) in the RNA 

recognition motif 1 (RRM1) and 3 point mutations (F194A/229/231A) in the RNA recognition 

motif 2 (RRM1) of TDP-43 (Fig. 24). These point mutations are consistent with mammalian 

TDP-43 DRRM cell models generated previously (Perez-Berlanga et al., 2023). We created two 

TDP-43 DRRM strains, with variable TDP-43 levels named TDP-43 DRRM and TDP-43 DRRM 

(low) and crossed those two strains with tau-Tg. TDP-43 DRRM; tau-Tg and TDP-43 DRRM 

(low); tau-Tg had worse radial locomotion and swimming than tau-Tg (Fig. 25A,B). The TDP-43 

DRRM (low) strain didn’t have a motility difference from non-Tg but when crossed with tau-Tg it 

was sicker than tau-Tg. This indicates that the ability of TDP-43 to bind RNA is not required for 

its neurotoxic synergy with tau.  

 

 
TDP-43 post translational modifications can be important for its neurotoxic synergy with 
tau 

TDP-43 can undergo many PTM, with some of them more characterized, such as 

phosphorylation of S409/410 (Neumann et al., 2009, Liachko et al., 2010), while others like 

acetylation of K145 are less well studied (Necarsulmer et al., 2023). None of these post 

translational modifications of TDP-43 have been investigated if they are important for TDP-43-

tau neurotoxic synergy. We decided to investigate four acetylation sites on TDP-43: K84, K136, 

 

Fig. 25. TDP-43 DRRM does not prevent TDP-
43 neurotoxic synergy with tau. (A,B) Motility 

impairment of TDP-43 DRRM as measured by (A) 
radial locomotion (linear distance crawling in one 

hour on an agar plate) or (B) swimming (rates of 

thrashing in liquid for a minute). TDP-43 DRRM; 

tau-Tg and TDP-43 DRRM (low); tau-Tg had 

worse motility than tau-Tg alone. One-way 

ANOVA with Tukey’s multiple comparison test. 
**p<0.01, ***p<0.001, ****p<0.0001. ns, not 

significant. Data are mean ± s.e.m. 

 



K145, and K192. All four of these sites can be acetylated and some of them have also been 

shown to undergo SUMOylated and/or ubiquitinated modifications (Khosravi et al., 2020, 

Maraschi et al., 2021, Necarsulmer et al., 2023, Cohen et al., 2015). Post translational 

modifications on these sites are linked to potential disease progression, with links to neuronal 

dysfunction (Necarsulmer et al., 2023), nuclear binding (Cohen et al., 2015), RNA 

binding/splicing (Garcia Morato et al., 2022), and nuclear import (Khosravi et al., 2020). We 

hypothesis that blocking these 4 PTM would make TDP-43 less toxic and potentially reduce the 

neurotoxic synergy with tau.  

To determine the effect these 4 TDP-43 PTM sites have on its neurotoxic synergy with 

tau, we developed a new C. elegans model of TDP-43, referred to as TDP-43 4xPTM. TDP-43 

4xPTM was created by adding 4 point mutations K84/136/145/192R to TDP-43 (Fig. 26).  

We then crossed TDP-43 4xPTM with CK1441, tau-Tg, and performed radials and 

swimming (Fig. 27A,B). TDP-43 4xPTM; tau-Tg did not have a significant crawling or swimming 

deficit worse than tau-Tg alone, indicating a less severe neurotoxic synergy. TDP-43 4xPTM; 

tau-Tg was still very sick, making there be some concern for slight floor effect. The motility data 

in (Fig. 27) indicates that acetylation, SUMOylation, and ubiquitination of the NLS, RRM1, and 

RRM2 alters TDP-43 toxicity and potentially its synergy with tau.  

 

Fig. 26. TDP-43 4xPTM. 4 point mutations K84/136/145/192R to block acetylation, SUMOylation, and 

ubiquitination at those sites.  



In Limbic-predominant age related TDP-43 encephalopathy (LATE), pathologic changes 

involve the accumulation of pTDP-43 in the limbic system (Butler Pagnotti et al., 2023, Nelson et 

al., 2019). Phosphorylated TDP-43 is also used as disease marker for TDP-43 pathology, 

indicating a more toxic form of TDP-43 (Neumann et al., 2021). We wanted to see if 

phosphorylation of the main phosphorylation sites of TDP-43, serine 409/410 (Neumann et al., 

2009) are important for synergy with tau. To determine if phosphorylation of TDP-43 is essential 

for its neurotoxic synergy with tau we developed new C. elegans model of TDP-43, referred to 

as TDP-43 Dphos, which had 2 point mutations, S409/410A. TDP-43 Dphos crossed with 

CK1441 was not viable, making us try a weaker tau strain, CK1044 (tau-Tg (low)). TDP-43 

Dphos crossed with tau-Tg (low) was also not viable but we were able to get viable offspring 

from a slightly different TDP-43 mutant, TDP-43 M337V Dphos. TDP-43 M337V Dphos has the 

 
 

Fig. 27. TDP-43 4xPTM has reduced 
neurotoxic synergy with tau-Tg. (A,B) 
Motility impairment of TDP-43 4xPTM as 

measured by (A) radial locomotion (linear 
distance crawling in one hour on an agar 

plate) or (B) swimming (rates of thrashing 

in liquid for a minute). TDP-43 4xPTM 

worms had decreased crawling and 
swimming when crossed to tau-Tg. This 

deficit was not significantly less than tau-

Tg alone. One-way ANOVA with Tukey’s 
multiple comparison test. 

***p<0.001,****p<0.0001, ns, not 

significant. Data are mean ± s.e.m. 

 

Fig. 28. TDP-43 M337V Dphos. 2 point mutations in the C-terminus domain will block phosphorylation of 

S409/410.  



same 2 point mutation, S409/410A, as well as the familial ALS disease causing mutation M337V 

(Fig. 28).  

To our surprise, TDP-43 M337V Dphos but not TDP-43 Dphos was viable when crossed 

with CK1044 (tau-Tg (low)). Typically TDP-43 M337V strains have higher pTDP-43 levels than 

WT TDP-43 strains, driving toxicity (Liachko et al., 2010). TDP-43 M337V Dphos; tau-Tg (low) 

had swimming deficits that were significantly worse than tau-Tg (low) (Fig. 29). Using tau-Tg 

(low) instead of tau-Tg allows for a clearer visual of TDP-43; tau neurotoxic synergy and 

provides a larger range for detecting enhancement, reducing the worry that there could be a 

floor effect.  

We then crossed all our existing TDP-43 strains from this chapter to tau-Tg (low) to 

confirm our data in an independent tau strain that enables a larger range to detect 

enhancement. We generated: TDP-43 NLS (med); tau-Tg (low), TDP-43 DRRM; tau-Tg (low), 

TDP-43 DRRM (low); tau-Tg (low), TDP-43 Doligo; tau-Tg (low), TDP-43 4xPTM; tau-Tg (low). 

In (Fig. 22) and (Fig. 25) we show TDP-43 oligomerization and TDP-43 RNA binding are not 

crucial for synergy with tau. When crossing TDP-43 DRRM and TDP-43 Doligo with a weaker 

expressing tau strain, CK1044 (tau-Tg (low), we saw the same result (Fig. 30). Tau-Tg (low) has 

a less severe motility deficit than Tau-Tg, allowing there to be a clearer difference between the 

single transgenic strains and the double transgenic strains.  

In (Fig. 27) we show the potential importance of acetylation, SUMOylation, and 

ubiquitination in tau; TDP-43 synergy by crossing TDP-43 4xPTM with tau-Tg. Interestingly 

when crossing TDP-43 4xPTM with tau-Tg (low) we see a significant motility deficit between 

Fig. 29. TDP-43 M337V Dphos does 
not prevent TDP-43 neurotoxic 
synergy with tau. (A) swimming (rates 
of thrashing in liquid for a minute). 

TDP-43 M337V Dphos; tau-Tg  (low)  

has worse motility than tau-Tg (low) 

alone. One-way ANOVA with Tukey’s 
multiple comparison test. ****p<0.0001. 

Data are mean ± s.e.m. 

 



TDP-43 4xPTM; tau-Tg (low) and tau-Tg (low) (Fig. 31). The radial locomotion of TDP-43 

4xPTM; tau-Tg (low) visually looked less sick than TDP-43-Tg; tau-Tg (low) but there was no 

significance (Fig. 31A,B).  

 

From this data we still think acetylation, SUMOylation, and ubiquitination could play a 

role in TDP-43; tau synergy but it does not seem to be the main cause of it. We plan on crossing 

the TDP-43 4xPTM strain into a third tau strain to help us understand our slightly different 

findings between tau-Tg and tau-Tg (low). Additionally, we made single and double PTM 

mutants. These three strains had TDP-43 point mutations at K84R, K136/145R, and 192R. We 

crossed these three strains to tau-Tg (low) and plan on doing motility assays to determine which 

location is most important for synergy with tau.  

 

Fig. 30. Blocking TDP-43 RNA binding and 
oligomerization does not stop synergy with 
tau, when using a lower expressing tau-Tg 
strain. (A) Swimming (rates of thrashing in liquid 

for a minute). TDP-43 DRRM (low); tau-Tg (low), 

TDP-43 DRRM; tau-Tg  (low), and TDP-43 Doligo; 

tau-Tg (low) has worse motility than tau-Tg (low) 

alone. One-way ANOVA with Tukey’s multiple 

comparison test. ****p<0.0001. Data are mean ± 
s.e.m. 
 



In (Fig. 6) we showed mutating the NLS of TDP-43 with (K82A/R83A/K84A) causes 

TDP-43 to be localized in the cytoplasm and not the nucleus. In (Fig. 23) we showed 

cytoplasmic TDP-43 has less synergy with tau, especially with the weakest TDP-43 DNLS 

strain. When we crossed TDP-43 DNLS (med) with tau-Tg (low) we saw similar results to TDP-

43 4xPTM; tau (low), where TDP-43 DNLS (med); tau-Tg (low) is sicker than tau-Tg (low). We 

are working on completing motility assays to confirm the plate phenotype. We are also going to 

add TDP-43-Tg and TDP-43-Tg; tau-Tg (low) to each behavior experiment as controls to better 

characterize the synergy.  

  

Discussion 
It is known that Alzheimer disease cases with TDP-43 have an increased burden of pre-

tangles and phosphorylated tau (Tome et al., 2023), and C. elegans co-expressing human tau 

and human TDP-43, cause increased neuronal dysfunction compared to either protein alone 

(Latimer et al., 2022). The reason for the increased toxicity of tau in this co-pathology is 

unknown. In this chapter we investigated if TDP-43 location, oligomerization, RNA binding, or 

post translational modifications were important for its neurotoxic synergy with tau. We did this by 

making transgenic C. elegans that had various mutant forms of human TDP-43 expressed pan-

neuronally. These TDP-43 mutants had the goal of altering TDP-43 functions, such as blocking 

specific PTM sites, or inhibiting TDP-43 from binding to RNA. We then crossed all of these 

mutant TDP-43 strains to two tau-Tg strains, with one tau-Tg strain, tau-Tg (low), having much 

lower tau expression than the other.  

 

Fig. 31. TDP-43 4xPTM has reduced neurotoxic 
synergy with tau-Tg. (A,B) Motility impairment of 

TDP-43 4xPTM as measured by (A) radial 

locomotion (linear distance crawling in one hour on 
an agar plate) or (B) swimming (rates of thrashing 

in liquid for a minute). TDP-43 4xPTM worms had 

decreased crawling and swimming when crossed to 
tau-Tg. This deficit was not significantly less than 

tau-Tg alone. One-way ANOVA with Tukey’s 

multiple comparison test. ***p<0.001,****p<0.0001, 
ns, not significant. Data are mean ± s.e.m. 

 



 We were able to conclude that phosphorylation of S409/410, TDP-43 RNA binding, and 

TDP-43 oligomerization do not play an important role in tau;TDP-43 synergy. In tau-Tg and tau-

Tg (low) lines it was clear that there was still very strong synergy when these TDP-43 functions 

or sites were blocked. Interestingly, when blocking potential acetylation, ubiquitination, and 

SUMOylation sites on TDP-43, we saw a reduction in synergy with tau compared to tau-Tg. 

Although when compared to tau-Tg (low) we did not see the same effect. This pattern was also 

seen when looking at cytoplasmic TDP-43;tau synergy. One possible explanation is that there 

was a floor effect when using tau-Tg, and tau-Tg (low) allows additional range to detect synergy 

with the TDP-43 4xPTM and TDP-43 NLS (med) lines. Another explanation is that the synergy 

is strain specific since the tau-Tg (low) seems to be more sensitive to synergy with TDP-43 than 

tau-Tg. Crossing a third tau-Tg strain with a few of these TDP-43 mutants could help solidify if 

synergy is altered or not.   

Regardless of if there is a true reduction of synergy with tau in the TDP-43 4xPTM and 

TDP-43 NLS lines I do not think we uncovered the main cause of neurotoxic synergy between 

the two proteins. Both TDP-43 4xPTM and TDP-43 NLS only showed partial stoppage of 

synergy and there was no clear rescue of phenotype with behavioral assays. The TDP-43 

4xPTM strain is also crude, where we are not exactly sure which point mutation is doing what. 

We do not want one point mutation to be covering up the effects of the other point mutations. 

This is why it is important to also test TDP-43 K84R; tau-Tg (low), K136R/K145R; tau-Tg (low), 

and 192R; tau-Tg (low) strains, which have been generated but we need to run motility assays 

to characterize the plate phenotype. During the course of this project, we have also found other 

possible targets on TDP-43 that could be exciting to investigate. One of them is TDP-43 K408, a 

SUMOylation site that has been shown to have an inverse relationship with phosphorylation 

S409/410 (Suk et al., 2025).  Blocking phosphorylation of S409/410 might have worsened 

synergy with tau. It is possible that this might have been due to increased SUMOylation of 

K408. This makes us think that blocking SUMOylation of K408 might reduce TDP-43; tau 

neurotoxic synergy.   

Another possible avenue to explore is TDP-43 and mitochondria, to see if TDP-43 is 

disturbing mitochondria, which is affecting tau. TDP-43 has been shown to co-localize with 

mitochondria in ALS spinal cord motor neurons and FTD cortical neurons. TDP-43 has six 

predicted mitochondrial localization sequences, named M1-M6, with deletion of M1 (35-41), M3 

(146-150), or M5 (294-300) significantly reducing mitochondrial localization and rescuing 

phenotype (Wang et al., 2016). Our lab has shown in the past that TDP-43 causes 



mitochondrial dysfunction in C. elegans, with TDP-43 M337V having much brighter mito-GFP, 

indicating potential mitochondrial hyperfusion (Fig. 32A,B). First, we will need to better 

characterize how TDP-43 alters mitochondria in C. elegans. Then we can ask the question if 

mitochondrial dysfunction, mitochondrial changes, of TDP-43 localization to mitochondria, alters 

TDP-43;tau synergy.  

This work has begun understanding which aspects of TDP-43 function are important for 

tau synergy. Our work suggests blocking disease related post translational modifications, TDP-

43 location, and downstream pathways from TDP-43 aggregation, could be important for 

altering TDP-43; tau synergy. This work aims to better understanding the mechanisms of 

synergy to lead to potential therapeutic targets to treat individuals with AD LATE and other TDP-

43; tau co-pathologies.  

 

 
 

Fig 32. Mitochondria changes in day 2 adult TDP-43 M337V C. elegans using a myo-
3::mitoGFP reporter. (A) non-Tg and (B) Mutant TDP-43 M337V mitochondria show major 
changes in brightness and pattern of muscle mitochondria. TDP-43 M337V mitochondria are 
more brightly expressed, showing potential changes in mitochondrial dynamics.  



Chapter 3: Sex specific behavior changes in an aged tau; TDP-43 mouse model 
 
Introduction 
 In chapters 1 and 2 we used C. elegans to model human disease by expressing human 

tau and human TDP-43 in C. elegans. While C. elegans are a great model for investigating 

disease mechanisms quickly, it is also important to reproduce those results in model organisms 

that are closer to humans. C. elegans have a 40% homology to human genes, while mice have 

an 80% homology (Castillo and de la Guardia, 2017). While there have been many mouse 

models created that express human tau or human TDP-43, there have also been difficulty 

closely replicating human TDP-43 and tau disease pathology in mice (Armas et al., 2025, 

Jagaraj et al., 2025, Langness et al., 2025). Compared to C. elegans, mice have much more 

cellular complexity, with genome of 3,500 million bp, compared to 100 million bp, as well as a 

much more complicated nervous system, making results harder to interpret, and experiments to 

characterize them more time consuming and financially expensive (Castillo and de la Guardia, 

2017, Zeisel et al., 2018). Improving TDP-43 and tau mouse models is crucial to improving our 

understanding of TDP-43 and tau and will also greatly impact the field.   

As we have shown using C. elegans in chapters 1 and 2, human TDP-43 can be very 

toxic when expressed in model organisms. This is also seen in mice, with the homozygous 

Kumar-Singh mouse model overexpresses wild-type TDP-43 in postnatal neurons causing 

severe motor impairment and death by one month of age (Wils et al., 2010). Old age is the main 

risk factor for most diseases that have TDP-43 pathology, such as LATE, FTD, or ALS (Uemura 

et al., 2022). It is important to have mouse models that can age and not die young to adequately 

recapitulate what we are seeing human TDP-43 disease.  

In chapter 2 we investigated the neurotoxic synergy of TDP-43 and tau in C. elegans. In 

chapter 3 we characterize a new TDP-43-Tg; tau-Tg mouse model by crossing a hemizygous 

TAR4 Kumar-Singh mice (TDP-43-Tg) and WT human tau expressing Tau4Rtg2652 mice (tau-

Tg) (Fig. 33).  

The Kumar-Singh lab created TDP-43 mice that had dose dependent TDP-43 

neurodegeneration. They created a homozygous mouse (TAR4/4), that had significantly more 

TDP-43 mRNA in mouse brains than their hemizygous mouse (TAR4). (Wils et al., 2010). 

TAR4/4 mice had abnormal clasping by 14 days while TAR4 mice had abnormal clasping by 14 

months. TAR4 mice also only survived on average to 24 days. These TDP-43 mice had 

accumulation of TDP-43 in the spinal cord and brain had nuclear and cytoplasmic TDP-43 

aggregates, as well as phosphorylated TDP-43 (Wils et al., 2010). Due to the toxicity of 



homozygous TAR4/4, we decided to use hemizygous TAR4 Kumar-Singh mice to study TDP-43 

pathology along with aging. 

The Kraemer lab has designed a tau mouse model, Tau4Rtg2652, that expresses high 

levels of human 4R1N tau in neurons. The tau drives pre-tangle pathology in young mice, 

resulting in behavior deficits associated with cognitive impairment. These Tau4Rtg2652 have 

anormal lifespan and have phosphorylated tau (Wheeler et al., 2015).  

 

Both the TAR4 Kumar-Singh mice and the Tau4Rtg2652 mice have a normal lifespan. 

We thought using an early-stage disease tau model and a lower expression TDP-43 model 

would allow for the double transgenic mice to be viable and to allow us to study TDP-43 and tau 

synergy in an aging mouse model (Fig. 33) (Wheeler et al., 2015, Wils et al., 2010). Other 

researchers in our lab ran behavior tests and collected tissue from mice at 4-6 and 12 months. 

Behavior and from as old as 12 months did not show any trends showing synergy with tau and 

TDP-43.  I took over the TDP-43-Tg; tau-Tg mice for the 18 month cohort, with the hope to see 

behavior and pathological changes with aging (Wheeler et al., 2015, Wils et al., 2010).  

 

Materials and Methods 
Weight and clasping 

 
Fig. 33. Mouse breeding schematic. Tau4Rtg2652 mice were bred with TAR4 Kumar-Singh mice to get  

Tau4Rtg2652;TAR4 double transgenic mice. We had four experimental groups: Non-Tg, TDP-43, tau, and 
TDP-43 tau.  



Every 3 weeks, starting around 12 months mice were subject to weighing, clasping. Hind 

limb clasping score were recorded when the mice were weighed. A score of 0 indicated no 

clasping, with hind limbs spread out. A score of 1 indicated partial clasping, usually of one hind 

limb clasping while the other is spread out. A score of 2 indicated full clasping with both hind 

limbs tucked into their body when picked up (McMillan et al., 2020). 

 

Open Field 

Open field testing was conducted in an opaque round arena 30 inches in diameter. 

Animals were habituated in the testing room for 45 min before testing. During the open field 

experiment animals were free to roam the arena for 10 min. Everything was cleaned with 70% 

ethanol before the start of testing and between each animal. Animals were tracked the whole 

time using ANY-maze tracking system (Stoelting Co) (McMillan et al., 2020). 

 

Y-maze  

Animals were habituated in the testing room for 45 min before testing. Mice were put into 

one of the 3 arms of the y-maze apparatus. They were free to roam for 8 minutes while being 

tracked by ANY-maze tracking system (Stoelting Co). Everything was cleaned with 70% ethanol 

before the start of testing and between each animal. When the mouse entered all three arms 

consecutively, it counted as one alteration. The number of alterations (A) was marked and was 

used to calculate the alteration rate along with the total number of arm entries. ANY-maze 

calculated the percent spontaneous alteration by using the formula percent spontaneous 

alteration (%) = [A/(E-2)] x100 (Long et al., 2017). 

 

Rotarod 

Animals were habituated in the testing room for 45 min before testing. There were two 

days of testing, one for learning/training, and one for the experiment. The training day consisted 

of 3 150 second trials per mouse, where the rotarod goes from 5 RPM to 20 RPM over 120 

seconds, increasing by 5 RPM every 30 seconds. During the experimental day each mouse 

goes through 4 150 second trials, with the max RPM for each trial being 8, 16, 24, and 32 RMP. 

Every 30 seconds the RMP would increase by 2, 4, 6, or 7 RPM. For training and the 

experiment, mice were on the rotarod until they fell off. Everything was cleaned with 70% 

ethanol before the start of testing and between each animal. The rotarod latency to fall was 

calculated as the time it took them to fall during each test.  

 



Mouse brain collection 

Animals were divided into two groups, fixed tissue and fresh tissue. Fixed tissue animals 

were anesthetized with pentobarbitol, transcardial perfusion was performed with saline then 4% 

paraformaldehyde. Fixed brains were removed from the skull and stored in 80% ethanol. Fresh 

tissue animals were euthanized by CO2 asphyxiation., and brains were either split down the 

midline, with one half being collected whole and the other dissected into regions. The dissected 

half was dissected into the cortex, hippocampus, striatum, and cerebellum/miscellaneous. 

Tissue was snap frozen in liquid nitrogen then stored at -80 °C. 
 
Results 

For the younger cohorts, we did not see any neurotoxic synergy between TDP-43 and 

tau. The 18-month cohort allows for aging to be a bigger variable, like humans, where older 

adults tend to get AD-LATE (Nelson et al., 2019). The 18-month cohort consisted of 61 mice: 15 

TDP-43;tau, 16 tau, 16 TDP-43, and 14 non-Tg. Less invasive tests, such as weight and Hind 

leg clasping were recorded every three weeks, starting at 12 months and ending at around 18 

months (Fig. 34A,B). Tau-Tg mice weighed the least, and non-Tg mice weighed the most (Fig. 

34A). Hind limb clasping was predominantly only seen in Tg animals. Tau-Tg and TDP-43-Tg 

mice had similar clasping score, while TDP-43-Tg; Tau-Tg mice had significantly higher clasping 

score (Fig. 34B). Higher clasping scores, indicate a motor deficit, indicating neurotoxic synergy 

between TDP-43 and Tau-Tg. 
To test spatial working memory and the propensity of mice to explore new environments 

had mice navigate a Y maze (Long et al., 2017). There were no significant differences between 

 

Fig. 34. Weight and clasping scores of 18-month mouse cohort. (A) weight of mice in grams. (B) 
Clasping score of 0, 1, or 2. A 2 indicates full clasping with both hind limbs. 



the four groups (Fig. 35A). When we divided mice by sex, we still saw no changes in percent 

spontaneous alteration (Fig. 35B). 

 

 

To measure locomotor behavior and anxiety-like behavior, we had mice put in an Open 

field apparatus for 10 minutes (Ono and Aoki, 2026, Seibenhener and Wooten, 2015). Open 

field measures the time mice stay in the center of the periphery of the circular chamber. It also 

measures freezing, distance traveled, and speed of the mice. Overall, there were no trends that 

were uniquely significant for TDP-43-Tg; tau-Tg mice compared to TDP-43-Tg or Tau-Tg mice. 

In (Fig. 36A,B) we show there are sex differences in distance the mice traveled over the 10 

minutes in the open field test. When not divided by sex, all 4 groups traveled a similar distance 

(Fig. 36A). When divided by sex, female mice had significant differences from each other, with 

TDP-43-Tg mice moving further than TDP-43-Tg; tau-Tg and WT mice. When looking at max 

speed (meters/sec), non-Tg mice moved faster than TDP-43-Tg and TDP-43-Tg; tau-Tg mice 

(Fig. 36C). This pattern of max speed stayed similar when looking at male mice, but the female 

mice TDP-43-Tg mice had the highest max speed (Fig. 36D). Open field did not show any 

neurotoxic synergy between TDP-43 and tau but did show some sex differences.  

 

Fig. 35. Percent spontaneous alterations in a Y maze. (A) No difference between mouse groups. (B) There 
were no sex differences either.  



 

 

 
Fig. 36. Open field distance traveled and max speed.  (A) All four groups moved a similar distance. 

(B) When divided by sex, female mice had some differences. With TDP-43-Tg mice traveling the 

furthest distance. (C) TDP-43-Tg and TDP-43-Tg; tau;Tg mice moved at a slower max speed than 
non-Tg mice. (D) This max speed difference was less clear when divided by sex. One-way ANOVA 

with Tukey’s multiple comparison test. *p<0.05,**p<0.01. Data are mean ± s.e.m. 

 



To measure motor performance and motor learning we tested mice on a Rotarod (Zhang et al., 

2019). This test had a learning component, with training of the test on day one. On day two we 

measured how long a mouse could stay on a moving rod, as it accelerates. Similar to clasping, 

the Rotarod showed there is more motor dysfunction in TDP-43-Tg; tau-Tg mice compared to 

TDP-43-Tg or tau-Tg mice alone (Fig. 37A). This neurotoxic synergy was only present at the 

 

Fig 37. Female TDP-43-Tg; tau-Tg mice have impaired motor function on the Rotarod. (A) TDP-43-Tg; tau-Tg 

mice have a lower latency to fall than tau-Tg and TDP-43-Tg mice at 8 RPM. (B) When looking at just male mice, 

TDP-43-Tg mice have a very similar latency to fall pattern as tau-Tg and TDP-43-Tg mice. (C) Female TDP-43-Tg; 
tau-Tg mice have a much lower latency to fall than tau-Tg and TDP-43-Tg mice at 8RPM. When The rotarod is sped 

up, the gap shrinks but there is still a difference with TDP-43-Tg mice at 24 RPM. All significance shown is in 

comparison with TDP-43-Tg; tau-Tg mice. One-way ANOVA with Tukey’s multiple comparison test. 
*p<0.05,**p<0.01, ***p<0.001,****p<0.0001. Data are mean ± s.e.m. 

 



lowest speed of 8 RPM, indicating that TDP-43-Tg and tau-Tg mice started struggling to stay on 

the rod in a similar fashion as the RPM increased. Interestingly when dividing the groups by sex, 

there were stark sex differences (Fig. 37B,C). Male TDP-43-Tg; tau-Tg mice had a similar 

latency to fall as male TDP-43-Tg or tau-Tg mice (Fig. 37B). Female TDP-43-Tg; tau-Tg mice 

had a much lower latency to fall than female TDP-43-Tg or tau-Tg mice at 8RPM. Female TDP-

43-Tg; tau-Tg also had a lower latency to fall at 24 RMP compared to TDP-43-Tg mice (Fig. 

37C). This result on the Rotarod indicates that there is neurotoxic synergy between TDP-43 and 

tau but it is specific to certain behaviors and is influenced by sex differences.  

 

Discussion 
 We chose to use the TAR4 Kumar-Singh (TDP-43-Tg) mice and the Tau4Rtg2652 (tau-

Tg) mice to study neurotoxic synergy between TDP-43 and tau due to their mild phenotypes and 

normal lifespan (Wheeler et al., 2015, Wils et al., 2010). We did not see clear behavior or 

immunohistochemistry (IHC) changes that indicate neurotoxic synergy at 12 months. At 18 

months we started to see some behavior changes, with worse clasping score (Fig 34) as well as 

more difficulty on the Rotarod (Fig 37) in TDP-43-Tg; tau-Tg mice compared to the TDP-43-Tg 

and tau-Tg mice alone. Both Rotarod and and clasping differences show there is some 

enhanced motor dysfunction in the TDP-43-Tg; tau-Tg mice. Additionally, we saw sex specific 

differences in Open field, with female mice being more affected (Fig. 36B) and Rotarod (Fig. 

37BC).  

   

  

Conclusions and Future Directions  
 

 Over the past 3 chapters we created and characterized a cytoplasmic TDP-43 C. 

elegans model, used point mutations to alter TDP-43 domains in C. elegans to study its 

neurotoxic co-pathology with tau, and found age related sex and behavioral differences in a new 

TDP-43; tau transgenic mouse strain. These 3 chapters better our understanding of cytoplasmic 

and nuclear TDP-43, as well as our understanding of what is important for TDP-43; tau 

neurotoxic synergy. Each chapter also improved our tools and knowledge to further study TDP-

43 and tau in neurodegenerative diseases.  

 In chapter 1, we created TDP-43 DNLS stains that allow the study of cytoplasmic TDP-

43 in C. elegans. Prior to these strains, TDP-43 gain-of-function models in C. elegans 

expressed TDP-43 and pTDP-43 in the nucleus and not the cytoplasm (Liachko et al., 2010). 



The three TDP-43 DNLS strains we generated showed dose dependent behavior deficits (Fig. 8) 

and neurodegeneration (Fig. 11). In humans, TDP-43 pathology can be categorized into 

different types, with FTLD-TDP type A being nuclear and cytoplasmic, FTLD-TDP type B and C 

being cytoplasmic, and FTLD-TDP type D being nuclear  (Neumann et al., 2021). Most TDP-43 

pathology is cytoplasmic, making it important to have a cytoplasmic TDP-43 model in C. 

elegans. Understanding differences in cytoplasmic and nuclear TDP-43 pathology can help up 

have more disease specific treatments.  

In chapter 1 we saw interesting proteostasis differences between C. elegans expressing 

cytoplasmic or nuclear TDP-43. Interestingly, the overexpression of the transcription factor, xbp-

1s, rescued the behavioral phenotype of TDP-43 DNLS (med) (Fig. 16B) and TDP-43 DNLS 

(high) (Fig. 17B) while not rescuing TDP-43-Tg (Fig. 16A) or TDP-43-Tg (low) (Fig. 17A). These 

differences indicate a potential difference in the unfolded protein response (UPRER) for 

cytoplasmic TDP-43 vs nuclear TDP-43. Looking more into the mechanism of the UPRER in 

relation to cytoplasmic and nuclear TDP-43 could be essential to finding ways to clear 

cytoplasmic TDP-43. Future experiments, trying to block the UPRER to confirm its role in 

rescuing the motility of cytoplasmic TDP-43 will be important. We will also look at protein levels 

of TDP-43 and pTDP-43 in TDP-43-Tg, TDP-43 DNLS, TDP-43-Tg; xbp-1s, and TDP-43 DNLS; 

xbp-1s to determine if TDP-43 is being degraded by the upregulation of the UPRER.  

In chapter 2 we used point mutations to alter TDP-43 domains, allowing us to see functional 

changes and to determine if those mutations stop the neurotoxic synergy with tau. While we 

saw some reduction of synergy when tau-Tg was crossed with TDP-43 4xPTM (Fig. 27) and 

TDP-43 DNLS (Fig. 23), there were no clear results that completely stopped the neurotoxic 

synergy. The TDP-43 4xPTM strain is a bit crude, with point mutations in the NLS, RRM1 and 

RRM2. To have a more nuanced approach, we created 3 more PTM strains: TDP-43 K84R, 

TDP-43 K136/145R, and TDP-43 K192R (table 4). We have crossed all three of these strains 

with tau-Tg (low) and will soon characterize their behavior.  

There is a major disease SUMOylation site, TDP-43 K408, that we have yet to investigate. 

Interestingly, SUMOylation of TDP-43 K408 has an inverse relationship with phosphorylation of 

TDP-43 S409/410 (Suk et al., 2025). Blocking phosphorylation of TDP-43 S409/410 may be 

increasing SUMOylation of K408. Since blocking phosphorylation of TDP-43 S409/410 does not 

rescue TDP-43; tau synergy (Fig. 29), there might be a chance that blocking SUMOylation of 

K408 might alter the synergy. We already have TDP-43 K408R mutants created in our lab and 

will just need to cross them with tau-Tg (low) and run behavior assays.  



The importance of mitochondrial changes in TDP-43 pathologies has been brought up in 

both chapter 1 and 2 (Fig. 32). In addition to further looking into the role of TDP-43 in 

mitochondrial dysfunction in C. elegans, we could also look at mitochondrial dysfunction in the 

TDP-tg; tau-Tg mice in chapter 3. TDP-43 can co-localize with mitochondria (Wang et al., 2016), 

and can cause mitochondrial dysfunction, increased reactive oxygen species (ROS), decreased 

mitochondrial membrane potential, and the triggering of the mitochondrial unfolded protein 

response (UPRmt) (Torres et al., 2024). In chapter 1, we show ZIP-2 is upregulated in TDP-43 

DNLS but downregulated in TDP-43-Tg (Fig. 13B,D). ZIP-2 has been shown to be related to 

age-related mitochondrial dysfunction in C. elegans (Hahm et al., 2020). The mitochondrial 

protease LonP1 can regulate TDP-43, with down-regulation of LonP1 resulting in increased 

mitochondrial TDP-43 levels (Wang et al., 2019) In LONP-1 deficient C. elegans, ZIP-2 is 

activated in a PMK-3-dependent manner, making it a potential response to mitochondrial stress 

in C. elegans. The large contrasting regulation of ZIP-2 in nuclear vs cytoplasmic TDP-43 

strains, could be due to more mitochondrial dysfunction in TDP-43 DNLS. It will be important to 

characterize mitochondrial function in TDP-43 DNLS and compare it to TDP-43-Tg. In the 

chapter 2 discussion we showed TDP-43 M337V had increased mitochondrial dysfunction (Fig. 

32). TDP-43 could be altering mitochondrial function in C. elegans and possibly co-localizing 

with mitochondria. This stress to mitochondria could be causing the neurotoxicity with tau. TDP-

43 has been shown to co-localize with mitochondria in ALS and FTD patients and TDP-43 has 

six predicted mitochondrial localization sequences (Wang et al., 2016). Characterizing 

mitochondrial dysfunction in TDP-43 and tau C. elegans would improve our understanding of 

those proteins as well as their synergy. Generating strains that have mutations in the 

mitochondrial localization sequences of TDP-43, such as M1 (35-41), M3 (146-150), or M5 

(294-300), would help us understand if TDP-43 is affecting mitochondria (Wang et al., 2016). 

Fig. 38 helps summarize the findings and future directions of chapter 2. We will continue to 

alter TDP-43 domains and determine if those alterations reduce TDP-43; tau synergy. Through 

RNAseg, TDP-43 Doligo, and TDP-43 DRRM, we have learned that RNA binding and RNA 

metabolism is less important in our TDP-43 gain of function C. elegans models. Looking at more 

downstream pathways, including mitochondrial changes, and proteostasis, could be key to 

understanding TDP-43; tau synergy and the differences between nuclear and cytoplasmic TDP-

43. It will also be important to use TDP-43-Tg and TDP-43-Tg; tau-Tg (low) as extra controls in 

future experiments to better determine if what we are seeing is synergy.   



 

In chapter 3 we characterized the behavior of an 18 month cohort of TDP-tg; tau-Tg mice. While 

we saw some neurotoxic synergy between TDP-43 and tau (Fig. 34B, Fig. 37) and some sex 

differences (Fig. 36B, Fig. 37B,C) but overall saw mild phenotype. We have started processing 

hippocampal tissue for IHC but have not seen an increase in pTDP-43 in the TDP-43-Tg; tau-Tg 

mice (data not shown). Neuronal loss in the CA1 of the hippocampus seems to be tau driven, 

with similar brain changes in male and female mice (data not shown).  

While we have mostly looked at the hippocampus, there are other brain regions that 

could be more affected by the TDP-43; tau co-pathology. The behavior tests that showed 

significant neurotoxic synergy were all motor related. Testing the cerebellum, cortex, and other 

regions are logical next steps to see potential changes that are driving behavior. Additionally, 

the Amygdala and the Entorhinal cortex have large amounts of TDP-43 and tau pathology in 

human brains (Wisse et al., 2025). Looking for synergy in those brain areas will be a logical next 

step. While we saw some behavioral changes at 18 months, the overall phenotype of our TDP-

43-Tg; tau-Tg mouse model was mild. Using a stronger TDP-43 mouse could increase toxicity 

enough to see clearer synergy, especially with the histology.   

These past three chapters have improved the current models for studying TDP-43 in C. 

elegans with the hopes that the cytoplasmic TDP-43 models will lead to more translational 

 
Fig. 38. Summary of TDP-43;tau crosses and future crosses. We saw slight changes in 
synergy when crossing cytoplasmic TDP-43 and the 4xPTM mutant with tau-Tg (low). We plan to 
look into single PTM sites 84, 136, 145, 192, and 408. We also plan to look at if mitochondria are 
playing a role in TDP-43; tau synergy.  



experiments by more closely resembling the most common TDP-43 pathology. While we have 

not fully figured out what is causing the neurotoxic synergy between TDP-43 and tau, we have 

narrowed down the potential mechanism and are continuing to generate and test TDP-43-Tg 

strains with point mutations that alter domain functions. Based on our previous domain 

alterations, we have determined that TDP-43 RNA functions are less important for synergy and 

we should focus on more downstream pathways. While we are continuing to process tissue for 

the TDP-43-Tg; tau-Tg study, we are excited to see some neurotoxic synergy with clasping (Fig. 

34B) and rotarod (Fig. 37) and we found some exciting sex differences (Fig. 37A,B). We will be 

finishing up the sample processing, by running western blots for cortex, hippocampus, striatum, 

and cerebellum/miscellaneous tissues as well as continue to look at IHC at potentially damaged 

brain regions. So far, we have focused on the hippocampus, seeing tau driven neuronal loss in 

the CA1 region but we still need to look at the entorhinal cortex and the amygdala, both regions 

that show tau and TDP-43 pathology in human autopsies of AD LATE brains (Wisse et al., 

2025). Uncovering the vulnerable areas for TDP-43; tau synergy in our mice will allow for 

intervention mouse studies and more translational experiments.  

Overall, these three chapters show that TDP-43 gain-of-function is a major contributor to 

neurotoxicity and is much more important than TDP-43 loss of function in C. elegans. There 

needs to be better characterization of cytoplasmic vs nuclear TDP-43 aggregates, with 

comparisons to human tissue samples. The ER unfolded protein response and the 

mitochondrial unfolded protein response could be playing an important role in TDP-43 

pathology, and both pathways in relation to TDP-43 need to be studied more. The role of TDP-

43 localization with mitochondria also needs to be characterized better, and it could be playing 

an important role in cytoplasmic vs nuclear TDP-43 differences as well as TDP-43; tau synergy. 

Lastly, more mouse and human samples need to be divided by sex. Understanding why female 

TDP-43; tau mice performed worse on the rotarod is important to understanding the way TDP-

43 affects females vs men. Our mouse findings reinforce the importance of always looking for 

sex differences in human studies.  
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