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Abstract  
Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease caused by the 
death of both upper and lower motor neuron populations, which are responsible for 
initiating and controlling movement. ALS is a complex and heterogeneous disease, with 
only 10% of cases arising from an inherited genetic mutation. Although over 40 genes 
have been linked to ALS pathology, the cause of disease is still unknown for the vast 
majority of patients, and treatment options remain limited.  

Multiple pathological mechanisms are subsequentially activated in ALS, making the 
development of therapeutic options diAicult. The activation of these pathways does 
seem to have a common link, causing the generation of cellular stress. The generation of 
cellular stress induces the activation of many protective mechanisms, such as the 
formation of stress granules (SGs). SGs are typically transient structures that sequester 
translationally-stalled mRNA, RNA-binding proteins, ribosomal components, and 
translation initiation factors to promote cell survival upon stress induction. In ALS and 
other neurodegenerative diseases, SGs are, however, hypothesised to play pathological 
roles, with changes in SG composition and morphology observed in ALS models. SGs in 
ALS are further seen to colocalise with ALS-associated proteins in patient tissues, hinting 
at a causative role in disease pathogenesis. 

SGs have only been investigated in ALS using an external stressor. As SGs are dynamic 
structures, their composition and morphology have been seen to change depending on 
the external stressor. Therefore, we sought to investigate the role of SG formation and 
related mechanisms for the first time in vivo without the use of an external stressor using 
the Thy1-hTDP-43 mouse model. At the late symptomatic disease stage, we found a 
significant upregulation of SG formation in spinal motor neurons, significant upregulation 
of SG formation markers in both brain and spinal cord tissue at both the protein level and 
the transcription level in Tg/Tg mice. These SGs were seen to colocalise with an ALS-
associated protein, TDP43, in spinal motor neurons, implying a pathological role for their 
formation. Additionally, key factors suppressed by protective SG formation were 
upregulated ROS and NLRP3, indicating altered SG function in ALS. Pathological stress 
granules are typically broken down by autophagy degradation. Autophagy degradation 
was unchanged at the time of SG upregulation and significantly decreased at later time 
points, implying a defective clearance of SGs in the hTDP43 mouse model. As SG 
formation can occur from several diAerent cellular stress response pathways, we next 
wanted to explore potential upstream causes of SG formation in ALS. We saw a 
significant upregulation of inflammation and oxidative stress at the late symptomatic 
stage, implicating these as possible SG-activating mechanisms. This work identifies a 
novel pathway that is dysfunctional during ALS disease progression that could present a 
possible target for future therapeutic options. 
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Lay Abstract 
Amyotrophic Lateral Sclerosis (ALS) is a fatal disease in which nerve cells responsible for 
controlling movement and survival (motor neurons) die. This disease has a complex 
genetic history and is extremely fast-acting, with most people dying 3-5 years after 
symptoms arise. This has made developing treatment options extremely diAicult, with 
only one treatment option currently available in the UK, Riluzole. This drug, however, only 
lengthens patients' lifespans for a couple of months. Therefore, the development of more 
treatment options for ALS is needed.  

Understanding how the disease develops is essential to developing new treatment 
options. However, the cause of ALS is still unknown. Therefore, we sought to identify key 
pathways in the body that could impact ALS development.  

Recently, it has been discovered that chronic cellular stress is developed during ALS. 
Chronic cellular stress causes stress granules to form. Under normal conditions, stress 
granules are temporary structures that promote cell survival. However, under chronic 
cellular stress, stress granules can harm the body. In ALS patients, stress granules and 
ALS-associated proteins have been found in the same cells, indicating that they could be 
interacting.  

Therefore, we sought to determine the role of stress granule formation in ALS. To do this, 
we used an established ALS animal model, the Thy1-hTDP-43 model. We found 
significantly more stress granules in motor neurons in disease mice compared to healthy 
controls. This suggests that stress granule formation is being impacted in ALS. These 
stress granules were seen to associate with ALS-associated proteins. Additionally, key 
factors regulated by normal stress granules were significantly upregulated, implying a 
pathological role for these stress granules. The pathway responsible for breaking down 
SGs was also not activated at the time of SG formation, and at later time points had 
decreased activity, implying that these SGs are failing to be broken down during ALS 
disease. As many pathways within ALS can lead to SG formation, we next wanted to 
examine pathways that could be causing SG formation in ALS. We found a significant 
upregulation of oxidative stress and inflammation in disease mice compared to healthy 
controls, indicating that these pathways could be responsible for SG formation in ALS.  

This work suggests that stress granule formation could be playing a role in ALS disease 
and could, therefore, be a viable treatment target for ALS treatment options.  
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Introduction 

Amyotrophic Lateral Sclerosis (ALS) 

Amyotrophic lateral sclerosis (ALS), the most common motor neuron disease (MND), is 
a fatal neurodegenerative disease in which both upper and lower motor neurons 
degenerate, causing muscle wasting, paralysis, and eventual death 3-5 years after 
symptom onset (Brown & Al-Chalabi, 2017). ALS is predominately a sporadic disease, 
accounting for 90% of cases, with only 10% resulting from an inherited genetic mutation, 
typically in the genes SOD1, TARDBP, FUS, or C9ORF72 (Nógrádi et al., 2024). This means 
that for the majority of people who develop ALS, there is no prior indication that they will 
develop the disease. Another key feature of this disease is incomplete disease 
penetrance (Douglas & Baralle, 2023), meaning that not everyone with an ALS mutation 
will develop ALS. The series of steps that trigger the onset of disease in ALS is unknown, 
but it is currently believed that ALS is developed through a multistep process in which 
ALS-associated genetic mutations act as a potential trigger (Chiò et al., 2018). There are 
currently several established risk factors for ALS development, such as having a family 
history of ALS, being of advanced age, and male gender (Al-Chalabi et al., 2010; 
Bagyinszky et al., 2023; Ingre et al., 2015; Logroscino et al., 2010; Manjaly et al., 2010; 
Niccoli et al., 2017). Several other factors have been associated with ALS, such as 
environmental toxin exposure, military service, and head injury (Andrew et al., 2021; H. 
Chen et al., 2007; G. Liu et al., 2021).  

The clinical onset of ALS is extremely heterogeneous (Bendotti et al., 2020). Symptom 
onset typically starts focally, resulting in either a lumbar, bulbar, or respiratory onset  
(Schram et al., 2020; Verma, 2021). As such, patients at the early onset of ALS often 
present with a variety of non-specific symptoms, such as tripping or abnormal fatigue in 
the arms or legs, issues gripping, twitching in the limbs or tongue, slurred speech or 
trouble swallowing (Verma, 2021). These often mimic symptoms of other 
neurodegenerative diseases and/or benign physiological states (e.g., muscle twitching), 
therefore making the disease particularly hard to diagnose (Singh et al., 2018). On 
average, it takes 8-15 months after initial symptom onset to reach an ALS diagnosis 
(Paganoni et al., 2014).  

After diagnosis, treatment options are incredibly limited for ALS patients. In the UK, there 
is currently only one treatment option available: riluzole. Riluzole delays disease 
progression and extends the time to ventilator dependence by 2-3 months to 1 year. 
(Andrews et al., 2020; Fang et al., 2018; Saitoh & Takahashi, 2020). Another approved 
drug for use in the US and Europe, Tofersen, similarly has beneficial eAects in reducing 
disease progression (Wiesenfarth et al., 2024). However, Torfersen, an antisense 
oligonucleotide, works by targeting mutated SOD1 mRNA, reducing SOD1 misfolding and 
protein aggregation, and, as such, is only useful for patients with SOD1 mutations, a 
relatively small population of ALS patients  (Wiesenfarth et al., 2024).  
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Chronic Cellular Stress  

Despite a growing understanding of the clinical basis of disease, there are still major gaps 
in understanding the cellular and molecular mechanisms that contribute to disease 
pathogenesis. Paralysis and death in ALS are driven by the loss of motor neurons, with 
dysregulation of neuromuscular junctions and synapse loss heavily contributing to motor 
neuron dysfunction (Aly et al., 2023; McIntosh et al., 2023). However, the reason for this 
selective degeneration of motor neuron populations in ALS is unknown. Many 
pathological mechanisms have been found to be dysfunctional in ALS, including 
oxidative stress, glutamate excitotoxicity, neuroinflammation, RNA dysfunction, and 
protein aggregation. These pathways are interconnected, making the determination of 
primary disease mechanisms in ALS particularly diAicult (Figure 1).  

Mitochondrial dysfunction is a central feature in ALS pathogenesis, with dysregulations 
occurring early in pathogenesis (Gautam et al., 2022). The dysregulation of mitochondria 
can be caused by several factors in ALS, including an increase in ROS (reactive oxygen 
species) production leading to intracellular calcium increase, protein aggregation, 
inflammation activation, oxidative stress, and glutamate excitotoxicity (Figure 1) 
(Annunziato et al., 2002; Melachroinou et al., 2013; Smith et al., 2019). Mitochondrial 
dysfunction, in turn, leads to an increase in ROS, inflammation activation, and oxidative 
stress (Parvanovova et al., 2024; Peggion et al., 2024). Neuroinflammation, characterized 
by activation of microglia and reactive astrocytes and infiltration of macrophages and 
lymphocytes, plays a role in ALS  (J. Liu & Wang, 2017). Neuroinflammation can be 
triggered by the aggregation of proteins, signals from damaged cells, or ROS induction  
(Béland et al., 2020; Solleiro-Villavicencio & Rivas-Arancibia, 2018; W. Zhang et al., 2023) 
(Figure 1). Neuroinflammation, in turn, causes mitochondria dysfunction and damages 
motor neurons (Peggion et al., 2024; W. Zhang et al., 2023). Oxidative stress, occurring 
when there is an imbalance between the production of ROS and antioxidant species, can 
be induced by mitochondrial dysfunction, glutamate excitotoxicity, and 
neuroinflammation (Figure 1). (Cunha-Oliveira et al., 2020; Ikawa et al., 2020; Parfenova 
et al., 2006; Schubert & Piasecki, 2001; Xiong et al., 2022). Oxidative stress, in turn, 
causes further damage to mitochondria, neuroinflammation activation, and 
endoplasmic reticulum stress (Chong et al., 2017; Kowalczyk et al., 2021; Solleiro-
Villavicencio & Rivas-Arancibia, 2018).  In ALS, TDP43, a nuclear protein, mislocalises to 
the cytoplasm, causing toxic aggregate formation impairing mRNA transport and causing 
alterations in alternative splicing, leading to a global mitochondrial imbalance and 
causing the further generation of ROS, inflammation activation, oxidative stress, and 
mitochondrial stress (Figure 1) (Alami et al., 2014; W. Zhao et al., 2015; Zuo et al., 2021). 
Therefore, the pathogenesis leading to ALS is uncertain, with multiple pathways activated 
in pathogenesis and causing the subsequent activation of each other.  
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Figure 1: Pathological pathways implicated in ALS development. Multiple pathways are 
implicated in ALS pathology; however, whether they play primary or secondary roles in 
pathogenesis is still debated. These pathways are interconnected and can cause 
subsequent activation of each other (indicated by dashed lines). Created using 
BioRender. 

However, a common theme with regard to the activation of all of these pathways is the 
generation of cell stress. Therefore, it is likely that in motor neurons - which are highly 
specialised cells - the generation of chronic cellular stress during ALS disease 
pathogenesis exceeds the threshold that can be compensated for, leading to 
degeneration.   

Chronic cellular stress caused by the activation of deleterious pathways leading to 
protein, RNA, DNA, and lipid damage leads to the induction of reactive oxygen species 
(ROS) such as superoxide anions, hydrogen peroxide, hydroxyl radicals, and xanthine 
oxidase (Poljšak & Milisav, 2012). To counteract ROS production, protective pathways are 
activated, including the NrF2-ARE pathway. The Nrf2-ARE pathway plays essential roles 
in reducing ROS production, oxidative stress, and inhibiting cellular death pathways 
through the production of antioxidant enzymes (Figure 2). Motor neurons, however, have 
decreased antioxidant enzyme production compared to other cell types, possibly 
contributing to the selective death of motor neurons. In ALS, a decrease in the Nrf2-ARE 
pathway has been observed, allowing the perturbation of ROS and oxidative stress (Bono 
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et al., 2021; Hemerková & Vališ, 2021). Decreased production of Nrf2-ARE pathway 
antioxidants leads to the accumulation of lipid peroxidation triggering the ferroptosis cell 
death pathway, a pathway implicated to play roles in motor neuron cell death in ALS (Yan 
et al., 2023). Dysregulation in this pathway, therefore, is suggested to have a pathological 
role in ALS, with mutations in antioxidant enzymes, SOD1, seen to cause ALS (Gagliardi 
et al., 2023). The dysregulation of this pathway further enables the production of ROS, 
leading to further motor neuron damage through the activation of deleterious pathways 
such as oxidative stress.  
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Figure 2: NrF2-ARE pathway dysfunction in ALS A. Schematic showing the regular 
functioning of the NrF2-ARE pathway. NrF2-ARE is a protective pathway that, when 
activated, works to reduce oxidative stress by activating antioxidants and also inhibits 
ferroptosis from occurring through its inhibition of lipid peroxidation. This inhibition relies 
on the production of key antioxidants (GCLM, GCLC, GPx4) which inhibit both lipid 
peroxidation and ferroptosis through the SLC7A11/GPX4 axis. B. Schematic showing 
NrF2-ARE pathway function in ALS. In ALS, there is decreased activity of the pathway, 
leading to decreased transcription of antioxidants, causing oxidative stress to persist and 
activation of the ferroptosis death pathway. The production of Nrf2-ARE antioxidants 
inhibits the ferroptosis cell death pathway through the SLC7A11/GPX4 axis through 
inhibiting lipid peroxidation. However, when there is decreased antioxidant gene 
expression, key elements of this axis (GCLM, GCLC, GPx4) are not produced thereby 
allowing lipid peroxidation. Lipid peroxidation then causes the build-up of 
malondialdehyde (MDA) and 4 hydroxy-2-nonenal (4-HNE) which trigger the ferroptosis 
cell death pathway. Red bolded elements indicate specific aspects investigated in this 
project. Created with BioRender.  

 

Increased levels of ROS cause an increase in intracellular calcium in motor neurons 
through the binding of ROS to plasma membranes, ion channel proteins, and 
sarco/endoplasmic reticulum ca+2 ATPase transporters (SERCA), leading to 
mitochondrial dysfunction and endoplasmic reticulum stress (Annunziato et al., 2002; 
Kiselyov & Muallem, 2016; A. Li et al., 1998; Melachroinou et al., 2013). Motor neurons 
have a low amount of calcium ions present intracellularly and also lack calcium-binding 
proteins such as parvalbumin and calbindin-D28K that would aid in the regulation of 
calcium (Alexianu et al., 1994; Halliwell, 2006). Therefore, this increase in intracellular 
calcium can cause damage to motor neurons and death by causing mitochondrial 
dysfunction, endoplasmic reticulum stress, and ROS production (Annunziato et al., 2002; 
Bernardi et al., 2023; Kiselyov & Muallem, 2016; Melachroinou et al., 2013). This, 
therefore, creates a detrimental feedback loop in which there is further increased ROS 
production, further causing dysregulation and death of motor neurons.  

Treatments targeting chronic cellular stress in ALS have been seen to have beneficial 
outcomes. Edavorone, a newly approved ALS drug, is a free ROS scavenger and has been 
seen to halt ALS disease progression in ALS patients by reducing ROS (Cho & Shukla, 
2021), thus indicating that the induction of chronic cellular stress is an important 
pathological feature and presents a targetable aspect for treatment options.  

Stress Granules (SGs) 

This induction of chronic cellular stress causes the activation of protective pathways to 
achieve cellular homeostasis. Under conditions of cellular stress, multiple kinases are 
activated, which causes the phosphorylation of eIF2α kinase (Wek, 2018) (Figure 3). The 
phosphorylation of eIF2α, a kinase crucial for initiating protein synthesis, causes a global 
translation inhibition, resulting in the accumulation of untranslated messenger RNP 
complex and polysomes in the cytoplasm (Figure 3). This then causes the recruitment of 



 19 

stress granule nucleators (G3BP1 and G3BP2) to form multimers, leading to the 
formation of stress granules (Matsuki et al., 2013) (Figure 3). These stress granules form 
mature structures, forming a stable core structure surrounded by a less concentrated 
shell through the recruitment of translationally stalled mRNA, RNA-binding proteins 
(G3BP1, G3BP2, TIA-1, and HuR), ribosomal components, and translation initiation 
factors (eIF3, eIF4E, and eIF4G) (Campos-Melo et al., 2021)  (Figure 3). The formation of 
stress granules plays crucial protective roles in regard to homeostasis, with their main 
role being pausing translation to allow the cell to recover from stress.  

 

 

Figure 3: Stress Granule formation. Upon the induction of chronic cellular stress, eIF2α 
becomes phosphorylated, leading to a global halt in protein homeostasis. In response, 
G3BP1 and G3BP2 form multimers forming stress granules, which disassembled 
translation initiation complexes, along with many RNA-binding proteins (such as G3BP1, 
G3BP2, HuR, and TiaR), are incorporated into.  

The formation of stress granules is extremely dynamic, with diAerences in SG 
composition and properties dependent on cell type, stressor, and stress duration. 
Multiple stressors, including mitochondrial, oxidative, hypoxic, thermal, endoplasmic 
reticulum, and osmotic stress, can induce SG formation, however these SG have been 
shown to diAer depending on the stress-inducing trigger (Campos-Melo et al., 2021; 
Desai & Bandopadhyay, 2020). Despite these diAerences in composition, short-term 
cellular stress largely triggers the formation of canonical SGs which contain pro-
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apoptosis factors such histone deacetylase 6 (HDAC6), JUN N-terminal kinase (JNK), 
receptor of activated protein C kinase 1 (RACK1), Ras homolog family member A (RhoA), 
suppressing their function (Campos-Melo et al., 2021). These canonical SGs, therefore, 
prevent apoptosis and promote cell survival by inhibiting protein translation of pro-
apoptotic factors.  

These SGs have also been observed to play secondary roles in regulating homeostasis, 
including inhibiting inflammasome activation, maintaining proteostasis, reducing 
mitochondrial dysfunction, and oxidative stress-linked nucleocytoplasmic transport 
(Dudman & Qi, 2020). For brevity, focus will now be placed on SGs relationship with 
inflammation and oxidative stress. 

SGs and inflammation have a direct role in regulating one another. Upon the induction of 
inflammation, pro-inflammatory cytokines are released, such as tumor necrosis factor-
alpha (TNF-α) and interferon-gamma (IFN-y) that phosphorylate eIF2α inducing SG 
formation in mouse epithelial cells (S. Hu et al., 2010). SG formation then works to 
directly inhibit inflammation through inhibiting NLRP3 inflammasome activation.  

NLRP3 inflammasome activation is a central component in the inflammatory response, 
activating caspase-1 and causing the release of pro-inflammatory cytokines IL-1B and IL-
18 (Blevins et al., 2022). NLRP3 inflammasome also activates the membrane pore-
forming gasdermin D (GSDMD), a protein involved in the pyroptosis cell death pathway, 
causing cell death (Malik & Kanneganti, 2017). Upon SG formation, DDX3X, a component 
of SGs and a main activator of the NLRP3 inflammasome, is sequestered into the granule, 
thus inhibiting inflammasome activation and, furthermore, inhibiting pyroptosis  (Samir 
et al., 2019). NLRP3 inflammasome activation conversely inhibits SG formation. A key 
common step in NLRP3 inflammasome activation, the decrease in intracellular 
potassium concentration, inhibits SG formation (Yoshioka et al., 2024). Thus, the 
inflammation activation triggers SG formation, which in turn reduces the inflammatory 
response.  

SGs and oxidative stress also have a direct role in regulating one another. Oxidative stress 
induces phosphorylation of eIF2α, leading to SG formation  (Wu et al., 2023). SGs, in turn, 
interact with mitochondria by regulating metabolic functions and reducing oxidative 
stress. SG formation causes downregulations of fatty acid beta oxidation by reducing 
mitochondrial voltage-dependent anion channels responsible for importing fatty acids 
into the mitochondria (Amen & Kaganovich, 2021). This decrease in fatty acid beta 
oxidation reduces the amount of oxidative stress and damage in cells (Amen & 
Kaganovich, 2021).  

Thus, SGs play key roles in inflammasome inhibition, mitochondrial homeostasis, 
oxidative stress, and nucleocytoplasmic transport, enabling cell survival upon the insult 
of cellular stress (Dudman & Qi, 2020). Upon the alleviation of cellular stress in healthy 
cells, these SGs readily disable, allowing for protein synthesis and normal cellular 
functions to resume (Marcelo et al., 2021).  
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Proposed Role of Stress Granules in ALS 

Despite the largely protective role attributed to SG formation, in cases of chronic cellular 
stress, SG components can be modified to cause non-canonical SG formation that has 
altered functioning. In cases of chronic cellular stress, SGs composition diAers losing 
factors such as eukaryotic translation initiation factor 3B (eIF3B), RACK1, and caspase 3 
and 7 causing a shift towards pro-apoptotic functions (Campos-Melo et al., 2021; 
Fujikawa et al., 2023; Fujimura et al., 2012; E. F. Lee et al., 2014; Reineke & Neilson, 2019). 
Changes in SG components have been denoted in ALS, with FUS SGs having diminished 
nucleocytoplasmic transport factors, proteasome subunits, depleted signal 
transduction proteins, depleted disassembly factors, increased splicing factors, and 
mitochondrial proteins compared to normal SGs (An et al., 2022). Similarly, in human 
bone cells with ALS-associated C9ORF72 dipeptides expressed, depletion of multiple 
classical stress granule proteins, including essential SG clearance factors such as 
SUMO-conjugating enzymes, were observed in SGs (Marmor-Kollet et al., 2020). SUMO-
conjugating enzymes play key roles in SG disassembly; thus, the lack of these factors 
indicates a persistent role for SGs in ALS (Hofmann et al., 2021). In a C9ORF72 mutant 
model, the overexpression of UBE2I, a sumo-conjugating enzyme, alleviated eye 
degeneration, thus indicating that increasing SG disassembly could be beneficial in ALS   
(Marmor-Kollet et al., 2020). Taken together this indicates persistent SGs are formed 
during ALS pathology.  

The presence of these SGs was found at early disease stages in patient spinal cords with 
mutations in core SG proteins, Ataxin-2 and TIA1, additionally linked to ALS development 
(Elden et al., 2010; Mackenzie et al., 2017). In ALS, key ALS disease-associated proteins 
(TDP43, FUS, and SOD1) are observed to colocalise with SGs (Cui et al., 2024). FUS, an 
RNA binding protein, regulates expressions of genes involved in cell adhesion, 
synaptogenesis, and apoptosis, as well as having roles in alternative splicing (De Santis 
et al., 2017). ALS-associated FUS mutations cause slicing changes in over 300 genes in 
genes involved in axonal growth and cytoskeletal organization and mRNA alterations 
(Lagier-Tourenne et al., 2012; Reber et al., 2016). TDP43 plays critical roles in regulating 
mRNA transport, alternative slicing, and regulates the expression of multiple mRNAs  
(Fiesel & Kahle, 2011). In ALS, TDP43 dysfunction is a central disease feature, with TDP43 
aggregation observed in 97% of all patients, irrespective of whether patients carry a 
mutation in the TARDBP gene (Suk & Rousseaux, 2020). Thus, irrespective of disease 
cause, TDP43 mislocalisation is present, presenting a unifying factor in an extremely 
heterogeneous disease.  

TDP43 mislocalisation induces vacuole fragmentation, abnormal protein clearance, 
inflammation activation and desensitises the cell to respond disproportionately to 
incoming signals, thereby increasing the damage caused by ROS and oxidative stress 
(Leibiger et al., 2018; W. Zhao et al., 2015). Additionally, TDP43 mislocalization causes a 
significant increase in stress granule formation, increased cellular stress response, and 
increased cell death (Q. Ding et al., 2021; Mann et al., 2019; Smethurst et al., 2020). 
TDP43 is able to localise to SGs through the PAR-binding motif and is able to impact SG 
components and function (McGurk et al., 2018). Through a global proteomic study 
performed in HEK 293 and HeLa cells, TDP43 was identified to interact with multiple SG 
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components, including TIA1, EIF2C2, G3BP, and EIF4G, causing alterations in SG 
nucleation and secondary aggregation of SGs (Liu-Yesucevitz et al., 2010a; McDonald et 
al., 2011).  

The exact mechanism by which SGs contribute to pathology is unknown. The recruitment 
of TDP43 to SGs, leads to TDP43 becoming insoluble and immobilised and thus might act 
as a potential trigger to TDP43 aggregation in ALS (Cui et al., 2024). The persistence of 
TDP43 aggregates is seen after inhibition of stress and SG disassembly, suggesting that 
these SGs may act as essential mechanisms for the formation of TDP43 aggregates but 
aren’t required for later pathological stages (Cui et al., 2024).  

Modulating SG dynamics has been shown to reduce ALS pathology in multiple models. 
In ALS animal models, eIF2α phosphorylation is upregulated (D. Chen et al., 2015; Kim et 
al., 2014). Genetic and pharmacological inhibition of eIF2α phosphorylation rescued 
TDP43 toxicity in an ALS Drosophila model and mammalian primary neurons, implying 
that inhibiting SG formation is beneficial in ALS  (Kim et al., 2014). Additionally, treatment 
with SG modulators, cycloheximide and emetine, in cells overexpressing an TDP43 
mutant inhibited TDP43 aggregation (Liu-Yesucevitz et al., 2010a). In C9ORF72 patient 
iPSC-derived neurons inhibiting c-Jun N-terminal kinase (JNK) pathway activation, which 
is responsible for SG formation, suppressed SG formation and neurotoxicity (Sahana et 
al., 2023).   

Multiple treatments that have protective eAects in ALS have been found to alter SG 
dynamics. Trehalose, which has been shown to delay disease onset and increase 
lifespan in SOD1 mutant ALS mice, aAects SG disassembly by regulating eIF2 α (Castillo 
et al., 2013; Dimasi et al., 2017). Rapamycin, a drug shown to have a beneficial eAect in 
ALS, inhibits SG formation (L. D. Hu et al., 2022). Taken together, this suggests that 
despite SG’s protective role under normal conditions, in ALS SG formation could be 
playing a deleterious role.  

Autophagy-Dependent Degradation of SGs 

SGs are kept in homeostatic balance largely through the autophagy pathway. The 
autophagy pathway is responsible for breaking down SGs upon the alleviation of cellular 
stress and upon the formation of pathological SGs (Ryan & Rubinsztein, 2024a; Ryu et al., 
2014). Dysfunctions in autophagy play a role in ALS, with both an increase and a decrease 
evident in diAerent ALS models (Amin et al., 2020; Beckers et al., 2023). The knockdown 
of autophagy proteins (ATG3, ATG5, ATG7) resulted in the accumulation of SGs without 
the induction of stress in mammalian cells (Chitiprolu et al., 2018; Krisenko et al., 2015; 
Ryu et al., 2014). Additionally, multiple autophagy proteins such as p62, LC3B, ULK1, and 
VCP colocalize with SGs and SG proteins have been found inside structures resembling 
autolysosomes, indicating a role in autophagy for SG degradation (Chitiprolu et al., 
2018)(Figure 4).  
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Figure 4: Schematic overview of SG degradation by autophagy. A. AMPK activates 
autophagy while activation of mTORC1 inhibits autophagy. B. AMPK upregulation leads 
to the formation of the ULK1 complex: ULK1/2, FIP200, ATG101, ATG13. C. ULK1 complex 
activation triggers PI3K complex formation: VPS15, VPS34, Beclin-1, and ATG14L. D. PI3K 
complex formation triggers phagophore formation. LC3B-II then binds to the phagophore, 
regulating the closure of the phagophore (Y. K. Lee & Lee, 2016). E. Stress granules are 
marked for degradation by ubiquitin. P62 then binds to ubiquitin, transporting the stress 
granule into the phagophore. F. The phagophore closes and forms an autophagosome. G. 
The autophagosome then degrades the stress granule, allowing normal translation to 
then continue. Figure created using BioRender.  

In Hela cells with overexpressed C9ORF72, p62 is attached to the periphery of 20-30% of 
SGs with LC3 coating p62 upon arsenite stress induction (Chitiprolu et al., 2018). LC3 is 
an essential part of the elongating phagophore, indicating autophagy was occurring   
(Chitiprolu et al., 2018) (Figure 4D-E). LC3 has previously been seen to localise to SGs 
under a variety of stress conditions (Ryu et al., 2014; Seguin et al., 2014). P62 localises to 
SGs and interacts with G3BP1 and G3BP2 (C. Yang et al., 2023) (Figure 4E). Additionally, 
the knockdown of p62 resulted in defective SG clearance, indicating a central role for P62 
in SG clearance. In vivo P62 forms phase-separated liquid droplets in response to binding 
to SGs (Krause et al., 2022; Sun et al., 2018; ZaAagnini et al., 2018). These P62 liquid 
droplets act as sites for autophagosome formation with core autophagy proteins (ULK1, 
FIP200, ATG16L1, AIPI2) all found to be recruited to the outside of the droplets with 
multiple double membraned structures forming (Kageyama et al., 2021).  These p62 
droplets can serve as platforms with either selective autophagy or bulk autophagy 
(Kageyama et al., 2021). 

ULK1 and ULK2 also co-localise with SGs and promote their clearance in an autophagy-
independent manner (B. Wang et al., 2019) (Figure 4B). SG clearance is accelerated by an 
ULK1/2 agonist, while inhibition impairs the clearance of SGs and causes TDP-43 positive 
inclusions, indicating a primary role for ULK1/2 in SG regulation (B. Wang et al., 2019). 
ULK1 and ULK2 phosphorylates VCP, a multifactorial chaperone-like AAA-ATPase, 
increasing its activity (B. Wang et al., 2019). In mammalian cells, VCP colocalises with 
SGs under several diAerent stressors (Buchan et al., 2013). VCP mediates the 
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degradation of substrates by either the ubiquitin-proteasome system or the autophagy-
lysosome system (Jentsch & Rumpf, 2007; Meyer et al., 2012). VCPs roles in regulating 
autophagy are dependent on Beclin-1 (Hill et al., 2021) (Figure 4C). Inhibition of VCP 
impaired the clearance of SG under arsenite and heat-induced stressors; however, 
inhibition under other stressors has little eAect on SG formation, therefore suggesting a 
stressor-dependent response to clearance (Tolay & Buchberger, 2021). Mutations in VCP 
have been associated with causing ALS, leading to 1-2% of fALS cases (Koppers et al., 
2012). Autophagy is, therefore, an important mechanism in SG regulation, breaking down 
SGs when the stressor is alleviated or breaking down pathological SGs to inhibit disease 
progression.  

Animal Models of ALS 

To understand the role of stress granules in ALS in an in vivo context, animal models are 
an incredibly useful tool. In ALS, it has become increasingly apparent that noncell 
autonomous mechanisms such as neuroinflammation and proteostasis imbalance play 
significant roles in ALS pathology. As such, the use of animal models which can 
recapitulate this multi-cell environment has become a vital tool in identifying the role of 
these pathways in ALS.  

Many animal models have been developed for ALS, including Caenorhabditis elegans (C. 
elegans), zebrafish, drosophila and mouse models. Most animal models used for ALS 
research have homologs for genes associated with causing ALS in humans, making them 
valuable models in studying both ALS disease pathogenesis and investigating viable 
treatment options (Chai et al., 2008). These models, however, do not model ALS perfectly 
and do have limitations; therefore, the use of multiple model systems in ALS research is 
needed to advance the field.  

Simple model systems such as Caenorhabditis elegans (C. elegans), zebrafish, and 
drosophila are incredibly useful for the identification of pathological mechanisms in 
neurodegenerative diseases with a high degree of conserved genes and processes 
compared to humans (X. Chen et al., 2015; Cotterill & Yamaguchi, 2024; Oliveira et al., 
2023). C. elegans have been primarily used to investigate pathological mechanisms 
benefiting from a translucent body, distinctive behavioral phenotypes, and characterized 
nervous systems (X. Chen et al., 2015). Zebrafish are incredibly useful for testing 
therapeutic options, with large clutch sizes, embryos developing ex vivo, fast 
development transparent bodies, and numerous transgenic lines available (Oliveira et al., 
2023). ALS model zebrafish also induce a reliable axon pathology, causing shorter and 
more branched motor axons, creating a distinct phenotype to evaluate the eAectiveness 
of therapeutics (Oliveira et al., 2023). Drosophila has been used as a genetic model for 
ALS, with transgenic ALS flies reliably producing ALS phenotypes such as mitochondrial 
dysfunction, motility, axonal transport, shorter lifespan, and cellular inclusions (Baldwin 
et al., 2016; Y. Li et al., 2010; Sanhueza et al., 2014; Yamaguchi et al., 2021).  

Mice display high physiological, anatomical, and genomic proximity with humans  (Bryda, 
2016). Most ALS mouse models replicate hallmarks of ALS, with protein inclusions in glial 
and neuronal cells, motor neuron degeneration, and progressive muscle weakness and 
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paralysis (Bonifacino et al., 2021; Philips & Rothstein, 2015). Genetic mouse models have 
been primarily used in ALS research, with SOD1 models being the most common. 
However, these models lack key clinical features observed in the majority of ALS patients, 
such as the aggregation of TDP43 inclusions, and have lacked success in translating 
eAective therapies to humans (Stephenson & Amor, 2017).  

TDP43 mutant ALS mouse models have therefore been created, such as the Thy1-
TARDBP model (hTDP43), which exhibits an overexpression of human TARDBP in 
neuronal cells (Wils et al., 2010). As the majority of ALS patients do not have a genetic 
mutation, but do contain TDP43 pathology, a TDP43 overexpression model may oAer 
greater translatability for research to the patient population. The hTDP43 mouse model 
has been extensively used for ALS research over the past decade, with hTDP43 
homozygous mice developing a severe ALS-like phenotype and recapitulating many 
pathological features present in ALS patients with evident neuroinflammation, motor 
neuron loss, progressive hindlimb weakness, NMJ denervation in hindlimb muscles, 
cytoplasmic mislocalisation of TDP43, and mitochondrial dysfunction (Alhindi et al., 
2023; Chaytow et al., 2022; Wils et al., 2010). Thus, the hTDP43 mouse model has 
become invaluable in ALS research for both investigating mechanisms and therapeutic 
options.  

Hypothesis and Aims 

Due to these aforementioned reasons, investigating the role of SG formation in ALS may 
lead to a deeper understanding of ALS pathology and the mechanisms that drive it. SG 
formation in ALS has primarily been investigated using in vitro models, with conflicting 
reports suggesting either an increase or decrease in SG formation being implicated in 
disease pathogenesis (Besnard-Guérin, 2020; Fernandes et al., 2018).  

Little work has been done to evaluate the role of SG formation in vivo, with only two 
studies currently in the literature. These studies both used acute stressors and found a 
significant decrease in SG formation in ALS animal models (Dubinski et al., 2023; X. 
Zhang et al., 2020).  

DiAerences in SG dynamics in ALS models could be due to a number of reasons. All of 
these previous studies have made use of an external stressor to stimulate stress granule 
formation. Many diAerent external stressors have been used during investigations 
including sorbitol, arsenite, oxidative stress, hyperthermia, and oxalate (Colombrita et al., 
2009; Dewey et al., 2011; Dubinski et al., 2023; Ratti et al., 2020).  

As previously discussed, SG morphology and composition are seen to diAer depending 
on the external stressor used (Campos-Melo et al., 2021; Desai & Bandopadhyay, 2020; 
Ratti et al., 2020). Therefore, in ALS, it is unknown whether there is an increase or 
decrease in SG formation present as a direct result of intrinsic pathology.  

Therefore, during this project, we aimed to analyse the role of SG formation in ALS in vivo. 
As SG formation has not been investigated in vivo without the use of an external stressor, 
we therefore sought to fill this gap in understanding using the hTDP43 mouse model. Due 
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to previous research, it was hypothesised that SGs play a pathological role in ALS 
pathogenesis in vivo.  

First, we aimed to determine whether there are changes in SG formation in the hTDP43 
mouse model in vivo. We therefore sought to determine whether SGs can be visualised 
without the use of an external stressor, whether there is an increase or decrease in SG 
formation, and the disease stage in which SG dynamics are altered in the hTDP43 mouse 
model.  

Secondly, we aimed to determine what chronic cellular pathways could be leading to 
altered SG dynamics in ALS. We selected two established chronic cellular stress 
pathways, neuroinflammation, and oxidative stress, and sought to determine whether 
they could induce SG formation. 

Next, we aimed to determine whether SG formation plays a pathological role in ALS. 
Previous evidence has hinted that SGs are pathological in ALS, with an increase in eIF2α 
phosphorylation and alterations in SGs being reported. However, this pathological role 
has not been investigated in an in vivo setting. Therefore, we sought to determine whether 
SGs are pathological through analysing key factors that SGs regulate upon formation: 
ROS and NLRP3 inflammasome activation.  

Next, we aimed to determine whether there are changes in the autophagy degradation 
pathway that could be contributing to the pathological role of SGs in ALS. Therefore, using 
autophagy markers (ULK1, p62, Beclin, LC3B), we sought to determine whether there 
were changes in autophagy at the same time point as alterations in SG dynamics in the 
hTDP43 mouse model.  

Finally, we aimed to determine whether SG dynamics could be restored in vivo. Previous 
beneficial treatment options have been seen to restore SG dynamics, such as the use of 
Ataxin-2 ASO therapies, SG inhibitors, rapamycin, and trehalose, hinting that restoring SG 
dynamics might be an important aspect to alleviate ALS pathology (Becker et al., 2017; 
Dimasi et al., 2017; Elden et al., 2010; Mandrioli et al., 2018). Therefore, we sought to 
determine whether terazosin, a drug which improves motor phenotypes in multiple ALS 
models by targeting PGK1, restores SG dynamics in vivo (Chaytow et al., 2022).  
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Materials and Methods 

Animal Model  

Mice were maintained under the project license PPL P92BB9F93 and Personal Licenses 
IAC4805FD and 1567597.  

The hTDP-43 mouse model, B6; SJL-TG(Thy1-TARDBP)4Singh/J mice (JAX stock #012836), 
was obtained from Jackson Laboratory. In this mouse model, human TARDBP, an ALS-
linked protein, is overexpressed under the murine neuron-specific mThy1 promoter, 
causing evident motor neuron pathology in homozygous mice (Tg/Tg) (Wils et al., 2010). 
Tg/Tg mice develop a severe ALS-like phenotype, resulting in progressive hindlimb 
weakness and eventual paralysis (Alhindi et al., 2023). Animals were maintained under a 
standard 10-hour light, 14-hour dark cycle at the University of Edinburgh. Experimental 
animals were obtained by breeding heterozygous mice (Tg/0), resulting in Tg/Tg, Tg/0, and 
control littermates (NTg). As hTDP-43 mice developed a severe phenotype aAecting 
quality of life, a severity limit was established prior to experimentation. From postnatal 
day (P)15, the recorded pre-symptomatic stage of this mouse model (Wils et al., 2010), 
mice were evaluated daily for severity using an established clinical scoring system 
(Alhindi et al., 2023; Chaytow et al., 2022). Mice were culled at the desired time point or 
if the predetermined severity limit was reached. Both sexes were used throughout the 
experimentation.  

Genotyping PCR  

hTDP-43 mice genotypes were determined through PCR using the quick DNA purification 
protocol (Truett et al., 2000). DNA was extracted from ear notches of each individual 
mouse using 50µl of “hotshot lysis buAer” (Table 3) at 95°C for 30 minutes. Afterward, the 
sample was neutralised using 50µl of neutralising buAer and mixed via flicking (Table 3). 
2µl of DNA was added to 14µl of the master mix (Table 3). A negative control was utilized 
for each gel, consisting of 2µl of DEPC-free H20 and 14µl of master mix to check for 
contamination within the master mix (Table 3).  

The samples were then run with the recommended reagents on the recommended JAX 
touchdown TDP-43 program for this mouse model (protocol 25492 from Jackson 
Laboratory) using the T100 thermal cycler (BioRad). Samples were heated at 94°C for 2 
minutes, followed by heating at 94°C for 20 seconds for 10 cycles, then at 65°C for 15 
seconds with a 0.5°C decrease occurring per cycle, and 68°C for 10 seconds. The 
samples were then heated for 28 cycles at 94°C for 15 seconds, 60°C for 15 seconds, and 
72°C for 10 seconds. Afterward, samples were heated at 72°C for 2 minutes before they 
were held at 12°C until needed.  

Genotypes were then determined by running samples on a 1.5% agarose gel with an 
100bp ladder (Newtown) at 120 volts for 20 minutes. Genotypes were detected by the 
presence of the TDP-43 WT murine band at 303bp and/or the human transgenic TDP-43 
band at 500bp (Figure 5).   
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Figure 5: 1.5% agarose gel showing genotypes of hTDP43 mice. Bands below 100 base 
pairs are primer dimers, a by-product typically generated by PCRs, which do not aAect 
the interpretation of relevant bands. The recorded heights for bands are as follows: 303bp 
for the TDP43 WT band and 500bp for the human transgenic TDP43 band.  

Tissue Collection  

To evaluate the involvement of selected pathways on disease pathology, mice were 
culled at either early symptomatic (P15), late symptomatic (P19), or at clinical end-stage 
(typically occurring around P22-23), determined by mice meeting criteria for a clinical 
score of 3 (Alhindi et al., 2023; Chaytow et al., 2022). Mice were humanely culled via an 
overdose of anesthetic with exsanguination to confirm death after reflexes were checked. 
The brain and spinal cord were then dissected out quickly to be either used for protein or 
RNA or histological purposes. The spinal cord was extracted using hydraulic extrusion 
(Richner et al., 2017).  

Protein or RNA  

Brains and spinal cords were dissected and flash-frozen using liquid nitrogen. These 
samples were then stored at -80°C until required for western blot quantification or 
quantitative PCR (qPCR) quantification.  

Western Blot Preparation 

Protein homogenisation 

To quantify changes in protein levels, western blotting was utilised. To homogenise 
samples, 100µl of the homogenisation solution was added to SPC and 500µl was added 
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to brain samples (Table 3). Samples were then homogenised using a plastic pestle and 
left at 4°C for 10 minutes (Eaton et al., 2013) (Table 3). Samples were then centrifuged at 
4°C on full speed for 10 minutes. Afterwards, the supernatant containing the 
homogenised protein was taken. For SPC samples, 150µl of the supernatant was taken, 
while for brain samples, 500µl was taken. For brain samples, a 1 in 5 dilution was 
conducted using RIPA buffer. Samples were then left at -20°C until required.  

BCA Assay  

To quantify the amount of protein in each sample, a Bicinchoninic acid (BCA) assay 
(Protein Chemistry) was performed using a 96-well plate (Y. T. Huang et al., 2019). 
Triplicate protein standard wells using albumin were created with the concentrations of 
0, 2, 4, 6, 8, 10, 20, and 40 µg, respectively. Duplicates of protein samples were created 
by pipetting 1µl of the sample in the corresponding wells. BCA reagent mixture was 
created according to the manufacturers’ instructions (protein chemistry) with 200µl of 
the mixture added to each well (Table 3). The plate was then heated for 10 min at 60°C (Y. 
T. Huang et al., 2019). The optical density of the plate was determined by using the 
GloMax explorer plate reader (Promega), measuring the absorbance at 560 nm for each 
well (Figure 6A).  

The absorbance quick read output was then analysed to create working 20µg samples to 
use during western blotting (Figure 6) (Y. T. Huang et al., 2019). Absorbance reading was 
determined for each well by subtracting the background absorbance (Figure 6B). The 
triplicate protein standard wells were then averaged and used to create a standard 
concentration curve, with an equation and R2 value generated (Figure 6C). The R2, 
measuring how accurate the line of best fit is to the data points, was then evaluated. As 
the graph was generated using standard concentrations, there should be a linear 
relationship between the optical density and protein concentration. Therefore, if the R2 
value was lower than 0.98, results were deemed unreliable due to pipetting error.  

If the R2 value was 0.98 or greater, the accuracy of the results was sufficient to calculate 
sample protein concentrations (Y. T. Huang et al., 2019). To calculate protein 
concentration for the sample, the duplicate protein wells were averaged and then 
divided by the slope (Figure 6D). 100 was then divided by the calculated protein 
concentration to generate 20µg working solutions. 12.50µl of 4x B Mercaptoethanol and 
ddH20 were then added to each sample solution to make 50µl.  

Samples were then heated at 70°C for 10 minutes to enable protein denaturation before 
being stored at -20°C until needed. 
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Figure 6: Protocol used to quantify BCA assays. A. Representative Quick Read Output 
produced by the GloMax explorer plate reader B. Representative absorbance reading 
with background noise subtracted. C. Representative standard concentration curve 
generated using triplicate protein standard wells. D. Concentration of protein samples 
were determined. The duplicate sample wells were averaged. The average sample 
optical density was divided by the slope (red value) to get the protein concentration. 100 
was then divided the protein concentration to generate 50µl 20µg sample solutions. 

Western Blotting   

To quantify changes in protein levels of select autophagy and SG genes, western blotting 
was performed on Tg/Tg and NTg littermates at different time points (Y. T. Huang et al., 
2019). 20µg of each sample and 2.5µl of the chameleon ladder, used to determine the 
size of proteins detected, were loaded into a protein gel (Table 3). The gel was then run at 
80V for 10 minutes, followed by 150V for 50 minutes. Afterward, the products on the gel 
were transferred to a membrane using the iBlot 2 transfer machine (Invitrogen) (Y. T. 
Huang et al., 2019). The membrane was then quickly washed with ddh20 before being 
placed on a rocker at speed 65. The ddh20 was then discarded, and 10ml of revert total 
stain 520 (TPS) was added to each membrane for 5 minutes. Membranes were then 
washed twice with 12 ml of total wash (Table 3) and then finally a ddh20 wash. 
Membranes were kept in ddh20 to avoid drying out. Membranes were then imaged using 
the Licor Odyssey M machine to visualise the total amount of protein in each well. This 
will serve as a reliable normalisation measure for quantification (Eaton et al., 2013; Y. T. 
Huang et al., 2019; Kirshner & Gibbs, 2018). The membrane was then blocked for 30 
minutes using 5% milk with 0.2% TBST on a roller (Table 3). For TiaR antibody staining, 
blocking with 5% milk with 0.1% TBST was utilised. Primary antibodies were then applied 
with 5% milk with 0.2% TBST overnight at 4° C on a roller (Table 1, 3). TaiR antibody was 
applied with 5% milk with 0.1% TBST overnight at 4°C on a roller. (Table 1, 3).  
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The primary antibody solution was then poured oA and kept at -20°C for reuse. The 
membrane was then washed three times with 0.2% TBST for 10 minutes at room 
temperature (RT). For TiaR membranes, membranes were washed three times with 0.1% 
TBST for 10 minutes at RT. Afterwards secondary antibody was applied with 5% milk and 
0.2% TBST for 1 hour (Table 1. 3). TiaR secondary antibody was applied with 5% milk with 
0.1% TBST for 2 and a half hours (Table 1, 3). The secondary antibody solution was poured 
oA, and TBS was then added to the membrane and shaken vigorously for 5 seconds. The 
membrane was then washed with TBS three times for 30 minutes each. The membrane 
was dried and imaged using the Licor Odyssey M machine, selecting the 700 and 800 nm 
channels with an oAset of 1. 

Quantification 

To quantify the signal of the protein of interest, images were imported into Image Studio 
Lite (Y. T. Huang et al., 2019). TPS images were quantified by drawing rectangles of the 
exact same size and shape around each lane, avoiding any dark or light spots (Y. T. Huang 
et al., 2019) (Figure 7A). Under analysis, median and top/bottom segmentation was 
selected, and the table generated under shapes was copied into excel (Figure 7C). To 
quantify the protein of interest, rectangles were drawn around the protein-specific band 
(Y. T. Huang et al., 2019) (Figure 7B), and results were copied into excel (Figure 7C). To 
normalise signal between diAerent animals, the TPS channels were first normalised to 
the highest TPS signal present on the membrane (Y. T. Huang et al., 2019). The sample 
antigen-specific signal was normalised to its TPS signal and then to the average NTg 
signal for that membrane (Y. T. Huang et al., 2019) (Figure 7C). The normalised protein 
signal was then used to determine whether there were diAerences in protein expression 
levels between genotypes (Figure 7D).  
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Figure 7: Quantification of Antibody-Specific Bands. The above-mentioned protocol was 
used to quantify results. A. Representative western blot showing TPS quantification, 
quantified using rectangles of the exact same shape and size (red) in each lane. B. 
Representative western blot showing quantification of antigen-specific band. C. Results 
from A and B were then pasted into an Excel, and data was normalized to TPS signal and 
to NTg signal. D. Representative bar chart showing the diAerence in protein expression 
between genotypes.  
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Antibodies  

Primary and secondary antibodies were utilised for western blotting and/or 
immunohistochemistry (Table 1).  

Table 1 

Antibody Supplier Catalog Species Concentration 

Beclin Cell Signalling 
Technology 

3495S Rabbit 1:1000 (WB) 

ChAT Millipore AB144P Goat 1:200 (IHC) 

DAPI stain Invitrogen D1306 NA 1:1000 (IHC) 

Donkey anti 
Goat 594 

AlexaFluor A11058 Donkey 1:500 (IHC) 

Donkey anti 
goat 647 

Life 
Technologies 

A21447 Donkey 1:500 (IHC) 

Donkey anti 
Rabbit 488 

AlexaFluor A21206 Donkey 1:500 (IHC) 

Donley anti 
Mouse 488 

AlexaFluor A21202 Donkey 1:500 (IHC) 

G3BP1 DSHB PCRP-
G3BP1-2HB 

Mouse 1:50 (IHC) 

1:100(WB) 

G3BP2 DSHB PCRP-
G3BP2-1C7 

Mouse 1:50 (IHC) 

1:100 (WB) 

LC3B Abcam Ab192890 Rabbit 1:2000 (WB) 

Neurotrace 
500/525 

Life 
Technologies 
LTD (Invitrogen 
Division)  

N21480 

 

- 1:50 (WB) 

P62 Abcam Ab56416 Mouse 1:1000 (WB) 

TDP43 Proteintech 10782-2-AP Rabbit 1:100 (IHC) 
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TiaR BD Transduction 
labs 

610352 Mouse 1:100 (WB) 

ULK1 Cell Signalling 
Technology 

8054S Rabbit 1:500 (WB) 

 

Table 1: Primary and secondary antibodies utilised for Immunohistochemistry and 
Western Blotting. Table lists the antibody target, supplier, catalog number, species the 
antibody was raised in, and the concentration antibody was used for either 
immunohistochemistry (IHC) and Western Blotting (WB).  

Histology  

After dissection, SPCs were pinned straight and were fixed along with brain tissue using 
4% PFA for 24 hours and then emersed in 30% sucrose for 24 hours at 4°C (Table 3). 
Samples were then immersed in a 1:1 OCT/Sucrose mixture on a roller for 1 hour at 4°C. 
The cervical and thoracic regions of the SPC were then removed before the SPCs were 
embedded into blocks using 1:1 OCT/Sucrose mixture at 4°C (Chaytow et al., 2022; Dong 
et al., 2021). SPC were embedded with the lumbar region facing down and the SPC lying 
vertically in the block. Brain samples were embedded sagittally. Blocks were then stored 
at -80°C.  

SPC blocks were then cryosectioned using the cryostat CM3050 S (Leica), generating 20 
µm thick sections. As MN have an average size of 50 µm (Bukreeva et al., 2017), SPC were 
mounted in sequential order over 6 slides, with sections being mounted in the same 
position on each slide before moving onto the next position (i.e., the first 6 SPCs collected 
were mounted in the top left of each slide). This means that the distance between each 
SPC section on each slide was 120 µm, mitigating any potential issues of double counting 
the same MN population within one slide. This process was repeated until 10 sections 
were mounted on all slides. Slides were left at room temperature overnight to dry before 
being stored at -20°C until required. 

 

Immunohistochemistry  

Immunohistochemistry was performed on cryosectioned SPC slides to determine the 
distribution of proteins within the SPC of NTg and Tg/Tg mice.  

To evaluate SG formation, SG formation with terazosin treatment and inflammation, 
slides were washed with ddH20 on a shaker for 5 minutes at speed 45. Slides then 
underwent antigen retrieval consisting of mixing citric acid, HCl, and ddh20 and heated 
on medium heat for 15 minutes (Table 3). Slides were then left to cool in the antigen 
retrieval solution at RT for 45 minutes.  
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The slides were then washed using PBS twice for 5 minutes. Permeabilization was then 
performed to allow intracellular access for primary antibody access using PBS with 0.3% 
triton (Table 3). Slides were permeabilised with this solution thrice for 10 minutes. A 
hydrophobic pen was then used to outline samples to prevent agent loss. Slides were 
then blocked with 10% or 5% donkey serum with 0.3% triton for an hour and 30 minutes 
at RT to block non-specific primary antibody binding (Table 3). Afterward, primary 
antibodies and PBS with 0.1% triton were applied at relevant concentrations (Table 1, 3) 
and left on overnight at 4°C.  

Slides were then washed three times for 10 minutes. The slides were then washed for 5 
minutes with PBS with 0.1% triton on a shaker at RT (Table 3). Secondary antibodies 
diluted in PBS were then applied to slides for 1 hour (Table 1). Slides were then washed 
using PBS four times for 10 minutes each.  

For evaluating inflammation, slides underwent an additional step. Neurotrace stain was 
applied for 45 minutes, followed by three 10 minute PBS washes.  

To evaluate SG and TDP43 co-localisation, slides underwent antigen retrieval as 
described previously. They were then washed with PBS twice for five minutes. A 
hydrophobic pen was then used, and slides underwent blocking using 3% BSA with 0.2% 
triton for 1 hour. Afterward, primary antibodies and BSA with 0.2% triton were applied at 
the relevant concentrations and left overnight at 4C (Table 1, 3).  

Slides were then washed three times for 10 minutes. Secondary antibodies diluted in PBS 
were then applied to slides for 1 hour (Table 1). Slides were then washed using PBS four 
times for 10 minutes each. Neurotrace stain was applied for 45 minutes, followed by 
three 10 minute PBS washes (Table 1).  

For all slides, DAPI was then applied for 10 minutes. Slides were washed for 5 minutes 
followed by 10 minutes with PBS and mounted using mowiol.  

Microscopy  

Slides were imaged using the Lecia Thunder Epifluorescent Microscope at the ventral 
horn of the SPC (area in which MN populations are) at 20x magnification. The ventral horn 
was identified using ChAT or Neurotrace channels (Figure 8). Each SPC was only imaged 
once. A minimum of 8 SPC were imaged per slide to analyse SG formation. A minimum 
of 6 SPC per slide were imaged to analyse inflammation. Per SPC, three images were 
taken on the DAPI channel (blue, 405 nm excitation), G3BP2 or Neurotrace channel 
(green, 488nm excitation), and ChAT or Iba1 channel (red, 594 nm excitation). 
Microscope settings were consistent across all images with a consistent area taken 
(443023.36µm2). Channels were taken in sequential order to avoid bleed-through of 
channels. 
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Figure 8: Identification of the ventral horn using Neurotrace stain or ChAT antibody. A. 
schematic of an unstained SPC section with the ventral horn circled. To identify the 
ventral horn after IHC, the ChAT (B) or neurotrace channels (C) were utilised. Both are 
established markers for motor neurons. Motor neurons are marked by white arrows and 
were used to establish that each image was taken in the ventral horn. Scale bar = 100µm 

Representative images for SG formation, SG and TDP43 colocalisation, and SG formation 
following terazosin treatment were then taken using the Confocal Nikon A1R on 20x and 
60x magnification using the DAPI channel (402 nm excitation), EGFP channel (488 nm 
excitation), mCherry (562 nm excitation), and far red (658nm excitation) using consistent 
intensity settings and a consistent area taken (67024 µm2 for 20x images, 37535.19 µm2 
for 60x images). Channels were taken in sequential order to avoid bleed-through of 
channels. 

Quantification 

Analysis was conducted using Fiji Software. For each SPC image, the DAPI, 
Neurotrace/G3BP2, and ChAT/Iba1 channels were merged and then blinded using the 
‘Blind Analysis Tool’ plugin in Fiji for quantification. The merged images were then split 
for analysis using Fiji analysis software.  

For SG formation and SG formation following terazosin treatment analysis, motor neuron 
counts were first performed by counting ChAT-positive cells using the cell counter plugin 
(Alhindi et al., 2023; Du et al., 2015; McLeod et al., 2022). The ChAT-positive cells were 
then counted for positive G3BP2 staining (Figure 9) and recorded. A ratio was then taken 
of the positive G3BP2 cells to the total motor neuron count for each image. These values 
were then averaged to avoid pseudo-replication per mouse and plotted.  
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Figure 9: Representative Images showing G3BP2 Motor Neuron Positive Counting. White 
stars indicate G3BP2-positive ChAT cells. Scale bar = 50 µm. 

Two methods were utilised to determine inflammation activation in late symptomatic 
SPCs. Using the Fiji analysis ‘Blind Analysis Tool’ plugin, images were first blinded.  
Microglia cell counts were then performed in NTg and Tg/Tg P19 SPCs. The neurotrace 
channel was false colored to ‘grays’ to better distinguish between the white and grey 
matter of the SPC (Figure 10B). A region of interest (ROI) was then drawn around the grey 
matter and stored in the ROI manager (Figure 10C). Manual thresholding was then 
performed on the Iba1 channel using a duplicate image false-colored with the Inferno Fiji 
color editor for morphological comparison (Figure 10 D, E). Auto-thresholding was 
attempted for the Iba1 channel to reduce bias; however options did not produce a 
consistent result over all SPC images (Figure 11).  
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Figure 10: Workflow of inflammation analysis. First, the merged image (A) was split into 
individual channels. The neurotrace channel was then false-colored ‘grays’ (B), and a 
region of interest (ROI) was drawn around the grey matter of the SPC (yellow line) (C). The 
ROI was saved in the ROI manager. Then, the Iba1 channel was opened (D) and manually 
thresholded using a duplicate Iba1 channel false-colored with inferno (purple) for 
comparison (E). Scale bar = 100µm 

 

 

Figure 11: Representative Images of auto thresholding. To establish a method for 
thresholding, two NTg and Tg/Tg SPCs were blinded and thresholded using the auto-
threshold function in Fiji. A and B represent two diAerent SPCs from diAerent mice. 
Across all mice, no single threshold produced a quantifiable result; therefore, manual 
thresholding was utilised. 
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The thresholded Iba1 channel (Figure 10E) was then merged with the DAPI channel. The 
Iba1 channel was then false-colored to magenta, with the DAPI channel false-colored to 
cyan (Figure 12A). The ROI outlining the grey matter of each SPC was overlayed. Microglia 
were defined as white overlaps between magenta (Iba1) and cyan (DAPI) (Figure 12A). 
Iba1 cells were counted using the ‘Cell Counter’ Plugin in the grey matter with an Iba1 
channel duplicate image false-colored with inferno to act as a morphological reference. 
Next, the overall area of the grey matter of each SPC was taken to act as a normalisation 
measure for both microglia counts and particle area quantification (Figure 13C). Iba1+ 
cell counts were then normalised to the overall grey matter area. These values were then 
averaged per mouse to avoid pseudo-replication.  

 

Figure 12: Quantification of inflammation in late symptomatic spinal cords. To quantify 
inflammation, microglia were labeled with Iba1, and cell nuclei were labeled with DAPI. 
Using the ROI manager, a line circling the grey matter of the spinal cord was inserted 
(yellow line). Microglia were defined as white overlaps between magenta (Iba1) and cyan 
(DAPI) (A). To confirm microglia morphology a duplicate Iba1 image false-colored inferno 
was used during counting (D). For microglia that were on the border of the ROI, if their cell 
bodies were within the ROI, they were counted (B), while if their cell bodies were outside, 
they were not counted (C). Scale bar = 100 µm.  

Next, to calculate the area of Iba1+ staining in the grey matter of each spinal cord, the Fiji 
particle area quantification was performed. The ROI outlining the grey matter of each SPC 
was overlayed on the thresholded Iba1 channel for each SPC (Figure 13A). The particle 
area of Iba1 staining was then determined for the grey matter and copied into an Excel 
file (Figure 13B). To normalise the particle area for each SPC, the overall area of the grey 
matter was also measured for each SPC through using the Fiji measure function (Figure 
13C). The Iba1+ particle area was then averaged to the overall area for each SPC. Values 
were then averaged per mouse to avoid pseudo-replication and plotted.  
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Figure 13: Quantification for Iba1+ Particle Area in late symptomatic spinal cords. A. 
Representative thresholded Iba1 channel with line overlayed outlining the grey matter 
(yellow line). B. Representative thresholded Iba1 channel showing particle area 
quantification. The Fiji particle area quantification calculated the area that the particles 
take up in the grey matter. Representative particles are outlined with purple circles. The 
total area (red circle) was then recorded as the output. C. Representative thresholded 
Iba1 channel showing total area quantification. Using the FIJI measure function, the total 
area of the grey matter was determined (shown by the purple shaded area). The area (red 
circle) was then recorded as the output. Scale bar = 100 µm.   

RNA Extraction  

To evaluate changes in DNA expression levels of selected targets, quantitative PCR 
(qPCR) was utilized. To perform qPCR, RNA was first extracted from Tg/Tg and NTg late 
symptomatic SPC and then converted into cDNA. Next, primer pairs were optimised for 
their detection of select targets (Figure 14) 

 

Figure 14: General Workflow for RNA work. SPC were first homogenised before RNA 
extraction was then performed. Afterward, cDNA synthesis was performed, followed by 
primer optimisation. Primer pairs were then selected based on their CQ time 
(amplification curve) and melt curve and checked for product specificity using gel 
electrophoresis. qPCRs were then performed to determine changes in transcription 
between Tg/Tg and NTg mice. Prior to analysis, the NTC and one sample well were then 
run on a gel to check for contamination. Afterward, analysis of results proceeded.  
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RNA extraction was extracted from spinal cords using the Quick-start Protocol from 
Qiagen using the RNeasy Plus Mini Kit (Qiagen) (Table 3). All reagents were kept at 4°C 
during extraction. First, 10µl of B-mercaptoethanol was added to 1 ml Buffer RLT Plus. 
600µl of this solution was added to each SPC and homogenised using a plastic 
homogeniser. The homogenized tissue was then centrifuged for 3 minutes at maximum 
speed before being transferred to a gDNA eliminator spin column placed in a 2ml 
collection tube. The sample was then centrifuged for 30 seconds at 8000g. The column 
was then discarded while the flow-through was saved. 600µl of 70% ethanol was then 
added to each sample and mixed by pipetting. 700µl of the sample was then transferred 
to an RNeasy spin column, placed in a 2ml collection tube, and centrifuged for 15 
seconds at 8000g. The flow-through was then discarded, and 700µl of RW1 was added to 
the RNeasy spin column. A new 2ml collection tube was added to the outside of the spin 
column, and the sample was centrifuged at 8000g for 15 seconds. The flow-through was 
again discarded, and 500µl of Buffer RPE was added to the RNeasy column. A new flow-
through collection tube was added to the outside of the spin column, and then the 
sample was centrifuged at 8000g for 15 seconds. The flow-through was then discarded 
again, and 500µl of Buffer RPE was added to the RNeasy spin column. The flow-through 
was replaced, and then the sample was centrifuged at 8000g for 2 minutes. The flow-
through was discarded, and 50µl of RNase-free water was added to the spin column. To 
elute the RNA, a new flow-through was added, and then the sample was centrifuged at 
8000g for 1 minute. Centrifuge the sample again for 1 min at 8000g to further elute the 
RNA. The collection tube was then kept, and the RNeasy column was discarded.  

Immediately after RNA extraction, the concentration of RNA in each sample was 
determined using the Nanodrop 2000 spectrophotometer (Thermo Scientific). RNA 
concentration for each sample was determined using 1.5µl of each sample. The 
concentration, A260/A280 ratio, and A260/A230 ratio were analysed. Expected ranges for the 
A260/A280 ratio are 1.8-2.0 and the A260/A230 ratio 2.0-2.2 (Thermo Fischer Scientific T042 
technical bulletin). Significant deviations from these ranges indicate the presence of 
contaminates; therefore, samples that significantly deviated were excluded. cDNA 
synthesis immediately proceeded with RNA extraction.   

cDNA synthesis  

qPCR measures the DNA generation over multiple cycles. Converting the extracted RNA 
into Complementary DNA (cDNA) is necessary, as we utilise DNA polymerase which 
recognises DNA instead of RNA. The generation of mRNA was necessary as when 
converting RNA to cDNA; the cDNA will therefore not contain any introns, which 
interrupts the sequence of the gene. Therefore, the extracted RNA was then used as a 
template to synthesise cDNA using the Maxima Strand Kit (Life Technologies) (Table 3). 
450µg sample solutions were created by combining the RNA extracted sample, DEPC- 
H20, 1 µl of DNAse, and 1 µl of DNase buffer. A reaction mix was then created by 
combining 4 µl of reaction mix, 2 µl of maxime enzyme mix, and 4 µl of DECP-free H20 
(Table 3). This was added to the sample solution, and the solution was vortexed. The 
samples were then placed in the T100 Thermal Cycler machine (BioRad) following the 
listed protocol:  
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1. 25°C 10 min 
2. 50°C 15 minutes 
3. 85°C 5 minutes 

 

Afterward, samples were placed at -20°C for short-term storage.  

Real-Time Quantitative PCR (qPCR) Optimisation  

Primer pairs were sourced or designed to target aspects of the NRF2 pathway and 
components of SGs (Table 2). Using the same NTg sample for all genes, primer pairs were 
optimised for their effectiveness using 96-well plates. Stock Primer pair solutions and 
Sample solutions were created (Table 3). 10.8µl of the primer pair solution and 9.2µl of 
the sample solution were then added to each well. Primer pairs were then analysed on a 
temperature gradient spanning from 50-63°C using the CFX Opus Deepwell Real-Time 
PCR system (BioRad) following the listed protocol:  

1. 50°C 2 min  
2. 95°C 2 min 
3. 95°C 15 sec 
4. 58/63°C 30 sec 

Plate Read 

5. Go to 3 39X 
6. 65 – 95°C 5 sec 

+0.5°C /cycle 

To determine the efficiency of each primer pair measures of fluorescent intensities were 
analysed. The amplification curve was analysed to determine if a consistent 
amplification was produced over the temperature gradient, evident by a tight curve 
(Figure 15A). Next, the melt curve was observed to determine if they displayed a single 
peak with no shouldering. Shouldering would indicate an aspecific product (Figure 15B). 

For final determination of the specificity of the primer pair, the 60°C NTg sample for each 
primer pair was ran on a 1.5% agarose gel to confirm no aspecific products were targeted. 
The 60°C well was chosen as this temperature is used in the qPCR protocol during plate 
reading. The expected molecular weight was compared to the band elucidated to 
confirm primer specificity.  
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Figure 15: Amplification and Melt Peak Quantification. A. Representative amplification 
and melt peak of a specific primer. The amplification curve (top graph) is tight over the 
temperature gradient. The melt peak (bottom graph) displays a singular peak. B. 
Representative amplification and melt peak for non-specific primer. The amplification 
curve (top graph) shows variation between temperatures. The melt peak (bottom graph) 
does not show a consistent, singular peak.  

Quantitative PCR (qPCR)  

With the selected primer pairs, we analyzed the difference in SG formation and Oxidative 
stress-linked genes between Tg/Tg and NTg in P19 SPC. Samples were analysed using 
triplicates to confer greater reliability in the data. Stock primer pair solutions for each 
gene target were created by combining the forward and reverse primer with the master 
mix, and 10.8µl was pipetted into the appropriate wells  (Table 1, 3). Next, stock sample 
solutions were created by combining cDNA with DEPC-free water, and 9.2µl was 
pipetted into the appropriate wells. Two controls were utilised per plate and primer pair: 
GAPDH (a household control gene) and a non-template control (NTC). The 96-well plate 
was then imaged using the CFX Opus Deepwell Real-Time PCR system (BioRad). The 
following protocol was used for qPCR testing:  
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1. 50°C 2:00 min 
2. 95°C 2:00 min 
3. 95°C 15 sec 
4. 60°C 30 sec  

Plate Read 

5. Go to 3 39X 
6. 65 – 95°C 5 sec 

+ 0.5°C /cycle 

The NTC and a sample well for each gene was then run on a 1.5% agarose gel to confirm 
no contamination and that only a single product was produced during the qPCR.  

Quantification  

Results were analysed using BioRad Software. The CT values for triplicate wells were 
analysed. If the CT value differed in a triplicate well by ± 1 from the average, that well was 
excluded. The Delta CT value for all wells were then calculated by subtracting the control 
gene (GAPDH) by the target genes to normalise the samples. The average of all triplicates 
was then taken as the readout for each sample. The average of all NTg samples was then 
determined and used to normalise Tg/Tg samples to NTgs. Each value was then raised to 
the power of 2 to calculate fold change, and sample values were normalised to the 
average NTg fold change.  
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Table 2 

Target Name  Forward 3’ to 5’ Sequence Reverse 5’ to 3’ Sequence Band 
Size (bp) 

Source  

 
NrF2  

NRF2 Primer 1 TTCTTTCAGCAGCATCCTCTCCAC ACAGCCTTCAATAGTCCCGTCCAG 199 (Vargas et al., 
2008) 

NRF2 Primer 2 AGCGACAGAAGGACTATGAGC ATCCAGGGCAAGCGACTCA 297 Designed 
 
HMOX1  

HMOX1 Primer 1 CAAGCCGAGAATGCTGAGTTCATG GCAAGGGATGATTTCCTGCCAG 243 (Vargas et al., 
2008) 

HMOX1 Primer 2 TGCTAGCCTGGTGCAAGATAC GGTGAGGGAACTGTGTCAGG 332 Designed 
 
CytC 

CytC Primer 1 CACGCTTTACCCTTCGTTCT 
 

CTCATTTCCCTGCCATTCTCTA 105 (Safdar et al., 
2009) 

CytC Primer 2 CACCGACACCGGTACATAGG TCTCCCCAGGTGATGCCTTT 296 Designed  
 
NQO1 

NQO1 Primer 1 GCGAGAAGAGCCCTGATTGTACTG TCTCAAACCAGCCTTTCAGAATGG 349 (Vargas et al., 
2008) 

NQO1 Primer 2 TTCTCTGGCCGATTCAGAGTG CCCACAGAGAGGCCAAACTT 268 Designed 
 
GCLM 

GCLM Primer 1 GCCACCAGATTTGACTGCCTTTG TGCTCTTCACGATGACCGAGTACC 182 (Vargas et al., 
2008) 

GCLM Primer 2 ACGAAGCACTTTCTCGGGTG   AACATCTGGAAACTCCCTGACT 569 Designed  
 
GCLC 

GCLC Primer 1 ACATCTACCACGCAGTCAAGGACC CTCAAGAACATCGCCTCCATTCAG 134 (Vargas et al., 
2008) 

GCLC Primer 2 CAGCTTTGGGTCGCAAGTA GAGGGTCGGATGGTTGGG 519 Designed  
 
MRP1  

MRP1 Primer 1 ATGTGACTCTCAAGGGCTCC ATGACATCCACTTGGGGCAG 412 (Vargas et al., 
2008) 

MRP1 Primer 2 ATGTGACTCTCAAGGGCTCC TGATGACATCCACTTGGGGC 414 Designed  
 
 
 
NOX3 

NOX3 Primer 1 CGACGAATTCAAGCAGATTGC 
 

AAGAGTCTTTGACATGGCTTTGG 88 (Bánfi et al., 
2004) 

NOX3 Primer 2 GAGGAACAAGTGTGTGCTGT TGCCTGCCATTCAGCATAGT 512 Designed  
NOX3 Primer 3 CCTGGAGCGTTATCACCTGG CCTCGAATGATGCGACCTCC 315 Designed  
NOX3 Primer 4 CGAGTTATTCTGGGTTCCGCA CCCAGGTGATAACGCTCCAG 260 Designed  
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mXO 

mXO Primer 1 AAAGGACCAGACGATTGCTCC TCACACGTTCCCCTTCAAAAC 152 (Honorat et al., 
2013) 

mXO Primer 2 CACGATGACGAGGACAACGG TGAGGGAGCAATCGTCTGGT 586 Designed  
 
mNOS  

mNOS Primer 1 AAGGTCCGATTCAACAGCGT GATGGTCGATCGGCTGGATT 516 (Honorat et al., 
2013) 

mNOS Primer 2 ACTCATTGAACGGCTGGAGG GGTCCTTCTCCATCTCGGGT 477 Designed  
 
SOD1  

SOD2 Primer 1 GATGTTACAACTCAGGTCGCTCTTC CAGCAACTCTCCTTTGGGTTCTC 126 (Hüttemann et 
al., 2012) 

SOD2 Primer 2 CAGCGGTCGTGTAAACCTCA CTCCAGCAACTCTCCTTTGG 380 Designed  
G3BP1 G3BP1 Primer  CTCAGCCGCGCAGATTTTAT AAGGTCTGCATGAACCTCCG 253 Designed  

G3BP1 Primer 2 TCAGATCCCACCACAAAGGC TCGGAACATGATGGGTTTGGAA 230 Designed  
G3BP2 G3BP2 Primer 1 TTGGTGCGGCGGAAACATT TAGCATCAACCCTCGGCTGT 951 Designed  

G3BP2 Primer 2 GCTCTAGGCTCTCGGGAAGA TTAGCATCAACCCTCGGCTTT 928 Designed  
HuR HuR Primer 1 TTCTCGGTTTGGGCGAATCA ACCCATAGGGGAGAACCTGA 295 Designed  

HuR Primer 2 TCGGTTTGGGCGAATCATCA ACCCATAGGGGAGAACCTGAA 292 Designed  
Tia1 Tia1 Primer 1 CATAGCCCGCCTCAAGGATT ACACATGGAAATGATTGCTCGTA 377 Designed  

Tia1 Primer 2 CATAGCCCGCCTCAAGGATT GACAACGGTACTACTGCTCGTA 370 Designed  
KEAP1 KEAP1 Primer 1 GGCGAGTAGAGGTAGGGGTC TAGGGGCCCCGCCAT 133 Designed  

KEAP1 Primer 2 GCCCCGGGACTCTTATTGTG CAAGAGAGGGTCTGCGTCTG 405 Designed  
NLRP3 NLRP3  GGCGAGACCTCTGGGAAAAA CTTCAAGGCTGTCCTCCTGG 99 Designed  
GAPDH  GAPDH  GTGAAGGTCGGTGTCAACG GTGAAGACGCCAGTAGACTC 299 Designed  

 

Table 2: qPCR Primer Pairs used throughout experimentation. Primer pairs were either sourced from previous studies or designed. Primers 
were designed using the Thermo Fischer blast program. All designed primers span an exon-exon junction, have an annealing temperature 
of ~60°C, and a product size of 250-600.  
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Table 3 

Solutions Ingredients Volume / Concentration Supplier and Catalog Number 
 

Hotshot Lysis BuAer 
(pH 12) 

Sodium Hydroxide 25 mM Fischer Scientific 15663580  
EDTA 0.2 mM Sigma-AldrichE6758 

Hotshot 
Neutralisation BuAer  
(pH 5) 

 
Tris-hydrochloride 
 

 
40 mM 

 
Sigma-Aldrich  
T5941 

PCR Master Mix 

TDP-43 Forward Primer 
5’-TGAAATCCGGGTGGTATTGG-3’  

0.5 mM (0.75 µl) 
 

Merck HI2955255-002 
 

Reverse TDP-43 Murine wildtype primer  
5’-GGTGAGTTTAACCTTCAAGGGCT-3’  0.3 mM (0.5 µl) Merck HI2955256-001 

Reverse TDP-43 Human wildtype 
transgene primer 
5’-AGCTTGCTAGCGGATCCAGAC-3’  

0.3 mM (0.5 µl) 
 

 
Merck HI2955257-002 
 

GoTaq Flexi Green BuAer  3 µl 

Promega M7805 Magnesium Chloride  1.5 mM (3 µl) 
GoTaq Flexi DNA Polymerase  0.2 µl 
Deoxynucleotide triphosphates  0.1 mM (0.15 µl) 
ddH20 8 µl  -  

TAE (1x) 10x Tris-acetate-EDTA buAer  1:9 Invitrogen 15558-026 
ddH20  9:1 -  

1.5% agarose gel 
 

TAE BuAer (1x) 80 ml -  

Lonza SeaKem LE Agarose  1.2g      Scientific Laboratory Supplies 
LTD  LZ50004 

SYBRTM Safe DNA Gel Stain 4 µl                       Invitrogen S33102 
Ladder Newtown Scientific 100bp Ladder 5 µl NS Reagents MG17-10001 
Superfrost PlusTM 
Adhesion slides  -  - FISHER SCIENTIFIC UK LIMITED 

15438060 
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30% Sucrose 

Sucrose  60g Sigma Aldrich 39378 
1 x PBS 200 ml -  

 
OCT Optimal Cutting Temperature -  CellPath KMA-0100-00A 

4% PFA 
16% Paraformaldehyde  
pH 7.4  10 ml 

Electron Microscopy Sciences 
15710 
 

1 x PBS 30 ml -  

Homogenisation 
Solution 

PierceTM RIPA BuAer 
radioimmunoprecipitation assay  

1 ml  
 Life Technologies 89900 

HaltTM Protease inhibitor cocktail (100x) 1:100 Life Technologies 78420 
HaltTM Phosphatase inhibitor cocktail 1:100 VWR international 78420 

BCA Assay 
(bicinchoninic acid) 

Micro BCA Reagent A 0.5 ml  Protein Chemistry 23231 
Micro BCA Reagent B  0.48 ml  Protein Chemistry 23232 
Micro BCA Reagent C 0.02 ml Life Technologies 23234 

BSA Standard Bovine Serum Albumin Standard 
2mg/ml -  Life Technologies 23210  

Sample BuAer  NuPAGETM LDS buAer (4x) 950µl  Life Technologies LTD (Invitrogen 
Division) 2201423 

Beta-mercaptoethanol 50µl Sigma-Aldrich M6250-10ML 

WB Running BuAer  NuPAGE MES Running buAer (20x) 1 :20 Life Technologies LTD (Invitrogen 
Division) NP000202 

ddH20 -  -  

TPS RevertTM 520 Total Protein Stain 10 ml Li-cor Biosciences UK LTD 926-
10011 

 
5% Milk with 0.2% 
TBS-T 

Milk Powder  2.5 g -  
 

TBS 10x 100 ml -  
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Tween 20x 2 ml Scientific Laboratory Supplies Ltd 
P1379-250ml 

WB Gel  NuPAGE 4 to 12%, Bis-Tris 1.0 mm Mini 
Protein Gel -  Life Technologies NP0323BOX 

PVDF membrane  iBlot& trade; Transfer Stacks, PVDF  -  Life Technologies IB24001 

 Ladder  Chameleon Duo Pre-Stained Protein 
Ladder  2.5 µl LI-COR 928-60000 

Total Wash 
Methanol, Optima LC/MS Grade 150 ml Fisher Scientific UK Ltd  

A456-1 - (Fisher Chemical) 
Acetic Acid (glacial) 33.5 ml VWR International 20104.312 
ddH20 316.5 ml -  

Antigen Retrieval 
Solution  

BuAer A: Citric Acid 0.1 M pH 6 4.5 ml  Sigma-Aldrich C1909-500G 
BuAer B: Sodium Citrate 0.1 M pH 6 20.5 ml Sigma W302600-1KG-K 
ddH20 225 ml -  

1 x PBS PBS (10x) 100 ml -  
ddH20 900 ml -  

Hydrophobic Pen ImmEdge[R] Hydrophobic Barrier PAP 
Pen - Vector Laboratories 

H-4000 
 
PBS 0.3% Triton 
 

PBS (10x) 100 ml -  
Triton 10% 30 ml -  
ddH20 900 ml -  

3% BSA with 0.2% 
triton 

Bovine Serum Albumin (BSA)  0.3g  Merck life science  A4503-50G 
PBS (10x) 10 ml  -  
Triton 10% 20 µl -  

10% donkey serum 
with 0.3% triton 

Donkey Serum  20 µl  Merck Life Science D9663-10ML 
PBS 0.3% triton 180 µl -  

 
PBS 0.1% Triton 

PBS (10x) 100 ml -  
Triton 10%  10 ml  -  
ddH20 900 ml  -  
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Mowiol  

Mowiol 4-88 Reagent  -  Merck 475904 
Polyvinyl Alcohol with DABCO  -  Merck 10981 

Glycerol -  Thermo Fischer Scientific BP229-
1 

10% Triton  Triton X-100 10 ml  Sigma-Aldrich A4503 
1xPBS 90 ml -  

Glass Coverslips  Microscope Glass Coverslips 22 x40 mm -  VWR International 631-1370 
RNA Synthesis Kit RNeasy Plus Mini Kit -  QIAGEN 74034 
B-Mercaptoethanol -  10 µl Sigma-Aldrich M6250-10ML 
70% Ethanol  -  -  -  
cDNA Synthesis Kit 
 

Maxima First Strand cDNA Synthesis kit 
for RT-qPCR -  Fischer Scientific UK Limited 

15279064 

PCR + Primer Mix (per 
well) 

PowerUp&trade; SYBR&trade; Green 
Master Mix – 5 ml 

10 µl 
 

Life Technologies LTD (Invitrogen 
Division) A25742 

Forward Primer 0.4 µl  -  
Reverse Primer 0.4 µl -  

Sample Mix (per well) 
qPCR 

cDNA  0.5 µl  -  
DEPC-treated Water 8.7 µl Sigma-Aldrich 95284-1L 

Sample Mix (per well) 
Primer Optimisation 

cDNA  0.1 µl  
 -  

DEPC-treated Water 9.1 µl Sigma-Aldrich 95284-1L 

1.5% agarose gel 
 

TAE BuAer (1x) 80 ml   -  
 

Lonza SeaKem LE Agarose  1.2g      Scientific Laboratory Supplies 
LTD  LZ50004 

SYBRTM Safe DNA Gel Stain 4 µl                       Invitrogen S33102 
 

Table 3: Solutions/items used throughout experimentation.    
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Statistics  
As an indicator for number of animals needed per analysis, a power calculation was 
conducted to determine diAerences in the p62 protein concentration between NTg and 
Tg/Tg groups through western blotting. Using a two-sided test and power of 0.8 and 0.9, 
significance level of 0.05, eAect size of 0.17, SD of 0.1024, the number of animals to fully 
power this experiment was determined to be 7-9 animals per group. Due to time 
limitations, this sample size was not achieved in all comparisons. Normality tests were 
performed on all experiments to determine whether results were normally distributed. 
For western blotting, immunohistochemistry, and qPCR data, two-sided unpaired T-tests 
were performed to determine significance. To determine diAerences in SG formation with 
terazosin treatment, a one-way ANOVA with Tukey post hoc test was utilised. Significance 
was analysed using GraphPad Prism 10.2.3. P values < 0.05 were determined to be 
significant, with the following annotation used: *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 52 

Results  
During this study, we aimed to determine the role SG formation plays in ALS in vivo. 
Previous literature has indicated that SGs play a pathological role and could be a viable 
therapeutic target in ALS. However, investigating SG dynamics has primarily been 
conducted in vitro models with the use of an external stressor. No previous studies have 
evaluated the role of SGs in ALS in vivo without the use of an external stressor. Therefore, 
we aimed to address this gap in literature and enhance the understanding of the role of 
SGs in ALS.  

As previous literature has reported both an increase and decrease in SG formation in ALS, 
we first sought to determine whether there are changes in SG formation in the hTDP43 
mouse model. As previously discussed, multiple chronic cellular stress pathways are 
activated in ALS. The in vitro research focus of SGs in ALS has inhibited the investigation 
of pathways causing changes in SG dynamics. Therefore, we next sought to determine 
the chronic cellular pathways that could activate SG formation in vivo. As both a 
protective and pathological role has been attributed to SGs, we next sought to determine 
its role in ALS. Next, we sought to determine whether there were changes in the 
autophagy degradation pathway responsible for SG degradation that could be 
perpetuating SG pathology in ALS. Finally, as SGs have been suggested to be a viable 
target in ALS, we next sought to determine whether SG dynamics could be restored in vivo 
with terazosin treatment.  

Part 1: Analysing changes in SG formation in vivo 

SG markers are significantly upregulated at late symptomatic disease stage 

Previous evidence suggests that there are changes in SG formation in ALS models. These 
studies, however, all made use of an external stressor, altering the physiological function 
of cells and therefore calling into question whether changes in SG dynamics directly 
result from ALS pathology. We, therefore, wanted to establish whether there were 
changes in SG dynamics in this specific ALS model. To do this, an in vivo ALS animal 
model, the hTDP43 mouse model, was selected due to its severe phenotype. The hTDP43 
mouse model has a severe and fast-progressing phenotype with homozygous hTDP43 
(Tg/Tg) mice showing TDP43 pathology, motor neuron cell death, body weight loss, and 
eventual hindlimb paralysis (Alhindi et al., 2023). It was hypothesized that the severe 
phenotype induced during pathology would be enough to stimulate changes in SG 
dynamics without the need for an external stressor, thus making results more 
translatable to humans.  

In order to investigate changes in SG dynamics in vivo, several established SG markers 
were considered suitable for analyses, including TIA1, G3BP1, G3BP2, and HuR. G3BP1, 
G3BP2, and TIA1 have been attributed to play roles in SG formation, while HuR is a core 
SG protein (Campos-Melo et al., 2021; Matsuki et al., 2013) (Figure 3). To initially 
investigate whether changes in SG dynamics occur during ALS pathology, the late 
symptomatic time point was chosen as, at this stage, there is pronounced motor neuron 
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loss and TDP43 cytoplasmic mislocalisation in the mouse model, a feature that is 
hypothesised to be influenced by SGs in ALS (Alhindi et al., 2023; Cui et al., 2024).  

To visualise changes in SG dynamics in motor neurons immunohistochemistry staining 
was performed on homozygous (Tg/Tg) and non-transgenic (NTg) cryosectioned lumbar 
spinal cord sections using DAPI (a cell nuclear marker), ChAT (a marker for MNs), and 
G3BP2 (a marker for SG formation). Located in the lumbar region, sciatic motor neuron 
pools are of primary interest in ALS research, innervating the hindlimb muscles, which 
are predominantly aAected during disease  (Austin et al., 2022). Immunohistochemistry 
staining produced reliable labeling of SGs consistent with the literature (Figure 16A) (Yun 
et al., 2022) (Takayama et al., 2024) (H. Li et al., 2021).  

Spinal cord sections were imaged at the ventral horn, the region in which motor neuron 
populations lie. Motor neuron counts were performed on each spinal cord section with 
identified motor neurons being counted for SG formation. A significant increase in SG 
formation was seen in spinal motor neurons of Tg/Tg mice compared to NTg littermates 
(Figure 16B) (Tg/Tg vs NTg: 0.1804 ± 0.0.04686 vs 0.02130 ± 0.0.04686. p = 0.0146). This 
indicates that an upregulation of SG formation is present in the hTDP43 mouse model 
during the late symptomatic disease stage, showing that an external stressor was not 
necessary to induce SG formation in this model.  
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Figure 16: Significant upregulation of G3BP2 in motor neurons at a late symptomatic 
stage (P19) in hTDP43 mice (Tg/Tg) compared to littermate controls (NTg).  

A) Representative confocal micrographs of spinal cord immunohistochemically labeled 
with DAPI (blue), ChAT (red), and G3BP2 (Green) for NTg and Tg/Tg mice at 20X and 60X 
(3rd row). Scale bar 100 µm.  

B) Results are shown as mean ± SEM, with each data point representing the average 
G3BP2 to ChAT positive cells per mouse. An unpaired two-tailed t-test was performed to 
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determine diAerences between NTg and Tg/Tg mice. n = 4 mice per genotype, n= 8-10 SPC 
sections per mouse. * = p<0.05 

As a significant increase in SG formation was evident in spinal motor neurons of Tg/Tg 
mice with an G3BP2 antibody, we next sought to confirm this result with other established 
stress granule markers. TiaR, an RNA-binding protein involved in the formation of stress 
granules, was chosen to confirm the upregulation of stress granule formation seen in 
Tg/Tg SPC at the late symptomatic stage (P19). 

Immunohistochemistry was performed on cryosectioned late symptomatic NTg and 
Tg/Tg lumbar spinal cord sections using DAPI, Neurotrace (staining Nissl bodies in 
neurons and glial cells), and TiaR antibody. Neurotrace stain is a widely used to stain for 
lumbar motor neurons (Alhindi et al., 2023; Chaytow et al., 2022; W. Lu et al., 2022). To 
optimise the TiaR antibody for use, two diAerent conditions were utilised: blocking with 
10% DS with 0.3% triton or blocking with 3% BSA with 0.2% triton (for full details, refer to 
the method section). However, neither of these conditions produced reliable staining in 
the ventral horn of either NTg or Tg/Tg mice (Figure 17). 
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Figure 17: TiaR Immunohistochemistry optimisation on NTg and Tg/Tg SPC did not 
produce reliable staining. Late symptomatic NTg and Tg/Tg spinal cord sections were 
stained with DAPI (blue), Neurotrace, an MN marker (Green) and TiaR (red) using diAerent 
blocking conditions to optimise TiaR antibody staining.  

A) Representative confocal micrographs of SPC stained with DAPI (blue), neurotrace 
(Green), and Tiar (red) for NTg and Tg/Tg mice blocked with 10% DS with 0.3% triton (See 
methods section for further details). Scale bar 100 µm. 

B) Representative confocal micrographs of SPC stained with DAPI (blue), neurotrace 
(Green), and Tiar (red) for NTg and Tg/Tg mice blocked with 3% BSA with 0.2% triton (See 
methods section for further details). Scale bar 100 µm. 

As TiaR staining did not produce a reliable result, another established SG formation 
marker was utilised, G3BP1. To confirm our previous result, immunohistochemistry was 
performed on cryosectioned late symptomatic NTg and Tg/Tg lumbar spinal cord sections 
using DAPI, Neurotrace, and G3BP1 antibody. Multiple diAerent conditions were again 
attempted to optimise G3BP1 staining for quantification, including blocking with 3% BSA 
with 0.2% triton, blocking with 10% DS with 0.3% triton, blocking with 5% DS with 0.3% 
triton, and blocking with 5% DS with 0.3% triton in addition to a 2-day primary incubation 
period. None of these conditions, however, produced reliable G3BP1 staining in either 
the NTg or Tg/Tg SPC; therefore, quantification was not performed (Figure 18).  
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Figure 18: G3BP1 Immunohistochemistry optimisation on NTg and Tg/Tg SPC did not 
produce reliable staining. Late symptomatic NTg and Tg/Tg SPC were stained with DAPI 
(blue), Neurotrace (Green), and G3BP1 (red) with diAerent blocking conditions applied to 
optimise G3BP1 antibody staining.  

A) Representative confocal micrographs of late symptomatic NTg and Tg/Tg SPC stained 
with DAPI (blue), Neurotrace (Green), and G3BP1 (red) blocked with 3% BSA with 0.2% 
triton. Scale bar = 100um.  

B) Representative confocal micrographs of late symptomatic NTg and Tg/Tg SPC stained 
with DAPI (blue), Neurotrace (Green), and G3BP1 (red) blocked with 10% donkey serum 
(DS) with 0.3% triton. Scale bar = 100um. 

C) Representative confocal micrographs of late symptomatic NTg and Tg/Tg SPC stained 
with DAPI (blue), Neurotrace (Green), and G3BP1 (red) blocked with 5% donkey serum 
(DS) with 0.3% triton. Scale bar = 100um. 

D) Representative confocal micrographs of late symptomatic NTg and Tg/Tg SPC stained 
with DAPI (blue), Neurotrace (Green), and G3BP1 (red) blocked with 5% donkey serum 
(DS) with 0.3% triton and a two-day primary antibody incubation period. Scale bar = 
100um. 

As confirmation of increased SG formation was not possible using TiaR or G3BP1 
immunohistochemistry, we next sought to analyse whether there were changes in SG 
protein levels in Tg/Tg tissue at the late symptomatic stage.  Quantitative western blotting 
was performed using the TiaR antibody in the brain and spinal cord of NTg and Tg/Tg mice 
(see methods for further details). This TiaR antibody has been extensively used for 
westerns and has been reported to produce two diAerent antigen-specific bands at 42 
and 50 kDa (Figure 19A, C) (Dubinski et al., 2023; X. Yang et al., 2018).  

TiaR protein levels were significantly upregulated in the spinal cord tissue of Tg/Tg mice 
compared to NTg controls at the symptomatic stage (TiaR 50kDa SPC Tg/Tg vs NTg: 0.7654 
± 0.1775 vs 1.000 ± 0.1775, p = 0.2436) (TiaR 40kDa SPC Tg/Tg vs NTg: 1.455 ± 0.1412 vs 
1.000 ± 0.1412, p = 0.0234) (Figure 19). This result, therefore, confirms and validates our 
previous result, showing that there are significant changes in SG expression in the spinal 
cord of Tg/Tg mice at the late symptomatic stage.  

A significant upregulation of TiaR protein levels were also observed in brain tissue of Tg/Tg 
mice at the late symptomatic stage (Brain Tg/Tg vs NTg: 1.220 ± 0.7829 vs 1.000 ± 0.7829, 
p = 0.0260) (TiaR 42kDa Brain Tg/Tg vs NTg: 1.112 ± 0.1726 vs 1.000 ± 0.1726, p = 0.5384) 
(Figure 19). Therefore, combined, these results show that there is a significant 
upregulation of SG formation in Tg/Tg brain and spinal cord tissue at the late symptomatic 
stage of disease. 
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Figure 19: Significant protein upregulation of TiaR at the late symptomatic stage (P19) in 
hTDP43 Tg/Tg mice.  

A, C) Western blot images showing representative bands for TiaR expression in NTg and 
Tg/Tg in the brain and spinal cord tissue at the late symptomatic stage (P19).  Black lines 
indicate where the same membrane has been cut to create the example image.  

B, D) Amount of TiaR expression at the late symptomatic stage (P19) in both the brain and 
the spinal cord. Results are shown as mean ± SEM, with each point representing TiaR 
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expression from one mouse. DiAerences in TiaR expression for NTg and Tg/Tg mice were 
analysed with unpaired two-tailed t-tests. n = 3-6 mice per group. *p<0.05; ns = non-
significant 

To confirm these changes seen in SG protein expression using the TiaR antibody, 
antibodies targeting G3BP1 and G3BP2 were also tested for western blotting. Western 
blotting was performed on both early symptomatic stage (P15) and late symptomatic 
stage (P19) NTg and Tg/Tg spinal cord tissue with either G3BP1 or G3BP2 antibodies. 
Western blotting with either antibody did not produce reliable results, with multiple non-
specific bands visible on each membrane (Figure 20A-D). The antigen-specific bands, 
indicated by the red arrow, were either absent or were weaker than the non-specific 
binding produced by the antibodies. Therefore, results were unable to be quantified.  

 

 

Figure 20: G3BP1 and G3BP2 western blotting optimisation on NTg and Tg/Tg spinal cords 
did not produce reliable product bands.  

A-B) Western Blotting images showing bands for G3BP1 expression in NTg and Tg/Tg 
spinal cord tissue at the early symptomatic (P15)(A) and late symptomatic stage (P19)(B). 
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The recorded molecular weight for G3BP1 is 52.16 kDa (red arrow), indicating the correct 
height of the antigen-specific band.  

C-D) Western Blotting images showing bands for G3BP2 expression in NTg and Tg/Tg 
spinal cord tissue at the early symptomatic (P15)(C) and late symptomatic stage (P19)(D). 
The recorded molecular weight for G3BP2 is 49.5 kDa (red arrow), indicating the correct 
height of the antigen-specific band. 

SG markers are significantly altered at the transcriptome level in the late 
symptomatic disease stage 

A significant upregulation in SG formation markers was seen in both brain and spinal cord 
tissue of Tg/Tg mice at the late symptomatic stage. As discussed previously, in the 
process of SG formation there is a global inhibition of protein synthesis. Translation of 
specific SG proteins are however able to be translated during this time  (J. Wang et al., 
2022). We, therefore, wanted to determine whether changes seen in SG formation 
proteins were a result of increased transcription.  

To determine whether there were changes at the transcriptome level, primer pairs were 
designed to target established SG markers: G3BP1, G3BP2, HuR, and Tia1. Primers were 
optimised for their specificity by running each primer pair using an NTg sample on a qPCR 
optimisation protocol with a temperature gradient spanning 50-63oC. Amplification 
curves were examined for their consistency over the temperature gradient, with primer 
pairs performing consistently over the temperature gradient chosen preferentially over 
others. Next, the melt curves were analyzed for the presence of a singular peak (Figure 
21A-H).  

Primer pairs that had a tight amplification curve and a melt peak showing a singular peak 
were run on a 1.5% agarose gel to confirm product specificity (Figure 21I). Running 
products on a gel provides a more accurate confirmation of the production of a singular 
product than melt curves. Therefore, despite both TiaR primer pairs producing a double 
peak in their melt curves, they both produced a singular product on a gel, therefore are 
deemed specific.  

Both HuR, G3BP1, and Tia1 primer pairs showed a single band, indicating that the primer 
pairs produced a singular product. HuR primer pair 2 was chosen as it showed more 
consistency in its amplification curve. Tia1 primer pairs both showed a singular band and 
similar amplification curves; therefore, Tia1 primer pair 1 was chosen. G3BP1 primer pair 
1 was chosen as it produced a stronger band.  
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Figure 21: qPCR optimisation for SG marker primer pairs. Primer pairs designed to target 
G3BP1, G3BP2, HuR, and TiaR were optimised using a temperature gradient spanning 50-
63°C and a singular NTg sample (for further details, refer to methods section). 

A-H) Amplification and melt curves generated from the qPCR optimisation protocol for 
each pair. Amplification curves are the top graphs, with melt curves below. Refer to Figure 
11 for further details regarding selection and for better visualisation of axes.   

(I) Selected Primer pairs were then run on a 1.5% agarose gel to confirm product 
specificity. Numbers indicate the predicted height of each product. Black lines indicate 
where the same gel has been cut to create the example image. 
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With these optimised primers, we sought to determine whether there were diAerences in 
SG formation at the transcriptome level in late symptomatic spinal cord tissue using 
qPCRs. Samples were run along with a non-template control to test for possible 
contamination and a household control gene, GAPDH, for normalization. GAPDH is one 
of the most frequently used genes for normalisation of qPCRs (Kozera & Rapacz, 2013; R. 
Mori et al., 2008).  

Prior to the analysis of results, the non-template control and a singular NTg sample were 
run for each primer pair to check for contamination (Figure 22A). No contamination was 
evident in either non-template control; therefore, quantification of qPCR results 
proceeded (see methods section for further details).  

A significant upregulation in G3BP1 transcription was observed in Tg/Tg spinal cord tissue 
compared to NTg controls (G3BP1 SPC Tg/Tg vs NTg: 2.078 ± 0.417 vs 1.048 ± 0.417, p = 
0.0484) (Figure 22D). Interestingly, there was a significant decrease and no change seen 
in HuR and Tia1 transcription in Tg/Tg spinal cord tissue, respectively (HuR SPC Tg/Tg vs 
NTg: 0.7085 ± 0.1226 vs 1.012 ± 0.1226, p = 0.0481) (Tia1 SPC Tg/Tg vs NTg: 0.8520 ± 
0.08257 vs 1.007 ± 0.08257, p = 0.1100) (Figure 22B-C).  

 

Figure 22: SG markers transcription is significantly altered at the late symptomatic stage 
in SPC Tg/Tg mice. Optimised primer pairs targeting Tia1 and HuR translation were used 
to detect changes in translation in SPC of NTg and Tg/Tg mice using qPCR protocol (found 
in methods).  

A) 1.5% agarose gel showing bands Non-Template control (NTC) and NTg sample band for 
Tia1 and HuR translation in late symptomatic spinal cord tissue. Black lines indicate 
where the same membrane has been cut to create the example image. 

B-D) Tia1, HuR, and G3BP1 expression in NTg and Tg/Tg spinal cords at the late 
symptomatic stage. Results are shown as mean ± SEM, with each point representing 
protein translation from one mouse. DiAerences in Tia1 and HuR translation for NTg and 
Tg/Tg mice were analysed with unpaired two-tailed t-tests. n = 4 mice per group. *p<0.05, 
ns = non-significant 
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TDP43 and SG markers colocalise in Tg/Tg spinal cords  

Significant changes in SG markers at both the transcriptome and protein levels were 
observed in both the spinal cord and brain of Tg/Tg. As SG formation is hypothesized to 
act as a seeding mechanism for TDP43 aggregation, we next wanted to investigate 
whether TDP43 and stress granule markers colocalize in Tg/Tg tissue at the late 
symptomatic stage. This time point was selected as TDP43 cytoplasmic mislocalization 
has been previously observed at this timepoint in the hTDP43 mouse model (Alhindi et 
al., 2023).  

NTg and Tg/Tg cryosectioned spinal cord sections were stained with DAPI, Neurotrace, 
TDP43, and G3BP2. Stained spinal cord sections were then observed to determine 
whether there was overlap between the neurotrace, G3BP2, and TDP43 channels to 
determine whether there is colocalisation of SGs and TDP43 protein in motor neurons.  In 
Tg/Tg spinal cord motor neurons, colocalisation between TDP43 and G3BP2 was 
observed (Figure 23). No colocalization was observed in NTg spinal cord sections. This 
indicates that the significant changes seen in SG formation could be driving TDP43 
mislocalisation in the spinal cord.  
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Figure 23: G3BP2 and TDP43 colocalize in motor neurons in Tg/Tg mice at the late 
symptomatic stage. Representative confocal micrographs of SPC stained with DAPI 
(blue), Neurotrace (green), G3BP2 (red), and TDP43 (grey) for NTg and Tg/Tg mice at 20X. 
Arrows indicate motor neurons positive for both TDP43 and G3BP2. Scale bar 100 µm. 

SG markers are unaltered at an early symptomatic stage 

Significant changes in SG dynamics have, therefore, been observed in Tg/Tg mice in both 
spinal cord and brain tissue at the late symptomatic stage. As the presence of SG has 
been found at early disease stages in patient spinal cord tissue (F. Mori et al., 2024), we 
next sought to determine whether changes in SG dynamics occurred earlier in disease 
pathology in the hTDP43 mouse model at both the protein and transcriptome level.  

To determine changes at the protein level, western blotting was performed on NTg and 
Tg/Tg brain and spinal cord tissue using the TiaR antibody (see methods for further 
details). With the current available sample sizes, there was no diAerence in TiaR 
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expression in either brain or spinal cord Tg/Tg tissue compared to NTg mice at the early 
symptomatic stage (Figure 24B, D) (TiaR 50kDa Brain Tg/Tg vs NTg: 1.154 ± 0.1305 vs 1.000 
± 0.1305, p = 0.3029) (TiaR 42 kDa Brain Tg/Tg vs NTg: 1.198 ± 0.2243 vs 1.000 ± 0.2243, p 
= 0.4265) (TiaR 50kDa SPC Tg/Tg vs NTg: 0.8365 ± 0.1229 vs 1.000 ± 0.1229, p = 0.2542) 
(TiaR 42kDa SPC Tg/Tg vs NTg: 0.7731 ± 0.1965 vs 1.000 ± 0.1965, p = 0.3124).  

As diAerences in transcription occur prior to changes in protein levels, we next wanted to 
determine whether SG transcription was altered at the early symptomatic stage in spinal 
cord tissue. Previously optimised primer pairs targeting Tia1, HuR, and G3BP1 were used 
to detect changes in SG transcription using qPCRs. Samples were run along with a 
household control gene, GAPDH, and a non-template control. As no contamination was 
evident in the non-template controls and products produced a single band (Figure 25E), 
quantification of qPCR results proceeded.  

No significant changes in transcription in any SG markers (Tia1, HuR, and G3BP1) was 
observed between Tg/Tg spinal cord tissue compared to NTg controls (Figure 24F-H) (Tia1 
SPC Tg/Tg vs NTg: 0.9543 ± 0.2281 vs 1.032 ± 0.2281, p = 0.7516) (HuR SPC Tg/Tg vs NTg: 
0.9073 ± 0.2218 vs 1.030 ± 0.2218, p = 0.6097 (G3BP1 SPC Tg/Tg vs NTg: 1.149 ± 0.1572 
vs 1.008 ± 0.1572, p = 0.4042). These results together indicate that SG markers are not 
significantly changed at the early symptomatic stage in Tg/Tg mice and are instead only 
upregulated at the late symptomatic stage.  
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Figure 24: No changes in SG formation at either the protein or transcriptome level in Tg/Tg 
SPC at the early symptomatic stage. Western blotting (A-D) and qPCRs (E-G) were used 
to determine diAerences at the protein and translation level of SG markers between Tg/Tg 
and NTg mice.  

A, C) Western blot images showing representative bands for TiaR expression in NTg and 
Tg/Tg in the brain and spinal cord at the early symptomatic stage.  Black lines indicate 
where the same membrane has been cut to create the example image.  

B, D) Amount of TiaR expression at the early symptomatic stage in both the brain and the 
spinal cord. Results are shown as mean ± SEM, with each point representing TiaR 
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expression from one mouse. DiAerences in TiaR expression for NTg and Tg/Tg mice were 
analysed with unpaired two-tailed t-tests. n = 3 mice per group. 

E) 1.5% agarose gel showing bands Non-Template control (NTC) and NTg sample band for 
Tia1, HuR, and G3BP1 translation in early symptomatic stage spinal cord tissue. Black 
lines indicate where the same membrane has been cut to create the example image. 

F-G) Tia1, HuR, and G3BP1 expression in NTg and Tg/Tg spinal cords at the early 
symptomatic stage. Results are shown as mean ± SEM, with each point representing 
protein translation from one mouse. DiAerences in Tia1 and HuR translation for NTg and 
Tg/Tg mice were analysed with unpaired two-tailed t-tests. n = 3 mice per group. ns = non-
significant.  
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Part 2: Analysing changes in chronic cellular stress pathways  

Neuroinflammation is upregulated at the late symptomatic stage 

As covered in the introduction, multiple chronic cellular pathways can induce SG 
formation. As we see a significant upregulation in SG formation at the late symptomatic 
stage in hTDP43 mice, we next wanted to explore what chronic cellular pathways could 
be causing this activation. Inflammation and oxidative stress both induce chronic 
cellular stress and were chosen for investigation.  

To investigate the role of inflammation, immunohistochemistry was performed on 
cryosectioned late symptomatic NTg and Tg/Tg lumbar spinal cord sections using DAPI 
stain, Neurotrace stain, and Iba1 antibody, an established microglial marker (see 
methods section for further details) (Figure 25A).  

A significant upregulation in Iba1-positive cells and area covered by Iba1 staining (Iba1 
particle area) was observed in Tg/Tg spinal cords compared to NTg controls (Figure 25B, 
C) (Iba1+ cells SPC Tg/Tg vs NTg: 194.4 ± 11.15 vs 134.1 ± 11.15, p = 0.0010) (Iba1+ Particle 
Area SPC Tg/Tg vs NTg: 55192 ± 4640 vs 40182 ± 4640, p = 0.0144). This result shows that 
inflammation is significantly upregulated at the late symptomatic stage in Tg/Tg mice and 
could possibly be driving SG formation.  
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Figure 25: Significant upregulation of Iba1 in Tg/Tg SPC at the late symptomatic stage.  

A) Representative fluorescent images of spinal cords stained with DAPI (blue), 
Neurotrace (green), and Iba1 (red) for NTg and Tg/Tg mice at 20X. Scale bar 100µm.  

B) Results are shown as mean ± SEM, with each data point representing the average Iba1 
positive cells per mouse. An unpaired two-tailed t-test was performed to determine 
diAerences between NTg and Tg/Tg mice. n = 4-5 mice per genotype, n= 6 spinal cord 
sections per mouse. *** = p<0.0001.  

C) Results are shown as mean ± SEM, with each data point representing the average Iba1 
positive particle area per mouse. An unpaired two-tailed t-test was performed to 
determine diAerences between NTg and Tg/Tg mice. n = 4-5 mice per genotype, n= 6 
spinal cord sections per mouse. * = p<0.05. 
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Oxidative Stress is upregulated at the late symptomatic stage 

Next, to investigate changes in oxidative stress, primer pairs were designed to target gene 
transcripts involved in the NrF2-ARE pathway: CytC, GCLC, GCLM, HMOX1, KEAP1, 
NQO1, NrF2, and MRP1 (Figure 2). The Nrf2-ARE pathway is activated in response to 
oxidative stress (Buendia et al., 2016).  

Primer pairs were optimised by running an NTg sample on the qPCR optimisation protocol 
with a temperature gradient spanning 50-63°C. Amplification and melt curves generated 
by the qPCR protocol were analysed for consistency and singular peaks (Figure 26A-P). 
Selected primer pairs were then run on a 1.5% agarose gel to confirm product specificity 
(Figure 26Q).  

After optimisation, KEAP1 primer pair 1, NrF2 primer pair 2, HMOX1 primer pair 2, CytC 
primer pair 2, NQO1 primer pair 1, GCLM primer pair 1, MRP1 primer pair 2, and GCLC 
primer pair 1 were deemed as specific and consistent across the temperature gradient 
and thus were used to detect changes in the transcriptome between NTg and Tg/Tg mice.  
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Figure 26: qPCR optimisation for oxidative stress marker primer pairs. Oxidative Stress 
marker primer pairs were designed to target CytC, GCLC, GCLM, HMOX1, KEAP1, MRP1, 
NQO1, and NrF2 to determine whether there were changes in the transcriptome level of 
oxidative stress. Primer pairs were optimised using a temperature gradient spanning 50-
63°C and a singular NTg sample (for further details, refer to methods section).  

A-P) Amplification and melt curves generated from the qPCR optimisation protocol for 
each pair. Amplification curves are the top graphs, with melt curves below. Refer to Figure 
11 for further details regarding selection and better visualisation of axes.   

(Q) Selected Primer pairs were then run on a 1.5% agarose gel to confirm product 
specificity. Numbers indicate the predicted height of each product. Black lines indicate 
where the same gel has been cut to create the example image. 

With these optimised primer pairs, we examined whether there were diAerences in 
oxidative stress at the transcriptome level between NTg and Tg/Tg spinal cord tissue at 
the late symptomatic stage. Samples were run on a 1.5% agarose gel along with a non-
template control to test for possible contamination and a household control gene, 
GAPDH. As no contamination was evident in the non-template controls and products 
produced a single band (Figure 28A), quantification of qPCR results proceeded. 

HMOX1, NQO1, and GCLM transcription were significantly upregulated in Tg/Tg spinal 
cord tissue compared to NTg controls (Figure 27C, F, G) (HMOX1 SPC Tg/Tg vs NTg: 3.026 
± 0.2290 vs 1.001 ± 0.2290, p = 0.0001) (NQO1 SPC Tg/Tg vs NTg: 1.914 ± 0.1644 vs 1.014 
± 0.1644, p = 0.0016) (GCLM SPC Tg/Tg vs NTg: 2.150 ± 0.1583 vs 1.003 ± 0.1583, p = 
0.0004). Cytc, GCLC, KEAP1, NrF2 and MRP1 translation showed no change in translation 
between Tg/Tg spinal cord tissue compared to NTg controls (Figure 27B, D, E, H, I) (CytC 
SPC Tg/Tg vs NTg: 0.9303 ± 0.09414 vs 1.005 ± 0.09414, p = 0.4603) (GCLC SPC Tg/Tg vs 
NTg: 1.724 ± 0.4534 vs 1.073 ± 0.4534, p = 0.2012) (KEAP1 SPC Tg/Tg vs NTg: 1.303 ± 
0.8879 vs 1.049 ± 0.8879, p = 0.3641) (MRP1 SPC Tg/Tg vs NTg: 1.193 ± 0.2110 vs 1.026 ± 
0.2110, p = 0.4581) (Nrf2 SPC Tg/Tg vs NTg: 1.050 ± 0.1485 vs 1.007 ± 0.1485, p = 0.7819).  

Results show a significant upregulation of multiple Nrf2-ARE components at the late 
symptomatic stage, implying that oxidative stress is upregulated. Therefore, oxidative 
stress could potentially be driving SG formation during this stage.  
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Figure 27: Oxidative stress markers are significantly upregulated at the late symptomatic 
stage in SPC Tg/Tg mice. Optimised primer pairs targeting CytC, GCLC, GCLM, HMOX1, 
KEAP1, NQO1, and NrF2 were used to detect changes in the translation in SPC of NTg and 
Tg/Tg mice using qPCRs.  

A) 1.5% agarose gel showing bands Non-Template control (NTC) and NTg sample band for 
CytC, GCLC, GCLM, HMOX1, KEAP1, MRP1 NQO1, and NrF2 translation in late 
symptomatic spinal cord tissue. Numbers above bands indicate the correct molecular 
height for each band. Black lines indicate where the same membrane has been cut to 
create the example image. 

B-I) NrF2, HMOX1, MRP1, CytC, NQO1, GCLM, GCLC, and KEAP1 expression in NTg and 
Tg/Tg spinal cords at the late symptomatic stage. Results are shown as mean ± SEM, with 
each point representing protein translation from one mouse. DiAerences in protein 
translation for NTg and Tg/Tg mice were analysed with unpaired two-tailed t-tests. n = 4 
mice per group. ns = non-significant, **p <0.01, ***p <0.001. 

F G H I 
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Part 3: Pathological role of SGs in the hTDP43 mouse model 

NLRP3 inflammasome activation is present at the late symptomatic stage 

As SG formation can have both a protective and harmful role in disease progression, 
investigating the role SG formation plays in ALS is necessary. Under normal physiological 
conditions, SG formation plays key roles in inhibiting NLRP3 inflammasome activation 
and reducing stress in the system through reducing reactive oxygen species (Takahashi 
et al., 2013a; Yoshioka et al., 2024). Therefore, to attribute a pathological or protective 
role to the SG formation observed in the hTDP43 mouse model, these factors were 
analysed.  

To investigate whether there were significant changes in NLRP3 inflammasome activation, 
a previously used primer pair targeting NLRP3 was used to investigate diAerences at the 
transcriptome level between NTg and Tg/Tg mice. Primer pair specificity was tested 
through analysing the amplification and melt curve (Figure 28A). The qPCR protocol was 
then run with the non-template control and NTg well run on a 1.5% agarose gel to check 
for contamination (Figure 28B).  

Tg/Tg spinal cord showed a significant increase in NLRP3 translation compared to NTg 
samples (Figure 28C) (NLRP3 SPC Tg/Tg vs NTg: 2.035 ± 0.2095 vs 1.039 ± 0.2095, p = 
0.0031). This indicates that despite SG forming in ALS, there is still NLRP3 inflammasome 
activation.  

 

 

Figure 28: NLRP3 is significantly upregulated at the transcriptome level at the late 
symptomatic stage in SPC Tg/Tg mice.  
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A) Amplification and melt curves generated from the qPCR optimisation protocol for 
NLRP3 primer pair. Amplification curve is the top graphs, with melt curve below. Refer to 
Figure 11 for further details regarding selection. 

B) 1.5% agarose gel showing bands Non-Template control (NTC) and NTg sample band for 
NRLP3 translation in late symptomatic spinal cord tissue. Numbers above bands indicate 
the correct molecular height for each band.  

C) NLRP3 expression in NTg and Tg/Tg spinal cords at the late symptomatic stage. Results 
are shown as mean ± SEM, with each point representing NLRP3 translation from one 
mouse. DiAerences in NLRP3 translation for NTg and Tg/Tg mice were analysed with 
unpaired two-tailed t-tests. n = 4 mice per group. **p <0.01. 

Reactive Oxygen Species markers are significantly upregulated at the late 
symptomatic stage 

As SG formation also plays a key role in reducing reactive oxygen species, we analyzed 
whether these were significantly changed in Tg/Tg spinal cord tissue at the late 
symptomatic stage using qPCR. Primer pairs targeting reactive oxygen species markers: 
mNOS, mXO, SOD2, and NOX3 were optimised using the previously mentioned protocol 
(Figure 29A-K). NOX3 primer pairs did not produce reliable amplification curves or melt 
peaks; therefore, they were deemed unreliable (Figure 29G-K). Similarly, when running 
mNOS primer pair 2, a nonspecific band was observed, therefore, was not deemed 
specific (Figure 29K).  mXO primer pair 1 and SOD2 primer pair 1 were deemed as specific 
and consistent across the temperature gradient and thus were used to detect changes in 
the transcriptome between NTg and Tg/Tg mice.  
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Figure 29: qPCR optimisation for reactive oxygen species marker primer pairs. Reactive 
oxygen species primer pairs were designed to target mNOS, mXO, SOD2, and NOX3 to 
determine whether there were changes in the transcriptome level of reactive oxygen 
species markers. Primer pairs were optimised using a temperature gradient spanning 50-
63°C and a singular NTg sample (for further details, refer to methods section).  

A-I) Amplification and melt curves generated from the qPCR optimisation protocol for 
each pair. Amplification curves are the top graphs, with melt curves below. Refer to Figure 
11 for further details regarding selection. 

K) Selected Primer pairs were then run on a 1.5% agarose gel to confirm product 
specificity. Numbers indicate the predicted height of each product. Black lines indicate 
where the same gel has been cut to create the example image. 

I J K 
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Optimised primer pairs targeting ROS markers were then used to detect changes 
between Ntg and Tg/Tg spinal cord tissue at the late symptomatic disease stage at the 
transcriptome level. Samples were run as previously described. No contamination was 
evident in any non-template controls, and bands were seen to be specific for each primer 
pair (Figure 30A); therefore, quantification of results was able to proceed.  

Tg/Tg spinal cords showed a significant upregulation in mXO translation compared to NTg 
controls (Figure 30B) (mXO SPC Tg/Tg vs NTg: 4.417 ± 0.5736 vs 1.021 ± 0.5736, p = 
0.0010). Tg/Tg spinal cords showed no diAerence in SOD2 translation compared to NTg 
controls (Figure 30C) (SOD2 SPC Tg/Tg vs NTg: 1.308 ± 0.3287 vs 1.098 ± 0.3287, p = 
0.5469). These results indicate that there is a significant upregulation of mXO, a reactive 
oxygen species, at the late symptomatic stage in Tg/Tg spinal cord tissue despite 
upregulation of SG formation being present.  

 

Figure 30: Reactive oxygen species markers are significantly upregulated at the late 
symptomatic stage in SPC Tg/Tg mice. Primer pairs targeting mXO and SOD2 were used 
to detect changes in the translation in SPC of NTg and Tg/Tg mice using qPCRs.  

A) 1.5% agarose gel showing bands Non-Template control (NTC) and NTg sample band for 
mXO and SOD2 translation in late symptomatic spinal cord tissue. Numbers above bands 
indicate the correct molecular height for each band. Black lines indicate where the same 
membrane has been cut to create the example image. 

B-D) mXO1 and SOD2 expression in NTg and Tg/Tg spinal cords at the late symptomatic 
stage. Results are shown as mean ± SEM, with each point representing protein translation 
from one mouse. DiAerences in translation for NTg and Tg/Tg mice were analysed with 
unpaired two-tailed t-tests. n = 4 mice per group. **p <0.01, ns = non-significant 
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Part 4: Changes in autophagy degradation in the hTDP43 mouse model  

Autophagy markers are unaltered or decreased at the late symptomatic stage 

As there is both a significant upregulation of NLRP3 and reactive oxygen species markers 
at the late symptomatic disease stage, this implies that despite SG forming, they are not 
performing their normal protective functions. Autophagy regulates SG homeostasis and 
is responsible for SG degradation (Buchan et al., 2013; Ryan & Rubinsztein, 2024b). 
Therefore, as SG formation appears to be dysfunctional at the late symptomatic stage, 
we wanted to examine whether there was evidence of autophagy degradation, the 
pathway responsible for SG degradation.  

Quantitative western blotting was used to detect protein level changes in several 
autophagy markers in the brain and spinal cord NTg and Tg/Tg tissue: ULK1, P62, Beclin, 
LC3B at the late symptomatic stage. Bands for autophagy markers in both the brain and 
spinal cord appeared at the reported height for each antigen-specific band (Figure 31A, 
C).  

In spinal cord tissue, autophagy marker levels were unchanged in Tg/Tg mice compared 
to NTg controls (Figure 31B) (ULK1 SPC Tg/Tg vs NTg: 0.4411 ± 0.2379 vs 1.000 ± 0.2379, 
p = 0.0656) (P62 SPC Tg/Tg vs NTg: 0.8559 ± 0.3005 vs 1.000 ± 0.3005, p = 0.6517) (Beclin 
SPC Tg/Tg vs NTg: 0.8288 ± 0.09235 vs 1.000 ± 0.09235, p = 0.1229) (LC3B II/I SPC Tg/Tg 
vs NTg: 0.9792 ± 0.1991 vs 1.035 ± 0.1991, p = 0.7887).  

In brain tissue, a significant decrease in LC3B II/I protein level was observed in Tg/Tg mice 
compared to NTg controls (Figure 31D) (L3CB II/I BR Tg/Tg vs NTg: 0.6410 ± 0.1065 vs 
1.001 ± 0.1065, p = 0.0096). However, no change was observed in ULK1, P62, and Beclin 
protein level in Tg/Tg brain tissue compared to NTg controls (ULK1 BR Tg/Tg vs NTg: 1.313 
± 0.2741 vs 1.000 ± 0.2741, p = 0.2864) (P62 BR Tg/Tg vs NTg: 0.8034 ± 0.1944 vs 1.000 ± 
0.1944, p = 0.3416) (Beclin BR Tg/Tg vs NTg: 0.9139 ± 0.1005 vs 1.000 ± 0.1005, p = 0.4169).  

Therefore, with our current sample sizes, these results indicate that at the late 
symptomatic stage, autophagy markers are largely unchanged. 

 



 80 

 

Figure 31: Autophagy markers are unaltered at the late symptomatic in Tg/Tg mice.  
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A, C) Western blot images showing representative bands for ULK1, P62, Beclin, and LC3B 
expression in NTg and Tg/Tg in the brain and spinal cord at P19.  Black lines indicate where 
the same membrane has been cut to create the example image.  

B) Amount of ULK1, P62, Beclin, and LC3B expression at the late symptomatic stage in 
the spinal cord. Results are shown as mean ± SEM, with each point representing protein 
expression from one mouse. DiAerences in protein expression for NTg and Tg/Tg mice 
were analysed with unpaired two-tailed t-tests. n = 3-4 mice per group. ns= non-
significant.  

D) Amount of ULK1, P62, Beclin, and LC3B expression at the late symptomatic stage in 
brain tissue. Results are shown as mean ± SEM, with each point representing protein 
expression from one mouse. DiAerences in protein expression for NTg and Tg/Tg mice 
were analysed with unpaired two-tailed t-tests. n = 3-6 mice per group. ns= non-
significant, p** <0.01. 

Autophagy is significantly decreased at clinical end-stage 

Autophagy degradation is a major mechanism of pathological SG disassembly. As SG 
formation is only significantly upregulated at the late symptomatic stage in the hTDP43 
mouse model, it is likely that the autophagy response, therefore, occurs at later time 
points. Therefore, we sought to determine whether there was evidence of SG degradation 
by autophagy at the clinical endstage (P22-23).  

Changes in autophagy levels were analysed in brain tissue of NTg and Tg/Tg mice using 
the previously mentioned autophagy markers (ULK1, p62, Beclin, and LC3B) through 
quantitative western blotting. ULK1 and Beclin protein levels were significantly 
decreased at endstage Tg/Tg brain tissue compared to NTg controls (Figure 32B) (ULK1 
BR Tg/Tg vs NTg: 0.4685 ± 0.1690 vs 1.000 ± 0.1690, p = 0.0347) (Beclin BR Tg/Tg vs NTg: 
0.7325 ± 0.03547 vs 1.000 ± 0.03547, p = 0.0017). p62 and LC3B II/I protein levels, 
however, were unchanged in the brain of Tg/Tg mice compared to NTg mice (Figure 32B) 
(P62 BR Tg/Tg vs NTg: 0.8319 ± 0.07502 vs 1.000 ± 0.07502, p = 0.0885) (LC3B II/I BR Tg/Tg 
vs NTg: 1.001 ± 0.2068 vs 1.000 ± 0.2068, p = 0.9951). Therefore, there are multiple 
autophagy markers showing a significant decrease in Tg/Tg endstage, indicating an 
impairment in autophagy degradation.  
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Figure 32: Autophagy markers are significantly decreased at endstage (P22-23) in Tg/Tg 
mice.  

A) Western blot images showing representative bands for ULK1, P62, Beclin, and LC3B 
expression in NTg and Tg/Tg in brain tissue at endstage.  Black lines indicate where the 
same membrane has been cut to create the example image.  

B) Amount of ULK1, P62, Beclin, and LC3B expression at endstage in brain tissue. Results 
are shown as mean ± SEM, with each point representing protein expression from one 
mouse. DiAerences in protein expression for NTg and Tg/Tg mice were analysed with 
unpaired two-tailed t-tests. n = 3 mice per group. ns= non-significant, p* < 0.05, p** <0.01.  
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Part 5: Rescuing SG dynamics in the hTDP43 mouse model  

Terazosin Treatment elicited a diIerential response to SG formation in late 
symptomatic Tg/Tg mice 

As SG formation may play a pathological role in disease progression, we finally wanted to 
investigate whether treatments which have neuroprotective eAects in ALS also elicit 
changes in SGs. Terazosin, a drug approved to treat hypertension, has recently shown 
beneficial eAects in ALS. Targeting energy metabolism through activation of PGK1, 
terazosin has shown improvement in multiple ALS models, improving motor phenotypes, 
increasing survival, and improving MN number (Chaytow et al., 2022). Terazosin has also 
been shown to restore SG formation in vitro ALS models, including TDP43 M337V mouse 
embryonic stem cell-derived motor neurons (Chaytow et al., 2022). Therefore, we 
wanted to explore whether terazosin treatment could restore SG dynamics in an ALS in 
vivo model.  

Prior to this study performed by other members of the lab, NTg and Tg/Tg mice were 
treated with 100 ug/kg of saline or terazosin, administered daily from day of birth via an 
intraperitoneal injection (Chaytow et al., 2022). I performed Immunohistochemistry on 
saline-treated and terazosin-treated late symptomatic Tg/Tg and NTg cryosectioned 
lumbar spinal cord sections using DAPI, ChAT, and G3BP2 (Figure 33A, Figure 34) to 
detect whether changes in SG dynamics were influenced by terazosin treatment.  

A significant upregulation in SG formation was observed in saline-treated Tg/Tg spinal 
cords compared to saline-treated NTg spinal cords (Figure 33B), aligning with previous 
results found (Figure 16) (NTg Saline vs Tg/Tg Saline: 0.05870 ± 0.05569 vs 0.3024 ± 
0.03082, P = 0.0305). Overall, terazosin-treated Tg/Tg spinal cords showed no significant 
diAerence in G3BP2/ChAT positive cells compared to NTg controls and Tg/Tg saline-
treated spinal cords (Figure 33B) (NTg saline vs Tg /Tg terazosin: 0.05870 ± 0.05569 vs 
0.2006 ± 0.06314, p = 0.1983) (Tg/Tg Saline vs Tg/Tg Terazosin: 0.3024 ± 0.03082 vs 0.2006 
± 0.06314, p = 0.4064). However, Tg/Tg terazosin-treated spinal cords appeared to have 
two diAerent responses to treatment: either no diAerence in SG formation or a significant 
decrease in SG formation compared to saline-treated Tg/Tg spinal (Figure 33A, B), 
indicating a possible bimodal response to treatment.  
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Figure 33: Terazosin treatment causes either a downregulation or no change in SG 
formation in Tg/Tg mice at the late symptomatic stage.  

A) Representative confocal micrographs of spinal cord sections stained with DAPI (blue), 
ChAT (red), G3BP2 (Green) for NTg and Tg/Tg mice at 20X. Green text shows representative 
images of Tg/Tg stained spinal cords with significantly decreased SG formation compared 
to saline treated Tg/Tg spinal cords. Red text shows representative images of Tg/Tg 
stained spinal cords with unchanged SG formation compared to saline-treated Tg/Tg 
spinal cords. Scale bar 50 µm.  

B) Results are shown as mean ± SEM, with each data point representing the average 
G3BP2 to ChAT positive cells per mouse. A bimodal response was observed in terazosin-
treated Tg/Tg spinal cords. Terazosin treatment either showed no diAerence in SG 
dynamics (red arrow) or a significant change in SG dynamics compared to saline-treated 
Tg/Tg mice (green arrow). A one-way ANOVA with post-hoc Tukey’s multiple comparisons 
was performed to determine diAerences between groups. n = 4-5 mice per genotype, n= 
8-10 SPC per mouse. *p<0.05, ns = non-significant.  
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Figure 34: Representative confocal micrographs 60X images of late symptomatic NTg and 
Tg/Tg SPC following Terazosin treatment. Representative fluorescent images of spinal 
cord sections stained with DAPI (blue), ChAT (red), G3BP2 (Green) for NTg and Tg/Tg mice. 
Green text shows representative images of Tg/Tg stained spinal cords with significantly 
decreased SG formation compared to saline treated Tg/Tg spinal cords. Red text shows 
representative images of Tg/Tg stained spinal cords with unchanged SG formation 
compared to saline-treated Tg/Tg spinal cords. Scale bar 50 µm. 

For quantification results, refer to Figure 33. 
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Discussion  
Our study shows for the first time a significant endogenous increase in SG formation with 
increases in SG protein levels and SG transcription levels evident in the in vivo hTDP43 
ALS mouse model without the use of an external stressor. SGs were also seen to 
colocalize with the ALS-associated protein, TDP43, at the late symptomatic disease 
stage, reflecting findings from previous studies. These changes in SG dynamics in the 
hTDP43 model were found to be specific to the late symptomatic timepoint, the time 
point at which TDP43 mislocalization occurs. Additionally, significant upregulation in 
markers for chronic cellular stress pathways, oxidative stress, and neuroinflammation 
were observed, implying that they could be involved in SG upregulation. Key factors that 
are regulated by protective SG, such as ROS production and NLRP3 inflammasome 
activation, were also upregulated in the hTDP43 mouse model, suggesting a pathological 
role for SG formation. Autophagy, the mechanism responsible for SG degradation, 
seemed to be unaAected in the hTDP43 mouse model. Targeting SGs using terazosin 
showed a bimodal response on SG dynamics: either showing a rescue of dynamics to 
levels observed in NTg spinal cords or no change in SG dynamics compared to saline-
treated Tg/Tg spinal cords.  

SG formation in ALS  

Understanding the role stress granules play in ALS pathology is becoming an increasingly 
relevant topic, with mutations in SG proteins, TIA1 and HuR, linked to ALS pathology. The 
role that SGs play in ALS remains debated in the field, with both an increase and decrease 
noted in diAerent ALS models (Besnard-Guérin, 2020; Fernandes et al., 2018). However, 
changes in SG composition and morphology in FUS and C9ORF72 mutant ALS models 
have been noted, indicating a shift towards a pathological role (An et al., 2022; Marmor-
Kollet et al., 2020). Aligning with this, direct targeting of SG has elicited beneficial 
outcomes in ALS models (Becker et al., 2017; Elden et al., 2010; Liu-Yesucevitz et al., 
2010a).  

The study of SGs in ALS has, however, largely been limited to an in vitro setting with the 
use of external stressors. Little work has been conducted in an in vivo setting with only 
two studies performed. These two studies, however, also made use of an external 
stressor and observed significant decreases in SG formation in SOD1, FUS, and TDP43 
mutant ALS mouse models (Dubinski et al., 2023; X. Zhang et al., 2020).  SGs are highly 
dynamic and are seen to change in morphology and composition dependent on the 
external stressor utilised therefore the question still remains regarding whether changes 
seen previously using in vitro and in vivo models could in some part be due to the 
overstimulation of these cells by the stressor itself. In stress-preconditioned human 
neurons and mouse hippocampal neurons, they fail to maintain phosphorylated eIF2 
alpha levels and have decreased SG formation upon a second induction of stress 
(Shelkovnikova et al., 2017). As cellular stress is a central feature of ALS, the additional 
stimulation of stress by an external stressor could, therefore, be the cause of changes in 
SG dynamics and not intrinsic pathology. Therefore to mitigate these issues, SG 
formation was visualised without the use of an external stressor.  
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The hTDP43 mouse model is an TDP43 overexpression model. Human TARDBP is 
overexpressed under the neuron-specific promoter Thy1, leading to motor neuron death, 
muscle wasting, TDP43 mislocalisation, and eventual paralysis (Alhindi et al., 2023; Wils 
et al., 2010). As the majority of ALS patients do not have mutations in TDP43 but still have 
TDP43 pathology, an overexpression model mirrors the clinical phenotype of patients 
more accurately. The onset of pathology in this model occurs at postnatal day 15 (early 
symptomatic), with motor neuron death and neuromuscular junction denervation in 
hindlimb muscles seen at this time point (Alhindi et al., 2023). The pathology then 
progresses rapidly, causing TDP43 mislocalisation and hindlimb muscle weakness at 
postnatal day 19 (late symptomatic), leading to eventual hindlimb paralysis.  

TDP43 expression has been seen to modulate core SG proteins, TIA1 and G3BP1/2, 
aAecting both the assembly and maintenance of SGs (McDonald et al., 2011). Our results 
show a significant upregulation in SG formation in spinal motor neurons in Tg/Tg mice at 
the late symptomatic stage (Figure 16). In conjunction with this, significant upregulation 
of SG formation markers was observed in both brain and spinal cord tissue at both the 
protein level and the transcription level (Figures 16, 19, 22). Taken together, these results 
reveal a significant upregulation of SG formation in the hTDP43 mouse model during 
pathogenesis (Figure 35). Our result do align with previous findings in human patient 
spinal cords and previous in vitro work in which HEK 293 cells were transfected with 
TDP43 mutations (A315T, G294A, Q331K, and Q343R) stimulated with chronic arsenite 
stress, showing a significant increase in SG formation (Liu-Yesucevitz et al., 2010a; F. Mori 
et al., 2024; Volkening et al., 2009).  
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Figure 35: Stress Granule formation in the hTDP43 mouse model. Results show that SGs 
are upregulated in Tg/Tg spinal motor neurons, with upregulations in stress granule 
protein level and transcription being evident in spinal cord tissue. These SGs additionally 
colocalised with TDP43 in spinal motor neurons. Created using BioRender.  

No previous investigation into SG dynamics has been conducted on ALS animal models 
in vivo without the use of an external stressor. Therefore, this represents a novel finding 
in the field. As an external stressor was not used, these results better represent the 
physiological conditions experienced during ALS more accurately than models in which 
an external stressor was applied.  

Changes in SGs have been suggested to be present in the early stages of ALS pathology.  
In other ALS animal models, such as the TDP43M337V mutant model, changes in SG 
dynamics were seen at the presymptomatic disease stage upon the induction of 
hyperthermia treatment (Dubinski et al., 2023). However, interestingly, in our model, no 
changes in SG formation were observed at either the transcriptome or protein level at the 
early symptomatic stage (Figure 24). In ALS, SGs have been hypothesised to play a role in 
seeding for protein aggregates and leading to the formation of protein aggregates (Cui et 
al., 2024). At the late symptomatic timepoint, when TDP43 mislocalisation occurs, we 
observed significant changes in SG formation at the protein and transcription level 
accompanied by colocalisation between SGs and TDP43 in Tg/Tg spinal cord motor 
neurons (Figure 16, 19, 22, 23). Colocalisation has been previously found in spinal cord 
sections of both ALS models and patient post-mortem tissue, supporting this result (F. 
Mori et al., 2024). As protein aggregation is not present at the early symptomatic stage, 
this, therefore, might attribute a specific role for SGs in TDP43 mislocalisation and with 
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SGs playing roles in late disease pathogenesis. This would imply that changes in SGs 
might not be a driving factor in pathogenesis in the hTDP43 mouse model but a secondary 
pathological mechanism. It is, therefore, probable that other pathological triggers might 
be causing SG dysregulation within ALS, for example, TDP43. Previous literature has 
hypothesised that changes in SGs could be inducing TDP43 pathology; however, the 
opposite process could instead be occurring. Changes in TDP43 during pathogenesis 
could instead be causing altered functioning in SGs, leading to further pathology. Under 
cellular stress, SGs uptake many factors to prevent cellular damage, including TDP43 
(Liu-Yesucevitz et al., 2010). Therefore, during ALS, the induction of chronic cellular 
stress could be causing the upregulation of SGs as a protective mechanism, but upon the 
association of SGs with TDP43, their function and composition could be altered, leading 
to deleterious functioning and possibly further contributing to pathology. This would 
further explain why colocalisation between TDP43 and SGs was only observed in a 
proportion of spinal motor neurons in the hTDP43 mouse model (Figure 23), as instead of 
SGs being responsible for TDP43 aggregation, TDP43 could be responsible for SG 
dysfunction.  

This theory has, however, not been previously investigated within the ALS field. Therefore, 
to understand the timeline of SG changes in ALS in relation to pathology and to determine 
whether SGs play a primary or secondary role in pathogenesis, further work would need 
to be conducted. A timelapse analysis on SG formation and TDP43 aggregate formation 
could be performed in ALS pathogenesis using in vitro models. A timelapse analysis is 
not possible in an in vivo model such as the hTDP43 model, as live cells could need to be 
continuously recorded and observed to determine their interactions. Therefore, to study 
this further, primary cells could be cultured from the hTDP43 mouse model and 
diAerentiated into motor neurons, and changes in SG dynamics in relation to TDP43 
pathology could be evaluated (C. Zhao, 2023). An external stressor, however, would need 
to be used to stimulate SG formation in this model. As oxidative stress is seen to be 
upregulated in the hTDP43 mouse model and can stimulate SG formation in vitro models, 
this should be preferentially used (Figure 27) (L. Chen & Liu, 2017). As the use of this 
external stressor might alter the physiological response of the cells, confirmation of the 
result should then be conducted in an in vivo setting. SG formation could be inhibited in 
the hTDP43 mouse model using the viral nsP3 peptide or cisplatin compound, and 
changes in both TDP43 mislocalisaton could be analysed (X. Lu et al., 2021; Pietras et al., 
2022). Based on this study, it is probable that SGs do not play a primary role in 
pathogenesis and are, instead, alerted by TDP43-inducing changes in SG dynamics. 
However, to better understand what role they could be playing in ALS pathology, disease 
progression could be analysed in the hTDP43 mouse model with SG inhibition. If these 
mice develop a more severe phenotype, then a pathological role could be attributed to 
SG formation. These experiments will, therefore, allow us to attribute a specific role to 
SG formation in regard to TDP43 and further elucidate the role of SG formation as a 
pathological feature in ALS.  

Pathological Role of SG in ALS 

Despite the debate regarding SGs playing a primary or secondary role in ALS 
pathogenesis, they have been attributed to play pathological roles (refer to introduction 
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for further details). Similarly, our findings show that markers of ROS and NLRP3 
inflammasome activation are upregulated on the transcription level in Tg/Tg spinal cord 
tissue at the late symptomatic disease stage (Figures 28, 30). Past experiments indicate 
that ROS and NLRP3 inflammasome activation are present in ALS, thus confirming the 
results seen in this study (Beal et al., 1997; Johann et al., 2015; Xiao et al., 2018). At the 
late symptomatic stage, we observed a significant increase in SG formation, as ROS and 
NLRP3 inflammasome activation are inhibited by the formation of protective SGs; this, 
therefore, may imply a pathological role for the formation of SGs in the hTDP43 mouse 
model. However, as ALS is a complex disease with the dysregulation of multiple 
pathways implicated, these factors may, therefore, be a result of other dysregulations not 
linked to SGs. To further investigate this, a more detailed analysis of SG factors should be 
conducted. SGs regulate ROS activity through regulating UPS10 activity, with G3BP1 
inhibiting UPS10, leading to an increase in ROS (Takahashi et al., 2013). SGs additionally 
regulate NLRP3 inflammasome activation by sequestering DDX3X, inhibiting 
inflammasome activation (Yoshioka et al., 2024). Therefore, analysis of both UPS10 and 
DDX3X activity should be conducted in the hTDP43 mouse model. If an increase in UPS10 
and DDX3X activity is observed, this would implicate SGs as playing a direct pathological 
role in disease pathogenesis.  

Chronic Cellular Stress  

All previous studies investigating SG formation in ALS utilized an external stressor, such 
as oxidative stress, sorbitol, arsenite, hypothermia, and oxalate  (Colombrita et al., 2009; 
Dewey et al., 2011; Dubinski et al., 2023; Ratti et al., 2020).  It is therefore, unknown what 
chronic cellular pathways induce SG formation endogenously during ALS. Our results 
show that there are significant increases in neuroinflammation and oxidative stress in the 
late symptomatic stage of the hTDP43 mouse model (Figures 25, 27). At this stage, there 
are also significant increases in SG formation, therefore implying that neuroinflammation 
and oxidative stress could be causing SG formation in the hTDP43 mouse model. 
Previous in vitro work has confirmed that oxidative stress causes SG formation, and 
neuroinflammation activation contributes to SG formation (L. Chen & Liu, 2017; Herman 
et al., 2019). It is probable that the activation of both mechanisms is contributing to SG 
formation in the hTDP43 mouse model. However, direct links between 
neuroinflammation, oxidative stress, and SG formation have not been established in the 
hTDP43 mouse model. Additionally, multiple chronic cellular mechanisms are activated 
during ALS, with multiple mechanisms contributing to the induction of reactive oxygen 
species (for further details, refer to introduction); therefore, it is probable that more 
pathological mechanisms are also contributing to SG formation in the hTDP43 mouse 
model.  

To therefore establish a direct link between the induction of chronic cellular stress 
mechanisms and SG formation further work would have to be conducted. To directly 
attribute neuroinflammation and oxidative stress in SG formation, these factors could be 
inhibited. Zonisamide, an anti-inflammatory agent, has been shown to act on 
neuroinflammatory glial cells, leading to neuroinflammation suppression in mouse 
models of Parkinson’s disease (Yokoyama et al., 2010). Therefore, in the hTDP43, 
neuroinflammation could be inhibited using Zonisamide treatment, and SG formation 
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could then be analysed. Similarly, Edaravone, a free reactive oxygen species scavenger, 
could be used to reduce oxidative stress in the hTDP43, and SG formation could, in turn, 
be analysed (Ashok et al., 2022). As these drugs, however, might aAect more than their 
intended target, confirmation could then be performed using CRISPR-Cas knockout 
hTDP43 mouse models (Gurumurthy et al., 2019). In wildtype mice, CRISPR-Cas 
knockout of key oxidative stress and neuroinflammation factors such as NADPH oxidase 
4 and colony-stimulating factor 1 receptor could be performed (B.-Y. Ding et al., 2022; 
Jackson et al., 2020). These mice could then be crossed with the hTDP43 mouse model, 
and SG formation could be analysed. These experiments would thus confirm a specific 
role for neuroinflammation and oxidative stress in SG formation. Due to evidence from 
previous in vitro studies, it is probable that both mechanisms do contribute to SG 
formation; however, the induction of SG formation in an in vivo setting is still unclear. 
Therefore, this will further clarify how SG formation is elicited in ALS pathology. 
Additionally, investigations into other chronic cellular stress mechanisms could further 
be conducted, such as endoplasmic reticulum stress. Analysis of pathological 
mechanisms and how they link to SG formation will enable a deeper understanding 
regarding the mechanisms that are crucial to cause SG formation in ALS, which is 
currently unknown. This, in turn, will aid further research where only stressors that 
directly cause SG formation could then be used for further research, as they would 
present the morphological conditions more appropriately. Additionally, this analysis 
might also point towards SG formation being a key feature in multiple pathological 
mechanisms in ALS and thus highlight it as a potential therapeutic target for further 
investigation.  

Autophagy 

In conjunction with the theory that SGs play a pathological role in ALS, decreases in SG 
clearance pathways have been noted in ALS. In ALS, autophagy has been reported to be 
decreased with the activation of mTOR (an inhibitor of autophagy) and mutations in 
autophagy leading to ALS pathology (Amin et al., 2020; Granatiero et al., 2021; C. Huang 
et al., 2020). Autophagy is a common degradation in the pathway responsible for the 
clearance of protein aggregates and damaged cells  (Ramesh & Pandey, 2017). This 
pathway has also been linked to the clearance of SGs, implying that alterations in this 
pathway may be contributing to the persistence of SGs in ALS. Our preliminary results 
show that the LC3B autophagy marker is significantly decreased at the late symptomatic 
stage (Figure 31). As this was the only marker to significantly change overall, our results 
indicate that there is no significant change in autophagy markers at the late symptomatic 
stage (Figure 31). These results do not align with previous results in the field, with multiple 
previous investigations showing a decrease in autophagy (Chua et al., 2021; Vicencio et 
al., 2020).  

The reason for this misalignment could be due to the underpowered nature of our results; 
therefore, to make a definitive conclusion in regard to autophagy at the late symptomatic 
stage, sample size would need to be increased. If these results do, however, hold with an 
increased sample size, this would indicate that despite an increase in SG formation being 
observed, no autophagy clearance is occurring. As autophagy has been attributed to play 
roles in SG clearance, this indicates that clearance of SGs is not occurring in the hTDP43 
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mouse model at the late symptomatic stage. However, as SGs do only appear at the late 
symptomatic stage, it is likely that changes in the autophagy pathway may be instead 
seen at later disease stages in repones.  

At the clinical endstage, we do see significant decreases in autophagy markers in Tg/Tg 
brain tissue compared to NTg controls (Figure 32). Therefore, we see a significant 
upregulation of SGs, which should be cleared by autophagy, but instead of autophagy 
being upregulated, we see a significant decrease, showing that there is a dysregulation 
of both SGs and autophagy clearance in ALS. This, therefore, could indicate that SG 
dynamics are being altered in ALS pathology, and instead of being targeted for clearance, 
they are instead allowed to persist and evade degradation. In human living cells with ALS-
associated dipeptides expressed, SG dynamics were altered with the depletion of SG 
clearance factors seen (Marmor-Kollet et al., 2020), indicating that in ALS, SGs could 
become persistent by modulating their composition to avoid degradation. However, 
another possibility could be that these SGs are playing protective roles and, therefore, 
are not being targeted by autophagy. Therefore, to gain a better understanding of the role 
of autophagy degradation on SGs, further analysis should be conducted. To determine 
whether changes in SG morphology are influencing SG degradation, primary cells could 
be cultured from the hTDP43 mouse model, and SG morphology and composition could 
then be analysed under conditions of oxidative stress compared to wild-type cells. 
Previous literature indicates that ALS SGs do have altered autophagy factors. As 
autophagy degradation additionally acts on many pathways to support this result, further 
immunolabelling of SG and autophagy degradation factors could be conducted in the 
hTDP43 mouse model to determine whether there is binding. Lack of binding between 
these factors will, therefore, attribute a specific deficiency in autophagy degradation to 
SGs. This would, therefore, directly attribute alterations in SGs preventing autophagy 
clearance in ALS.  

Therapeutic Potential of Targeting SGs in ALS  

As recent evidence has pointed to SGs playing pathological roles in ALS, they could, 
therefore, present viable therapeutic targets (refer to introduction for more information). 
Previous work has shown that terazosin, a drug that had beneficial outcomes in multiple 
ALS models, also rescued SG dynamics in vitro (Chaytow et al., 2022). However, the 
impact of terazosin in rescuing SG dynamics in vivo has not been investigated. Results 
showed that there was a significant upregulation of SG formation in saline-treated Tg/Tg 
spinal cords compared to saline-treated NTg controls (Figures 33, 34). This confirms and 
validates our previous results (Figure 16). However, terazosin treatment seemed to have 
a diAerential eAect in Tg/Tg spinal cords, with two distinct groups either showing no 
change in SG formation compared to saline-treated Tg/Tg or a significant decrease in SG 
formation comparable to the level seen in saline-treated NTg spinal cords (Figures 33, 34). 
This bimodal response could be due to a biological eAect. To determine the impact of 
terazosin on SG formation, mice were treated with 100 ug/kg of saline or terazosin, 
administered daily from day of birth and sacrificed at the late symptomatic stage (P19). 
However, due to biological variation, these mice could have experienced different 
disease severity, which might be impacting the results. Therefore, to analyse the effect 
on terazosin modulating SG formation, this experiment could then be repeated with mice 
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being sacrificed at a specific disease stage to determine whether variation in the results 
seen could be due to a difference in disease stage between the mice analysed.  

Additionally, terazosin does not have a direct effect on SG formation. Therefore, different 
compounds could be utilised to determine whether SGs could be modulated in an ALS 
in vivo setting. Terazosin works by increasing PGK1 activity and upregulating glycolysis 
function (Chaytow et al., 2022). PGK1 activity itself does not have any direct impact on 
SGs. PGK1 mediates the AKT/mTOR pathway and autophagy initiation through 
phosphorylating beclin, therefore, could induce either SG formation or degradation (He 
et al., 2019; Lin et al., 2024; Qian et al., 2017; Sfakianos et al., 2018). Recently, two small 
molecules inhibiting G3BP1 and G3BP2 have been shown to inhibit stress granule 
formation and additionally dissolves pre-formed stress granules in vitro in multiple 
diAerent cell types, including human iPSC-derived neurons (Freibaum et al., 2023). 
Therefore, these might present more specific options to understand whether SG 
formation could be modulated in vivo. Additionally, these compounds also have the 
capability of dissolving SG after formation, therefore allowing the further determination 
of whether SGs are causing or the consequence of ALS pathology. These compounds 
should, therefore, be applied in the hTDP43 to determine whether rescuing SG could 
reduce ALS pathology. This would further expand the understanding of the role SGs play 
in ALS pathology.  

 

Conclusion  
This study shows that there are significant changes in SGs at both the protein level and 
transcription level in the severe hTDP43 ALS mouse model. This is the first study showing 
changes in SG dynamics without the use of an external stressor in ALS models in vivo. 
Consistent with previous findings, we show that SG proteins colocalize with the ALS-
associated proteins, TDP43, at the late symptomatic disease stage. Changes in SG 
dynamics were specific to the late symptomatic disease timepoint, the timepoint in 
which TDP43 mislocalization occurs, further supporting a specific role for SG formation 
in seeding TDP43 aggregates. Significant upregulation in markers for chronic cellular 
stress pathways, neuroinflammation, and oxidative stress was also detected at the late 
symptomatic disease stage, implying that they could be involved in SG upregulation. Key 
factors that are regulated by protective SG, ROS, and NLRP3 inflammasome activation 
were also upregulated in the hTDP43 mouse model, suggesting a possible pathological 
role for SG formation in this model. We further found that autophagy, the mechanism 
responsible for breaking down SGs, was unaAected in the hTDP43 mouse model. Our 
work shows that there are significant changes in SG formation in ALS, warranting further 
investigation to fully reveal the contribution of SG dynamics to ALS pathogenesis.  
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Appendix  
Table 4 – Statistical Test Results  

Target Group 
Informatio
n 

    N Mean ± 
SEM 

Significanc
e 

P 
value 

Test 
N
1 

N
2 

G3BP2 Expression in Motor Neurons (late symptomatic)                                     Figure 16 
 
 
G3BP2 
 
 

Tg/Tg SPC 
vs NTg SPC 

4 4 0.1804 ± 
0.04686 
vs 
0.02130 
± 
0.0.0468
6 

* 0.014
6 

unpaired 
two-tailed t-
test 

TiaR Expression (late symptomatic)                                                                                 Figure 19 
 
 
 
 
 
 
 
TiaR 
 
 
 
 
 
 
 
 
 

50kDa SPC 
Tg/Tg vs 
NTg  

3 4 0.7654 ± 
0.1775 vs 
1.000 ± 
0.1775 

ns 0.243
6 

 
 
 
 
 
unpaired 
two-tailed t-
test 

40kDa SPC 
Tg/Tg vs 
NTg 

3 4 1.455 ± 
0.1412 vs 
1.000 ± 
0.1412 

* 0.023
4 

50 kDa 
Brain Tg/Tg 
vs NTg 

3 6 1.220 ± 
0.7829 vs 
1.000 ± 
0.7829 

* 0.026
0 

42kDa 
Brain Tg/Tg 
vs NTg 

3 6 1.112 ± 
0.1726 vs 
1.000 ± 
0.1726 

ns 0.538
4 

Stress Granule Transcription (late symptomatic)                                                        Figure 22 
 
G3BP1 
transcriptio
n  

SPC Tg/Tg 
vs NTg 

4 4 2.078 ± 
0.417 vs 
1.048 ± 
0.417 

* 0.048
4 

 
 
unpaired 
two-tailed t-
test HuR 

transcriptio
n  

SPC Tg/Tg 
vs NTg 

4 4 0.7085 ± 
0.1226 vs 
1.012 ± 
0.1226 

* 0.048
1 
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Tia1 
transcriptio
n 

SPC Tg/Tg 
vs NTg 

4 4 0.8520 ± 
0.08257 
vs 1.007 
± 
0.08257 

ns p = 
0.110
0 

Stress Granule Expression and Transcription (early symptomatic)                    Figure 24 
 
 
 
 
 
 
 
TiaR 
Expression 

50kDa SPC 
Tg/Tg vs 
NTg 

3 3 0.8365 ± 
0.1229 vs 
1.000 ± 
0.1229 

ns 0.254
2 

 
 
 
 
 
 
 
 
 
 
 
 
 
unpaired 
two-tailed t-
test 

42kDa SPC 
Tg/Tg vs 
NTg 

3 3 0.7731 ± 
0.1965 vs 
1.000 ± 
0.1965 

ns 0.312
4 

50kDa 
Brain Tg/Tg 
vs NTg 

3 3 1.154 ± 
0.1305 vs 
1.000 ± 
0.1305 

ns 0.302
9 

42 kDa 
Brain Tg/Tg 
vs NTg 

3 3 1.198 ± 
0.2243 vs 
1.000 ± 
0.2243 

ns 0.426
5 

G3BP1 
transcriptio
n 

SPC Tg/Tg 
vs NTg 

4 4 1.149 ± 
0.1572 vs 
1.008 ± 
0.1572 

ns 0.404
2 

HuR 
transcriptio
n 

SPC Tg/Tg 
vs NTg 

3 3 0.9073 ± 
0.2218 vs 
1.030 ± 
0.2218 

ns 0.609
7 

Tia1 
transcriptio
n 

SPC Tg/Tg 
vs NTg 

3 3 0.9543 ± 
0.2281 vs 
1.032 ± 
0.2281 

ns 0.751
6 

Iba1 Expression (late symptomatic)                                                                                  Figure 25 
 
Iba1+ 
Manual 
Counts 

SPC Tg/Tg 
vs NTg 

4 5 194.4 ± 
11.15 vs 
134.1 ± 
11.15 

* 0.001
0 

 
 
unpaired 
two-tailed t-
test Iba1+ 

Particle 
Area 

SPC Tg/Tg 
vs NTg 
 

4 5 
 

55192 ± 
4640 vs 
40182 ± 
4640 

* 0.014
4 

NrF2-ARE transcription                                                                                                            Figure 27 
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HMOX1 SPC Tg/Tg 
vs NTg 

4 4 3.026 ± 
0.2290 vs 
1.001 ± 
0.2290 

* 0.000
1 

 
 
 
 
 
 
 
 
 
 
 
unpaired 
two-tailed t-
test 

NQO1 
 

SPC Tg/Tg 
vs NTg 

4 4 1.914 ± 
0.1644 vs 
1.014 ± 
0.1644 

* 0.001
6 

NrF2 SPC Tg/Tg 
vs NTg 

4 4 1.050 ± 
0.1485 vs 
1.007 ± 
0.1485 

ns 0.781
9 

GCLM SPC Tg/Tg 
vs NTg 

4 4 2.150 ± 
0.1583 vs 
1.003 ± 
0.1583 

* 0.000
4 

CytC SPC Tg/Tg 
vs NTg 

4 4 0.9303 ± 
0.09414 
vs 1.005 
± 
0.09414 

ns 0.460
3 

GCLC SPC Tg/Tg 
vs NTg 

4 4 1.724 ± 
0.4534 vs 
1.073 ± 
0.4534 

ns 0.201
2 

KEAP1 SPC Tg/Tg 
vs NTg 

4 4 1.303 ± 
0.8879 vs 
1.049 ± 
0.8879 

ns 0.364
1 

MRP1 SPC Tg/Tg 
vs NTg 

4 4 1.193 ± 
0.2110 vs 
1.026 ± 
0.2110 

ns 0.458
1 

NLRP3 Expression (late symptomatic)                                                                        Figure 28  
 
NLRP3 SPC Tg/Tg 

vs NTg 
4 4 2.035 ± 

0.2095 vs 
1.039 ± 
0.2095 

** 0.003
1 

unpaired 
two-tailed t-
test 

Reactive Oxygen Species Transcription                                                                         Figure 30 
 
mXO  SPC Tg/Tg 

vs NTg 
4 4 4.417 ± 

0.5736 vs 
1.021 ± 
0.5736 

** 0.001
0 

 
unpaired 
two-tailed t-
test 

SOD2 SPC Tg/Tg 
vs NTg 

4 
 

4 1.308 ± 
0.3287 vs 

ns 0.546
9 
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 1.098 ± 
0.3287 

Autophagy Expression (late symptomatic)                                                                    Figure 31  
 
 
 
ULK1 

SPC Tg/Tg 
vs NTg 

3 4 0.4411 ± 
0.2379 vs 
1.000 ± 
0.2379 

ns 0.065
6 

 
 
 
 
 
 
 
unpaired 
two-tailed t-
test 

BR Tg/Tg vs 
NTg 

4 6 1.313 ± 
0.2741 vs 
1.000 ± 
0.2741 

ns 0.286
4 

 
 
 
 
p62 

SPC Tg/Tg 
vs NTg 

3 4 0.8559 ± 
0.3005 vs 
1.000 ± 
0.3005 

ns 0.651
7 

BR Tg/Tg vs 
NTg 

4 6 0.8034 ± 
0.1944 vs 
1.000 ± 
0.1944 

ns 0.341
6 

 
 
 
Beclin 

SPC Tg/Tg 
vs NTg 

3 4 0.8288 ± 
0.09235 
vs 1.000 
± 
0.09235 

ns 0.122
9 

BR Tg/Tg vs 
NTg 

4 6 0.9139 ± 
0.1005 vs 
1.000 ± 
0.1005 

ns 0.416
9 

 
 
 
LC3B II/I 

SPC Tg/Tg 
vs NTg 

3 4 0.9792 ± 
0.1991 vs 
1.035 ± 
0.1991 

ns 0.788
7 

BR Tg/Tg vs 
NTg 

4 6 0.6410 ± 
0.1065 vs 
1.001 ± 
0.1065 

* 0.009
6 

Autophagy Expression (late symptomatic)                                                                    Figure 32 
 
ULK1 BR Tg/Tg vs 

NTg: 
  0.4685 ± 

0.1690 vs 
1.000 ± 
0.1690 

* 0.034
7 

 
 
 
 
 
 
 

Beclin BR Tg/Tg vs 
NTg 

  0.7325 ± 
0.03547 
vs 1.000 

** 0.001
7 
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± 
0.03547 

unpaired 
two-tailed t-
test P62 BR Tg/Tg vs 

NTg 
  0.8319 ± 

0.07502 
vs 1.000 
± 
0.07502 

ns 0.088
5 

LC3B II/I BR Tg/Tg vs 
NTg 

  1.001 ± 
0.2068 vs 
1.000 ± 
0.2068 

ns 0.995
1 

G3BP2 Expression in Motor Neurons following Terazosin treatment (late symptomatic) 
Figure 33 
 NTg Saline 

vs Tg/Tg 
Saline 

4 4 0.05870 
± 
0.05569 
vs 0.3024 
± 
0.03082 

* 0.030
5 

 
 
 
one way 
ANOVA with 
post-hoc 
Tukey’s 
multiple 
comparison
s 

 NTg saline 
vs Tg /Tg 
terazosin 

4 5 0.05870 
± 
0.05569  
vs 0.2006 
± 
0.06314 

ns 0.198
3 

 Tg/Tg 
Saline vs 
Tg/Tg 
Terazosin 

4 5 0.3024 ± 
0.03082 
vs 0.2006 
± 
0.06314 

ns 0.406
4 
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Figure 36 – Western Blot Gels  
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Figure 36: Western Blot Gels showing selected antigen-specific and TPS channels for 
figures. Red box indicates antigen specific and TPS band used in figure. Blue box shows 
Tg/0 mice. This genotype was not included in analysis due to insuAicient sample size.  
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Figure 37  

 

Figure 37: qPCR optimisation and confirmation gel.  
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