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Abstract 

 

Stress granules (SGs) are cytoplasmic ribonucleoprotein aggregates which form in 

response to cellular stress and disassemble following stress cessation. Mutations in 

human SG proteins cause the neurodegenerative disease amyotrophic lateral 

sclerosis (ALS) and have been demonstrated to alter granule dynamics. Further, 

SGs have a compositional protein overlap with the post-mortem cytoplasmic 

inclusions that characterise ALS, suggesting that SGs may act as a precursor to, or 

seed, these inclusions. 

For this thesis, I first optimised the use of different SG inducers in mouse primary 

fibroblast and neuronal cultures. Following this, I cultured primary neurons in 

compartmentalised devices, applying the oxidative stressor sodium arsenite to 

either the somal or axonal compartment, to investigate the kinetics of SG formation. 

I observed a delayed SG assembly response in neuronal somas when arsenite was 

applied axonally, for both cortical and sensory neurons. This response is decreased 

by inhibition of dynein or protein translation in the axonal compartment. 

Further, I investigated the effect of ALS-causing mutations on the SG response, 

using a novel FUS-mutant mouse model. This model expresses a humanised C-

terminal disease-causing mutation that results in a frameshifted amino acid 

sequence downstream of the mutation, eradicating the nuclear localisation signal of 

the FUS protein. This frameshift sequence allowed for the generation of antibodies 

able to distinguish between wild-type and mutant FUS. Using these antibodies, I 

observed that the normally predominately nuclear FUS protein mislocalised to the 

cytoplasm in neurons heterozygous and homozygous for the mutation. Additionally, 

I demonstrated that the mutant protein is present in SGs at a higher level than the 

wild-type protein. 

Finally, I optimised a method for sorting neuronal somas following labelling with 

fluorescently-tagged retrograde toxin subunits. 

These results demonstrate the ability of neuronal axons to respond to exogeneous 

oxidative stressors and highlight the importance of the SG response in ALS-mutant 

cells. 
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Impact Statement 

 

Stress granules (SGs) are cytoplasmic ribonucleoprotein aggregates that form in 

response to a wide range of extracellular stimuli including oxidative stress, heat 

stress and viral infection. In healthy cells, their formation is thought to be pro-

survival, compartmentalising specific RNAs and proteins and hence modulating the 

stress-specific proteome and transcriptome in order to prioritise stress signalling 

pathways. However, it has been demonstrated numerous times that the composition 

and dynamics of SGs can be altered in the pathogenesis of a large number of 

diseases; particularly those associated with viral infection or neurodegeneration. 

The neurodegenerative diseases amyotrophic lateral sclerosis (ALS; a disease 

exhibiting progressive degeneration of motor neurons) and Alzheimer’s disease 

both present with pathological intraneuronal inclusions, which have an overlapping 

protein composition with SGs. This has led to the hypothesis that SGs, or the 

processes underlying their formation, could result in the formation of disease 

inclusions and hence neuronal death. Investigation of SG dynamics and interactions 

may therefore identify novel therapeutic targets for development of treatments for 

ALS and similar diseases relating to SG alterations. 

The work presented in this thesis further characterises the ability of neurons to 

respond to stress. I present the first reports of SGs in primary sensory neurons, and 

identify two novel SG-inducing compounds, which impact upon calcium 

homeostasis and mitochondrial function. I further observe a novel pathway by which 

neuronal axons can detect axonal oxidative stress and subsequently form SG 

aggregates in the cell body. This process requires polysome disassembly and may 

rely on local axonal translation and retrograde (axon-to-soma) transport via the 

microtubule-motor dynein. This finding provides the first reports that exogenous 

stressors in the periphery could result in aggregation in a completely separate 

region of the body, which has major implications for the spread of aggregate 

pathology. 

In addition, I investigated the role of ALS-causing FUS mutations on SG function. I 

demonstrated that ALS-mutant FUS protein mislocalises in motor neurons to both 

the cytoplasm in basal conditions, but also to cytoplasmic SGs following oxidative 

stress. While this has previously been demonstrated, these experiments were 

performed in a novel FUS-mutant mouse model, which expresses disease-relevant 

levels of FUS protein, yet displays progressive degeneration of motor neurons. The 



5 
 

findings in motor neurons are replicated in sensory neurons, which are less 

susceptible to ALS pathogenesis. This data indicates that neither the mislocalisation 

of FUS to the cytoplasm, nor to SGs are the reason for this difference in 

susceptibility. 

Finally, I developed a new technique for the isolation of the somas of neurons 

whose axons have been exposed to exogenous soluble stimuli, using a fluorescent-

toxin-based retrograde sorting system. While I applied this to axonal stress, it will be 

useful for the study of axon development and regeneration. 
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1 Introduction 
 

1.1 Amyotrophic lateral sclerosis and frontotemporal dementia  
 

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative 

disorder characterized by the loss of both upper and lower motor neurons (MNs) 

(Couratier et al., 2017). Upper MN cell bodies are located within the motor cortex 

and descend into the spinal cord, while lower MN cell bodies originate in the spinal 

cord and project into the periphery to innervate skeletal muscle. Loss of upper and 

lower MNs results in paralysis of skeletal muscle, with a typical disease-onset 

between 40-70 years old, and subsequent death within 5 years, from respiratory 

failure (Ajroud-Driss and Siddique, 2015). There is currently no cure for the disease, 

with the most effective treatment, riluzole, extending lifespan by only 2-3 months 

(Ajroud-Driss and Siddique, 2015).  

Frontotemporal dementia (FTD) is also a progressive, fatal neurodegenerative 

disorder (Takada, 2015). It results in the loss of neurons from the frontal and 

temporal lobes of the brain and can lead to personality, language and behavioural 

changes, followed by cognitive decline and death around 7 years after symptom 

onset; the mean onset is 53 years old (Ratnavalli et al., 2002). As with ALS, there is 

no cure for FTD.  

ALS and FTD are thought to be part of the same disease spectrum for multiple 

reasons. Firstly, they exhibit an overlapping clinical presentation, with 50% of ALS 

patients displaying frontal lobe dysfunction and 15% FTD patients developing MN 

dysfunction (Murphy et al., 2007). Secondly, both diseases present with 

intraneuronal protein inclusions. 97% of ALS cases present with inclusions positive 

for both transactive response DNA binding protein 43 kDa (TDP-43) and ubiquitin; 

the remaining percentage being positive for either fused-in sarcoma (FUS) or 

superoxide dismutase 1 (SOD1) (Scotter et al., 2015). TDP-43-positive inclusions 

are characteristic of around 50% of FTD cases, the remainder presenting with either 

tau (40%) or FUS-positive (5-10%) inclusions (Mackenzie and Neumann, 2016). In 

addition to clinical and pathological overlap, genetic studies have highlighted further 

similarities between the two diseases (discussed in the next section). 
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1.1.1 Genetics of ALS-FTD 
 

While the majority of ALS cases occur sporadically, 10% are inherited (familial), with 

genetic causes identified for 11% and 68% of sporadic and familial cases 

respectively (Renton et al., 2014). In 1993, mutations were first identified in the 

SOD1 (superoxide dismutase 1) gene, which encodes the SOD1 protein (Rosen et 

al., 1993). This discovery resulted in a large amount of research into SOD1, 

including development of the now widely-used SOD1G93A mouse model (Gurney et 

al., 1994). Since the discovery of SOD1 mutations, >20 more genes have been 

identified as harbouring ALS-causing mutations. Of these, hexanucleotide 

(GGGGCC) expansions in a non-coding region of the C9orf72 (chromosome 9 open 

reading frame 72) gene explain the highest percentage of ALS cases (7% and 39% 

of sporadic and familial cases respectively) (Majounie et al., 2012)).  

Of the genes identified, at least 8 encode RNA-binding proteins (RBPs) (Table 1.1), 

highlighting the likely importance of a role for RNA metabolism in ALS pathogenesis 

(Ito et al., 2017, Nguyen et al., 2018). This is supported by the observation that the 

RBPs TDP-43 and FUS are present within the cytoplasmic inclusions characteristic 

of the disease. TDP-43 is present in inclusions in all sporadic ALS cases and those 

where TARDBP (the gene encoding the TDP-43 protein) is mutated; FUS and 

SOD1 mutations result in FUS (fused-in-sarcoma) and SOD1-positive inclusions 

respectively (Scotter et al., 2015). 

 

Gene Protein Reference 

TARDBP TDP-43 (transactive response 
DNA binding protein 43 kDa) 

(Sreedharan et al., 2008) 

FUS FUS (fused-in-sarcoma) (Shang and Huang, 2016) 

MATR3 Matrin-3  (Johnson et al., 2014) 

HNRNPA1 hnRNPA1 (heterogeneous 
nuclear ribonucleoprotein A1) 

(Kim et al., 2013) 

TIA1 T cell intracytoplasmic 
Antigen 

(Mackenzie et al., 2017) 

ATXN2 Ataxin2 (Elden et al., 2010) 

ANG Angiogenin  (Wu et al., 2007) 

SFPQ SFPQ (splicing factor, proline- 
and glutamine-rich) 

(Thomas-Jinu et al., 2017) 

Table 1.1 Genes encoding RNA-binding proteins which are mutated in amyotrophic 

lateral sclerosis. 
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FTD is a largely heritable disorder, with around 40% of cases demonstrating some 

family history (Rohrer et al., 2009). Mutations in some genes, such as GRN 

(progranulin) and MAPT (microtubule-associated protein tau), result in FTD but not 

ALS (Takada, 2015). Mutations in other genes however can lead to FTD with or 

without ALS co-morbidity, including TARDBP, FUS, VCP and UBQLN2, as well as 

hexanucleotide expansions in the C9orf72 gene (Takada, 2015). As with ALS, some 

of the proteins mutated in FTD are RBPs (Table 1.2). Unlike with ALS, FUS 

mutations are very rare, and FUS mutations have not been demonstrated to result 

in FUS-positive FTD inclusions (Bampton et al., 2020). 

 

Gene Protein Reference 

TARDBP TDP-43 (transactive response 
DNA binding protein 43 kDa) 

(Borroni et al., 2009) 

FUS FUS (fused-in-sarcoma) (Broustal et al., 2010) 

TIA1 T cell intracytoplasmic 
Antigen 

(Mackenzie et al., 2017) 

Table 1.2 Genes encoding RNA-binding proteins which are mutated in frontotemporal 
dementia. 

 

1.1.2 Fused-in-sarcoma 
 

FUS, a protein commonly mutated in ALS, is a multi-functional RBP that was initially 

identified as part of an onco-fusion protein which results in a malignant liposarcoma 

(Rabbitts et al., 1993). It is part of the FET family of proteins, along with TAF15 

(TATA binding associated factor 15) and EWS (Ewing Sarcoma), which are 

ubiquitously and highly expressed (Svetoni et al., 2016). These proteins are largely 

homologous, with a number of shared domains: a zinc finger domain (ZnF) for 

nucleic acid binding; one RNA-recognition motif (RRM); an N-terminal serine-

tyrosine-glycine-glutamine (SYGQ) domain; three glycine-arginine (RGG) rich 

regions, which are also important for RNA-binding (Svetoni et al., 2016).  

In addition, all three proteins contain a non-classical C-terminal proline-tyrosine-

nuclear localisation signal (PY-NLS). This region is bound by TNPO1 (transportin-

1), which promotes the entry of the FET family members into the nucleus (Zhang 

and Chook, 2012). This domain is important, as all three proteins display a high 

nuclear localisation compared to the cytoplasm, which is key for a number of their 

intracellular roles. 
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1.1.2.1 Physiological roles of FUS 

 

FUS has been demonstrated to have numerous physiological functions related to its 

capacity to bind RNA, protein and both single- and double-stranded DNA (Ling et 

al., 2013) (Table 1.3). While a strong nuclear localisation is required for many of its 

functions, FUS also plays many key roles in the cytoplasm (reviewed in Birsa et al., 

2019).  

 

Physiological Role References 

DNA repair (Baechtold et al., 1999) 

Transcription (Luo et al., 2015) 

RNA splicing (Rogelj et al., 2012) 

Paraspeckle formation (Nishimoto et al., 2013) 

miRNA processing (Morlando et al., 2012) 

RNA stability (Kapeli et al., 2016) 

RNA transport (Kanai et al., 2004) 

Translation (Yasuda et al., 2013) 

The stress granule response (Sama et al., 2013) 
Table 1.3  Physiological roles of the FUS protein. 

 

DNA repair 

The binding of FUS to DNA regulates the DNA damage response. FUS knockout 

mouse fibroblasts exhibit increased chromosome abnormalities and breakage 

(Hicks et al., 2000). Upon DNA damage, FUS facilitates oligonucleotide ‘D-loop’ 

formation, which promotes homologous recombination and repair of double-

stranded breaks (DSBs) (Baechtold et al., 1999). In addition, FUS binds other key 

factors at DSB sites. In cortical neurons, FUS interacts with HDAC1 (histone 

deacetylase 1) at baseline, though this is markedly increased after induction of DNA 

damage with etoposide or following laser micro-irradiation (Wang et al., 2013). 

Further siRNA-mediated knockdown of FUS decreases HDAC1 recruitment to 

DSBs, suggesting a role for recruitment of proteins to sites of DNA damage. 

Transcription 

FUS also associates with DNA to regulate transcription. Chromatin 

immunoprecipitation sequencing (ChIP-seq) has demonstrated that FUS enriches at 

the transcription start site (TSS) of almost 10,000 genes in a similar pattern to RNA 

polymerase II (RNAP2) (Schwartz et al., 2012). FUS regulates RNAP2 availability at 
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the TSS by directly binding its C-terminal domain and preventing 

hyperphosphorylation of the Ser2 residue. 

Splicing regulation 

FUS has been demonstrated to alter the splicing of multiple pre-mRNAs. Of note, 

the FUS protein can autoregulate its own expression by binding FUS pre-mRNA 

(Zhou et al., 2013). Specifically, FUS binds a highly conserved region of exon 7 

where it acts as a splicing repressor; the skipping of exon 7 results in nonsense-

mediated decay of the transcript. FUS alters the splicing of other transcripts by 

directly binding their mRNA, as well as binding spliceosomal snRNPs (small nuclear 

ribonucleoproteins) (Gerbino et al., 2013) and SMN (survival of motor neuron 

protein), which regulates snRNP maturation (Yamazaki et al., 2012). Individual-

nucleotide resolution cross-linking and immunoprecipitation (iCLIP) has 

demonstrated that FUS binds along the length of RNA, with a saw-tooth pattern in 

long genes and limited sequence-specificity (Rogelj et al., 2012). Knockout of FUS 

in embryonic mouse brain altered alternative splicing, with increased FUS iCLIP 

crosslinking sites detected near repressed exons (Rogelj et al., 2012).  

Paraspeckle formation 

FUS can bind long non-coding RNAs (lncRNAs) such as NEAT1, a key component 

of paraspeckles, which are a type of nuclear ribonucleoprotein (RNP) granule 

(Nishimoto et al., 2013). Transfected FUS, as well as TDP-43, colocalises with 

NEAT1 in paraspeckles (as labelled by both PSF and PSP1). Further siRNA-

mediated knockdown of FUS results in a decreased number of cells with 

paraspeckles, highlighting a role for FUS in paraspeckle formation (Naganuma et 

al., 2012). The prion-like domain (PrLD) of FUS is required for its localisation to 

paraspeckles and promotes paraspeckle formation (Hennig et al., 2015).  

miRNA processing  

In both the nucleus and the cytoplasm, FUS regulates microRNA (miRNA)-related 

pathways. miRNA are short non-coding (21-23 nucleotides) RNAs which form part 

of the RNP microRNA-induced silencing complex (miRISC), which facilitates post-

transcriptional silencing of mRNA targets (Zhang et al., 2018). siRNA-mediated FUS 

knockdown results in deregulation of around 15% of miRNAs, with 90% 

downregulated (Morlando et al., 2012). In the nucleus, FUS regulates the initial step 

of pre-miRNA transcription by promoting the recruitment of Drosha to the chromatin 

of FUS-dependent miRNA loci (Morlando et al., 2012). In the cytoplasm, 
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downstream of miRNA biogenesis, FUS interacts directly with the core miRISC 

protein AGO2 (argonaute-2). Further, FUS knockout MEFs demonstrate a 

decreased capacity to silence a cytoplasmic miRNA-dependent luciferase reporter 

system (Zhang et al., 2018). 

RNA stability 

Another cytoplasmic role of FUS is in the regulation of RNA stability, with 330 

transcripts stabilised and 44 destabilised in FUS knockdown human neural 

progenitor cells (Kapeli et al., 2016). For example, in primary hippocampal neurons, 

FUS promotes the stability of the GluA1 transcript as part of a protein complex with 

3’-end processing factors (Udagawa et al., 2015). Lentivirus-mediated FUS 

knockdown results in deadenylation, decreased transcript stability and decreased 

protein levels. 

RNA localisation & transport 

In the cytoplasm, FUS is also involved in determining the intracellular localisation of 

RNA. RNA localisation is particularly important in neurons, because they have 

complex, highly polarised structures, with multiple sub-compartments to maintain. 

mRNAs are transported as part of RNP complexes via molecular motors, such as 

kinesin, dynein and myosin (reviewed in Sahoo et al., 2018). Cytoplasmic FUS is 

present within both dendrites and axons and co-precipitates with both the KIF5 

kinesin heavy chain (Kanai et al., 2004) and the myosin-Va motor (Yoshimura et al., 

2006). Following mGluR5 (metabotropic glutamate receptor 5) activation in 

hippocampal neuron cultures, FUS knockout significantly reduces transport of Nd1-

L transcripts to dendritic spines and leads to abnormal spine morphology; 

overexpression of Nd1-L rescues these abnormalities (Fujii et al., 2005). 

Translation 

FUS also regulates the translation of cytoplasmic mRNAs. FUS is part of an RNP 

complex with APC (adenomatous polyposis coli) at mouse fibroblast protrusions, 

where it regulates translation of constituent RNAs, as determined by both RT-PCR 

and fluorescence in situ hybridisation (ISH) of isolated protrusions (Yasuda et al., 

2013). 

The stress granule response 

FUS is a component of cytoplasmic stress granules (SGs), which will be discussed 

in detail in section 1.3.3. 
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1.1.2.2 FUS mutations in ALS 
 

Following the discovery of TDP-43 in ALS inclusions (Arai et al., 2006, Neumann et 

al., 2006) and missense mutations in the TARDBP gene (Gitcho et al., 2008, 

Sreedharan et al., 2008), the identification of mutations in the FUS gene in familial 

ALS solidified the case for investigation of RNA metabolism in ALS pathogenesis 

(Kwiatkowski et al., 2009, Vance et al., 2009). Mutations in the FUS gene account 

for 5% of familial ALS cases, as well as a smaller fraction of sporadic cases (Shang 

and Huang, 2016). 

A high proportion of ALS-causing FUS mutations affect amino acids at the C-

terminus of the protein, particularly within the NLS (Vance et al., 2013). ALS-

causing mutations within the NLS have been demonstrated to weaken the binding of 

FUS to TNPO1, resulting in increased cytoplasmic FUS protein (Dormann et al., 

2010, Swetha et al., 2017). While some of these are point mutations, others are 

deletions of the whole/parts of the NLS (Belzil et al., 2012, Nakaya and Maragkakis, 

2018), or frameshift mutations resulting in a different C-terminal amino acid 

sequence (DeJesus-Hernandez et al., 2010, Bertolin et al., 2014). NLS mutations 

are correlated with an increased cytoplasmic mis-localisation of FUS protein and a 

decreased age of disease-onset (Higelin et al., 2016). Further, over 60% of FUS-

ALS cases present with a disease-onset of younger than 45 years old (Shang and 

Huang, 2016), including some juvenile cases presenting under 20 years (Baumer et 

al., 2010, Huang et al., 2010). 

Recently, NLS-dependent FUS-Transportin 1 interactions have been demonstrated 

to compete with FUS-FUS interactions. There is increasing evidence that disruption 

to the NLS increases the propensity of FUS to undergo phase separation 

(discussed further in section 1.2.1.1) (Yoshizawa et al., 2018). Hence, C-terminal 

FUS mutations result in a high abundance of aggregation-prone FUS in the 

cytoplasm, which has major implications for FUS function, as FUS levels are usually 

tightly autoregulated (Ling et al., 2019). Additionally, many ALS-causing FUS 

mutations are within low-complexity regions of the protein, highlighting a role for 

phase separation and the SG response in FUS-ALS pathogenesis (discussed 

further in section 1.3.3) (Shang and Huang, 2016).   
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1.1.2.3 Mouse models of FUS-ALS 
 

When studying mutations in genes encoding RBPs, it is critical to have the correct 

model. A large proportion of the current RBP-related disease research relies on the 

transfection and/or overexpression of wild-type (WT) and mutant proteins into cells 

(Bosco et al., 2010). Overexpression models are problematic, as the expression 

levels of RBPs are usually tightly regulated (Muller-McNicoll et al., 2019). Further, in 

the study of RNP structures, overexpression can lead to artificial situations. In SG 

research for example, transfection of key SG RBPs such as TIA1 initiate SG 

formation in the absence of stressors (Gilks et al., 2004). Likewise, overexpression 

of WT FUS, a typically nuclear protein, can result in cytoplasmic FUS aggregates 

(Ju et al., 2011). Taken together, these points highlight the necessity to maintain 

physiological expression levels when developing models to study RBP-related 

diseases. 

No animal model perfectly models human ALS, so instead the most appropriate 

model must be matched to the research question (De Giorgio et al., 2019). 

Researchers have simplified the validation of animal models into three categories: 

construct, face and predictive validity (van der Staay et al., 2009). Construct validity 

relates to the mechanism used to induce the animal disease phenotype. For ALS, 

models with mutations most similar to the human disease, with the same number of 

mutant alleles will have a higher construct validity. Face validity relates to the ability 

of the model to replicate the human disease phenotype. In ALS, for example, 

models which display a progressive degeneration of motor neurons over the lifetime 

of the animal and a decreased lifespan will have higher face validity. Predictive 

validity relates to how well a model can be used to predict unknown features of the 

disease, including the prediction of therapeutic outcomes. This is harder to define in 

ALS as the most effective treatment, riluzole, only extends lifespan by two to three 

months, so comparisons to other treatments may not be suitable (van der Staay et 

al., 2009). 

For many years, ALS research has relied on the use of the SOD1G93A mouse model 

(Gurney et al., 1994). As more genes have been discovered, more mouse models 

have been developed whereby a disease-like phenotype is driven by the non-

physiological overexpression of human transgenes (Alrafiah, 2018). While some of 

these models exhibit progressive motor-neurodegenerative phenotypes (higher face 

validity), these may not truly represent the pathomechanisms occurring in human 

patients with single autosomal dominant point mutations (lower construct validity). 
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To date, the majority of FUS-ALS mouse models developed (reviewed in detail in 

De Giorgio et al., 2019) have been transgenic, whereby a human FUS transgene 

was inserted randomly into the mouse genome. Random integration often produces 

multicopy transgenic lines, thereby encoding FUS at far greater than endogenous 

levels. In one model, overexpression of WT FUS, driven by the mouse prion protein 

(PrP) promoter, resulted in progressive hindlimb paralysis, significant loss of large 

motor neurons and FUS-positive, ubiquitin-negative inclusions in both the spinal 

cord and brain (Mitchell et al., 2013).  

To overcome overexpression artefacts, ‘knock-in’ FUS mouse models have now 

been developed whereby the desired gene or mutation is targeted to a specific 

locus. One study inserted WT or mutant FUS (FUSR521C and FUSP525L) into MAPT 

locus, to produce different mouse models with equal expression levels (Sharma et 

al., 2016). They demonstrated cytoplasmic mislocalisation of the mutant proteins 

(not WT protein) but no aggregation. Only mutant FUS was deemed to be toxic in 

this system, with progressive MN loss and muscle denervation in both mutant 

models, but not for the WT. This study additionally determined these phenotypes to 

be cell autonomous, replicating both MN loss and muscle denervation trends in 

mice expressing the transgenic proteins exclusively in ChAT-positive MNs, by using 

a CRE-recombinase system.  

Gene-targeting has also enabled more complex model generation at endogenous 

mouse genes, which is preferable as there will only be one copy of FUS in its 

endogenous locus. One such example is the FUSDelta14 model (Devoy et al., 

2017), which will be discussed in detail in section 1.1.2.4. Another example is the 

FUSΔNLS model, in which mice express a truncated FUS protein where the C-

terminal NLS has been removed (Scekic-Zahirovic et al., 2016). This model was 

also combined with a ChAT‐specific CRE‐mediated expression system to enable 

the rescue of this truncation (i.e. the expression of the WT FUS protein) specifically 

in MNs. As with the Sharma et al. model, mutant FUS was mislocalised to the 

cytoplasm, and a cell autonomous MN loss phenotype was observed (Sharma et al., 

2016). 

To test whether a disease mutation causes a of loss-of-function or a gain-of-toxic-

function, it is possible to compare both physiological and knockout (FUS-KO) mouse 

models and cells. While the FUSΔNLS and FUS-KO models are both perinatally 

lethal and exhibit some overlapping RNA expression changes compared to WT, MN 

loss is not observed in the FUS-KO model (Scekic-Zahirovic et al., 2016). Sharma 
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et al. also demonstrated that FUS-KO does not result in MN loss (Sharma et al., 

2016). Taken together, the MN death phenotypes observed in overexpression and 

knock-in models, but not in FUS-KO models, seem to point towards a gain-of-toxic-

function for FUS in ALS pathogenesis, rather than a loss-of-function. 

 

1.1.2.4 The FUS-Delta14 model of ALS 
 

The mouse model chosen for use in this thesis is the FUSDelta14 (D14) knock-in 

mouse model (Devoy et al., 2017), based on an early-onset, rapidly-progressing 

ALS case (DeJesus-Hernandez et al., 2010). This mouse model expresses a point 

mutation (A → G) in the splice acceptor site of intron 13, meaning this site is no 

longer recognised by the spliceosome complex. In turn, the next available splice 

acceptor site (intron 14) is used, resulting in the deletion of exon 14 from the 

processed mRNA transcript. The exon 14 deletion induces a single nucleotide 

frameshift in the downstream sequence, resulting in a different sequence of amino 

acids being encoded for by exon 15, which removes the entirety of the NLS (Figure 

1.1). This alternative C-terminal amino acid sequence has enabled the generation of 

an antibody specific to the mutant protein (FUS-D14), providing a useful tool for the 

comparison of WT and mutant FUS localisation in heterozygous mutant mice.   

 

 

 

Figure 1.1 The wild-type FUS and FUSDelta14 proteins 

The wild-type FUS protein (FUS-WT) is encoded by 15 exons; exon 15 encodes for the 
nuclear localisation signal (NLS). The FUSDelta14 mouse has a point mutation in the splice 
acceptor site of intron 13-14, resulting in exon 14 being spliced out of the processed mRNA 
transcript. This induces a single nucleotide frameshift and a different C-terminal amino acid 
sequence being encoded by exon 15 for the mutant protein (FUS-D14), removing the NLS 
(shown in black). The alternative C-termini can be recognised by antibodies specific to either 
FUS-WT or FUS-D14. 
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The loss of the NLS from FUS results in the cytoplasmic mislocalisation of the 

protein, which increases with ageing (from 3- to 18-months). FUS is not completely 

depleted from the nucleus and does not form cytoplasmic aggregates like those 

observed in human disease. FUS-D14 does however localise to cytoplasmic SGs, 

RNP aggregates formed under stress conditions, to a higher extent than WT FUS in 

D14 mutant fibroblasts treated with sodium arsenite (ARS) (Devoy et al., 2017). 

Despite the absence of aggregates, this model displays a progressive motor-

neurodegenerative phenotype, with 14% spinal MN loss at 12-months and 20% at 

18-months. There is also a decrease in the number of motor units (15%) and 

neuromuscular junction (NMJ) innervation at 18-months (compared to 3-months). 

Correspondingly, 3-month old FUSDelta14 heterozygotes do not display motor 

impairment, but gait is altered at 18-months and hindlimb deficits are observed in 

the horizontal ladder test at both 15- and 18-months (Devoy et al., 2017).  

Unlike the majority of existing ALS models, the FUSDelta14 and FUS∆NLS knock-in 

models display progressive motor deficits, MN degeneration and cytoplasmic 

mislocalisation in heterozygosity, despite expressing physiological levels of FUS. 

 

1.1.3 Pathomechanisms in ALS-FTD 
 

Since the discovery of the first ALS mutations in SOD1, a combination of cellular, 

pathological and clinical methods, as well as animal models, have been used to 

understand the basic mechanisms underlying ALS pathogenesis. This extensive 

body of research has been reviewed many times in recent years, so for the purpose 

of this chapter, only FUS mutations will be discussed, to illustrate the key pathways 

identified. Various mutations in FUS can result in loss-of-function of the protein, a 

gain-of toxic-function, or both. Alterations in SG homeostasis and phase separation 

will be discussed in detail in section 1.3.1. 

DNA repair  

ALS-mutant FUS has a decreased capacity to promote DNA repair. Transgenic 

FUSR521C mutant mice have increased γH2AX (H2A histone family member X 

phosphorylated on serine 139) DNA localisation, indicating increased DNA damage. 

Further, FUSR521C  protein displays a decreased interaction via immunoprecipitation 

with HDAC1, a key chromatin remodelling factor during DNA damage (Wang et al., 

2013, Qiu et al., 2014). Further, transfected GFP-FUSR521G has a reduced capacity 
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to localise to sites of ultraviolet A (UVA) laser-induced DNA damage (Rulten et al., 

2014). Fibroblasts from human ALS patients (FUSR521G and FUSP525L mutations) 

have increased cytoplasmic FUS localisation and increased DNA strand breaks 

(Wang et al., 2018); iPSC-derived MNs (from the same patients) show a delay to 

repair DNA strand breaks compared to control. 

Transcription  

FUS mutations (FUSR521G and FUSR495X) decrease the amount of FUS bound to 

active chromatin domains, indicating loss-of-function in transcription (Yang et al., 

2014). Further, RNAP2 C-terminal phosphorylation is increased in FUSH517Q and 

∆NLS patient fibroblasts, a similar pattern to FUS loss-of-function, and 

overexpression of the same mutants alters the cellular localisation of RNAP2 

(Schwartz et al., 2012). 

RNA splicing  

FUS mutations result in splicing alterations in its own and other transcripts. 

Transfection of FUS constructs with mutations resulting in increased cytoplasmic 

localisation (FUSR521G, FUSR522G or FUSΔExon15) exhibit defective exon 7 repression 

and hence altered protein autoregulation (Zhou et al., 2013). Splicing of other 

transcripts can also be altered by FUS mutations. For example expression of mutant 

FUS (FUSR521C and FUSR521H) in the U87 cell line leads to altered splicing of MECP2 

transcripts (Coady and Manley, 2015). Transfection of both mutants resulted in a 

>15-fold increase in levels of MECP2e1, the shorter splice isoform, but a slight 

decrease in the longer MECP2e2 transcript. This resulted in an overall increase in 

MECP2 mRNA, which colocalised with FUS protein in cytoplasmic aggregates. 

One mechanism by which FUS may alter splicing is via its binding to key nuclear 

spliceosomal snRNPs. Mutations in FUS do not affect this binding, and hence when 

mutant FUS (FUSR514G, FUSR521G) is mislocalised to the cytoplasm, so too are these 

snRNPs (Gerbino et al., 2013). 

Paraspeckle formation 

FUS promotes the formation of nuclear paraspeckles, and mutations have been 

demonstrated to alter paraspeckle structure (An et al., 2019, Shelkovnikova et al., 

2014). Expression of FUS∆NLS/FUSR522G in the SH-SY5Y cell line results in 

cytoplasmic FUS aggregates which sequester the key paraspeckle component 

NONO (Shelkovnikova et al., 2014). Further, a transgenic mouse model expressing 
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a truncated FUS protein exhibited both nuclear and cytoplasmic neuronal inclusions, 

which were positive for WT-FUS and NONO; PSF accumulated in nuclear inclusions 

only. This was replicated in spinal motor neurons of human FUS-ALS cases, but not 

other ALS cases or healthy controls (Shelkovnikova et al., 2014).  

A more recent study compared CRISPR/Cas9-modified SH-SY5Y cells expressing 

FUS∆NLS to controls, demonstrating that physiological levels of mutant FUS can 

result in excessive paraspeckle formation and NEAT1 upregulation (An et al., 2019). 

However, mutant FUS displays a decreased interaction (by proximity ligation assay; 

PLA) with key paraspeckle proteins (NONO/SFPQ), indicating that these 

paraspeckles are defective. 

miRNA processing 

While knockdown studies have shown FUS to be important for miRNA-mediated 

silencing, the evidence linking FUS-ALS mutations to miRNA-related pathways is 

limited. One study however demonstrates that FUSR495X expression, but not 

FUSR521C, significantly reduces miRNA-mediated silencing in two miRNA-target 

reporter systems (Zhang et al., 2018). This is likely due to a decreased interaction of 

FUS with AGO2, as determined by immunoprecipitation in HEK293 cells. 

RNA stability 

FUS has been determined to regulate the stability of multiple mRNAs. One key 

pathway altered by FUS-ALS mutations is the nonsense-mediated decay (NMD) 

pathway, a mechanism by which cells can degrade defective mRNAs. In FUS-ALS 

fibroblasts (FUSR521G, FUSP525R), NMD complex assembly is promoted, with two 

activators of NMD (UPF1/UPF3b) upregulated and a negative regulator (UPF3a) 

downregulated (Kamelgarn et al., 2018). Other studies have suggested that FUS 

mutations may promote RNA stability; for example, the binding of FUSP525L to the 3’ 

UTR of ELAVL4 (De Santis et al., 2019). 

Intracellular transport 

ALS-mutant proteins, including SOD1, TDP-43 and FUS, have been linked to 

impairments in axonal transport (Bilsland et al., 2010, Alami et al., 2014, Guo et al., 

2017). MNs derived from FUSR521H and FUSP525L patient iPSCs, but not those 

derived from control patient iPSCs, exhibit progressive axonal transport defects; 

mitochondrial and ER vesicle transport were investigated. These defects can be 

rescued via CRISPR/Cas9-mediated correction of the FUS mutation (Guo et al., 

2017). 
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Translation 

Recent work has demonstrated that FUS-ALS mutations can impair axonal protein  

translation, associated with increased eIF2α phosphorylation, in a transgenic mouse 

model expressing human FUSR521H (Lopez-Erauskin et al., 2018). Likewise, FUS 

mutants (FUSR522G, FUSR524S, FUSR495X) transfected into Xenopus retinal ganglion 

cells result in impaired protein synthesis at growth cones (Murakami et al., 2015). 

Autophagy regulation 

Autophagy is the process by which components within a cell are targeted for 

degradation and subsequent recycling. It is regulated by a large protein network, 

which includes the autophagy-related (ATG) proteins, as well as a number of 

proteins mutated in ALS, such as SQSTM1/p62, optineurin and ubiquilin-2 and VCP 

(Ramesh and Pandey, 2017). Overexpression of FUS-ALS mutants (FUSP525L, 

FUSR522G), but not WT-FUS, leads to inhibition of autophagy by preventing the 

formation of omegasomes (autophagosome precursors) and autophagosomes (Soo 

et al., 2015). A different study demonstrated that overexpression of WT-FUS or 

FUSR521C does not impair autophagic flux, but did show that autophagy is key for the 

removal of FUS-positive SGs (Ryu et al., 2014).  

Mitochondrial Function 

The localisation of the predominately nuclear FUS protein to the cytoplasm in FUS-

ALS has implications for interactions with cytoplasmic organelles, in particular 

mitochondria. Expression of both WT FUS and FUSP525L in HEK293 cells results in 

mitochondrial localisation, reduced mitochondrial size, loss of cristae and increased 

cell death (Deng et al., 2018). This study further demonstrated that FUS binds 

ATP5B, the catalytic subunit of the mitochondrial ATP synthesis complex, disrupting 

formation of the complex and activating the mitochondrial unfolded protein 

response. Mitochondrial damage is also observed in FUS-FTD patient brain 

samples, when compared with controls (Deng et al., 2015). Further, transcriptomic 

analysis of FUSDelta14 spinal cords showed a decrease in the expression of 

transcripts encoding proteins related to mitochondrial function (Devoy et al., 2017).  
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1.2 The stress granule response 
 

1.2.1 The physiological stress granule response 
 

The world is a hostile place for a cell. Toxic chemicals, temperature perturbations 

and invasion by pathogens are just a few obstacles to correct cell function. In order 

to survive both exogenous and endogenous stressors, cells have evolved a variety 

of programmed coping strategies. One highly conserved mechanism is the 

assembly of stress-induced membraneless organelles, such as cytoplasmic stress 

granules (SGs). Initially described in chicken embryo fibroblasts, homologous 

mechanisms have subsequently been observed in mammalian and plant cells, as 

well as yeast and other unicellular organisms (Collier and Schlesinger, 1986, Collier 

et al., 1988).  

 

1.2.1.1 Liquid-liquid phase separation and membraneless organelles 
 

Membraneless organelles are hypothesised to form via liquid demixing and 

subsequent liquid-liquid phase separation (LLPS); this involves the separation of 

components within a solution and the formation of smaller, concentrated regions of 

biomolecules within a larger, more dilute mixture (Guzikowski et al., 2019). This 

process is thermodynamically favourable, enabling the two distinct phases to co-

exist; in this case RNP granules within the bulk cytoplasm.  

LLPS is likely driven intracellularly by low-affinity protein-RNA and protein-protein 

interactions; the latter mediated by protein low complexity domains (LCDs; also 

known as intrinsically disordered regions (IDR) or prion-like domains) (Molliex et al., 

2015). These peptide sequences have a low amino acid diversity, with a small 

number of charged and polar amino acids overrepresented. These unstructured 

regions likely form weak interactions with other LCD regions via cation–pi, pi–pi and 

electrostatic interactions (Vernon et al., 2018). LCDs are a common feature within 

RBPs (Molliex et al., 2015) and LCD-mediated LLPS has been proposed to be 

critical for the formation of a number of membraneless cell compartments, including 

SGs, P bodies, paraspeckles and Cajal bodies.  
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1.2.1.2 Stress granule structure and dynamics 
 

SGs are 0.1–2 μm RNP granules which are highly dynamic and exhibit liquid-like 

properties such as fusion, fission and exchange of components with the bulk 

cytosol, as demonstrated by FRAP (fluorescence recovery after photobleaching) 

experiments (Wheeler et al., 2016). While SGs are capable of exchanging 

components with the cytoplasm during the stress response, FRAP experiments 

have identified a more stable, less-dynamic core at their centre (Jain et al., 2016). In 

the last two decades, a large body of research has investigated the pathways 

modulating the assembly, dynamics and disassembly of SGs (Figure 1.2).  

 

 

Figure 1.2 The total number of stress granule research articles per year 

Primary research articles only (light green); combined primary and review articles (dark 
green); primary articles linking stress granules to viruses (blue) or amyotrophic lateral 
sclerosis (ALS; red). PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) was searched for 
“stress granules” on 27/11/19. 

 

Stress granules: Proteins 

While hundreds of proteins have been demonstrated to localise to SGs (Jain et al., 

2016, Markmiller et al., 2018), in mammalian cells, only a handful have been 

determined to be essential for their assembly, including G3BP (GTPase-activating 

protein-binding protein) (Tourrière et al., 2003) and TIA1 (T cell intracytoplasmic 
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antigen) (Kedersha et al., 1999). A double knockout of both the G3BP1 (GTPase-

activating protein-binding protein 1) and G3BP2 proteins completely blocks SG 

formation in U2OS cells (Kedersha et al., 2016). Knockout of TIA-1, but not TIAR 

(TIA1 cytotoxic granule associated RNA binding protein like 1) inhibits SG formation 

following ARS stress in mouse embryonic fibroblasts (MEFs) (Gilks et al., 2004). 

Further, overexpression of both proteins induces SGs in the absence of a stress 

stimulus. 

These essential SG proteins likely act as ‘drivers’ or scaffolds for the assembly of 

SGs, in turn attracting the ‘client’ RNAs and proteins with which they would usually 

interact. While not required for SG formation, a number of client proteins have been 

demonstrated to be important for normal SG function. Client proteins elicit wide-

ranging effects on SG dynamics, assembly, disassembly and function. 

It is important to note that SG research has been carried out using vastly different 

cell-types, types of stressor and duration of stress, and hence conflicting 

conclusions have often been drawn. While G3BP is deemed essential for ARS-

induced SG formation, it is dispensable for osmotic stress and heat shock-induced 

SGs (Kedersha et al., 2016). Further, proximity labelling via conjugation of the 

biotinylating enzyme ascorbate peroxidase (APEX) to G3BP and subsequent mass 

spectrometry, has demonstrated that the SG proteome differs between both cell-

type and stress-type (Markmiller et al., 2018). These studies highlight the 

importance of identifying differences in experimental setup when comparing SG 

studies. 

Stress granules: RNAs 

Early SG research determined that granule markers colocalise with poly(A)-positive 

mRNA (Kedersha et al., 2000), but in recent years, it has been possible to isolate 

SG cores and subsequently perform RNA sequencing to identify the species 

contained within SGs (Khong et al., 2017). These studies confirm the presence of 

mRNA (78% of transcripts), as well as non-coding RNAs. In addition, single 

molecule fluorescence ISH has demonstrated that SGs induced by different 

stressors can result in different local transcriptomes; for example POLR2A mRNA is 

enriched in SGs following sorbitol stress and heat shock when compared to 

thapsigargin and ARS.  

RNA also plays an important role in SG formation and dynamics. The presence of 

RNA promotes LLPS for HNRNPA1 and FUS (Molliex et al., 2015, Lin et al., 2015). 

While the LCD of HNRNPA1 undergoes LLPS alone in vitro, RNA increases its 
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propensity to do so (Molliex et al., 2015). This is further increased by the presence 

of its RNA-recognition motif (RRM), and further by the full-length protein. RNA is 

able to self-assemble in vitro, and these interactions also likely promote the 

formation of membraneless structures in vivo (reviewed in Van Treeck and Parker, 

2018). 

Stress granules: Post-translational modifications 

Post-translational modifications (PTMs) of SG components have also been 

demonstrated to alter the structure and dynamics of SGs, including phosphorylation 

(Tourrière et al., 2003, Stoecklin et al., 2004), methylation (Dolzhanskaya et al., 

2006, De Leeuw et al., 2007, Goulet et al., 2008), ubiquitination (Kwon et al., 2007) 

and O-GlcNAcylation (Ohn et al., 2008).  

For example, phosphorylation of the key SG driver protein G3BP at Ser149 

regulates SG formation, with ARS-induced stress promoting dephosphorylation of 

this site (Tourrière et al., 2003). Accordingly, a phosphomimetic G3BP mutant 

(S149E) prevents self-association of the protein and does not induce SGs when 

transiently expressed in the Cos cell line (Tourrière et al., 2003). Likewise 

phosphorylation of tristetraprolin (TTP), a protein localised to SGs following FCCP-

induced mitochondrial stress, at Ser52 and Ser178 by MAPKAP kinase-2 (MK2) 

excludes it from SGs and leads to the formation of cytoplasmic RNP complexes with 

AU-rich mRNA (Gilks et al., 2004). 

Other PTMs can promote protein localisation to SGs. Methylation of the cold-

inducible RNA-binding protein (CIRP) at arginine residues in its RGG domain is 

necessary for the protein to exit the nucleus and subsequently enter SGs (De 

Leeuw et al., 2007). SGs are also highly positive for ubiquitin, and histone 

deacetylase 6 (HDAC6) requires its ubiquitin-binding domain to form SGs (Kwon et 

al., 2007). 

Dynamic regulation of SG protein PTMs likely promotes rapid SG formation under 

stress conditions, and rapid disassembly upon stress cessation. 

 

1.2.1.3 Stress granule assembly and translation inhibition 
 

The assembly of SGs appears to be tightly linked to translation inhibition, with 

multiple translation-related pathways initiating the SG response. This link is 

highlighted by the observation that SG markers colocalise with 40S ribosomal 
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subunits and various translation factors, but not 80S subunits, suggesting that SGs 

contain stalled translation pre-initiation complexes (Kedersha et al., 2002, Kimball et 

al., 2003). SGs are hypothesised to be in dynamic equilibrium with actively 

translating polysomes (Kedersha et al., 2000), with pathways that initiate translation 

inhibition resulting in the disassembly of polysomes, in turn releasing mRNAs which, 

along with RBPs and other proteins, form into membraneless organelles (Aulas et 

al., 2017). This hypothesis appears to be true experimentally, with compounds that 

trap mRNA within polysomes (e.g. cycloheximide) preventing SG formation 

(Kedersha et al., 2000). Conversely, compounds which promote polysome 

disassembly, such as puromycin, increase SG formation (Kedersha et al., 2000). 

The two best characterised pathways which induce both translation inhibition and 

SG formation are the eIF2 and eIF4F pathways. eIF2 forms a ternary complex with 

the initiator methionine tRNA (tRNAi
Met) and GTP, which acts to deliver tRNAi

Met to 

the 40S subunit and mRNA start codon (Wolozin and Ivanov, 2019). Different 

stressors activate a number of protein kinases (PERK, HRI, GCN2, PKR), which 

converge on the phosphorylation of the eIF2α (eukaryotic translation initiation factor 

2α) subunit at its Ser51 residue. This phosphorylation inhibits reloading of the 

ternary complex with GTP, preventing translation inhibition. Of the four kinases, 

ARS-induced eIF2α phosphorylation and SG formation are only inhibited in HRI 

(heme-regulated inhibitor kinase) knockout MEFs (McEwen et al., 2005), while 

thapsigargin-induced endoplasmic reticulum stress requires PERK (protein kinase 

RNA-like endoplasmic reticulum kinase) (Aulas et al., 2017).  

eIF4F is an mRNA cap-binding complex of three translation intiation factors: eIF4A, 

eIF4E and eIF4G. eIF4F binds the 5’-cap of mRNA and interacts with PABP 

(poly(A)-binding protein) bound at the 3’-end, which promotes translation intiation 

(Wolozin and Ivanov, 2019). At baseline, mTOR (mammalian target of rapamycin) 

constitutively phosphorylates eIF4E-binding protein (4E-BP), which prevents 4E-BP 

binding to eIF4E. Under stress conditions however, mTOR becomes inactivated, 

resulting in avid binding of 4E-BP to eIF4E, leading to diassembly of eIF4F from the 

mRNA 5’-cap. Some chemical stimuli target this pathway to induce SGs, 

independent of eIF2α phosphorylation, including selenite (Fujimura et al., 2012) and 

hydrogen peroxide (Emara et al., 2012). 
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1.2.1.4 Stress granule functions 
 

The formation of SGs during cellular stress has long been determined to be pro-

survival, with an inability to form SGs often correlated with increased cell death 

during stress. Knockdown of SG driver proteins (e.g. G3BP) (Wang et al., 2019b) or 

treatment with compounds that negatively regulate SG formation (Christen et al., 

2019), decrease cell viability during ARS and other chemical stresses. Further, 

knockdown of other SG proteins, such as RSK2 (p90 ribosomal S6 kinase) and 

TDP-43, decrease cell survival during stress (Eisinger-Mathason et al., 2008, Aulas 

et al., 2012). 

It has been suggested that SGs may sequester RNAs and proteins to remove them 

from the cytoplasm, thereby altering the non-SG cytosolic transcriptome and 

proteome. There is a specificity to the proteins and RNAs sequestered by SGs, 

resulting in a modulation of the stress-specific proteome and transcriptome, which 

can differ by both cell-type and stressor-type (Khong et al., 2017, Markmiller et al., 

2018). This specificity in SG composition likely reflects a need for certain species to 

remain in, or be sequestered from, the cytosol during specific stress responses. 

One well-characterised pathway that SGs have been determined to modulate is 

apoptosis. Type I stressors (e.g. ARS or heat shock) induce SG formation, while 

type II stressors (e.g. X-rays) induce apoptosis. RACK1 (receptor for activated C 

kinase 1) localises to SGs during type I stress, preventing its binding to the key 

apoptosis mediator MTK1 and subsequent induction of the stress-activated p38 and 

JNK MAPK (SAPK) pathway and apoptosis (Arimoto et al., 2008). Expression of a 

non-ribosome-binding RACK1 mutant, which does not localise to SGs, prevents 

inhibition of apoptosis during Type I stress. Further, when both stressors are 

applied, RACK1 sequestration into SGs prevents Type II-induction of SAPK and 

apoptosis. SGs also alter mTORC1 (mTOR complex 1)-induced apoptotic signalling 

by recruiting raptor (Thedieck et al., 2013).  

SGs can also modulate other signalling pathways. Under heat stress conditions, 

SGs modulate the tumour necrosis factor (TNF) signalling pathway by sequestering 

TNF-α receptor-associated factor 2 (TRAF2) (Kim et al., 2005). This sequestration 

prevents its cytoplasmic interaction with TNFR1 (tumour necrosis factor receptor 1), 

reducing activation of NF-κB.  

It is important to note that not all SGs have been deemed to be pro-survival. SGs 

induced by selenite are non-canonical and do not immunostain for eIF3B or the pro-
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surival proteins RACK1, Rsk2 and HDAC6 (Fujimura et al., 2012). A separate study 

further demonstrated that during 3-morpholinosydnonimine (SIN-1)-induced nitric 

oxide (NO) stress, the initial SGs that form are similar to those induced by ARS (i.e. 

pro-survival SGs), though these convert to eIF3B-negative, pro-death SGs over time 

(Aulas et al., 2018). The formation of eIF3B-negative SGs appears to promote cell 

death; SIN-1-induced cell death is significantly reduced by G3BP1/2 double 

knockout, pharmacological inhibition of SG formation and mutations preventing 

eIF2α Ser51 phosphorylation (S51A). 

 

1.2.1.5 Stress granule disassembly 

 

Sub-lethal stressors induce the formation of transient SGs, which should 

disassemble within hours from the point when the stressor is removed, while lethal 

stressors result in permanent SG assembly and subsequent cell death (Kedersha et 

al., 1999). SG disassembly facilitates the release of component RNAs and proteins 

into the cytoplasm, allowing them to reprise their basal functions and ensure cell 

recovery. This recycling process comes at a lower energy cost compared to 

degradation and de novo synthesis of these components. 

Disassembly is facilitated by a number of known pathways. Following proteasome 

inhibition, HSP72 (heat shock protein 72) is required for the disassembly of SGs; 

HSP72 is upregulated during stress, overexpression prevents SG formation and 

siRNA-mediated knockdown reduces SG disassembly and translation recovery 

(Mazroui et al., 2007). Recruitment of Hsp70 and other chaperones has been 

suggested to prevent the formation of more solid-like phase separations (termed 

‘aberrant’ SGs) and promote SG disassembly. HSP27/HSP70 chaperones are 

recruited to aberrant SGs preferentially and pharmacological HSP70 inhibition 

promotes SG persistence (Mateju et al., 2017).  

Persisting aberrant SGs can be targeted to the aggresome for degradation by 

autophagy. Six hours following stress cessation, remaining SGs colocalise with the 

autophagy receptor p62 and vimentin (Mateju et al., 2017). In the presence of the 

autophagy inhibitor wortmannin, most SGs disassemble rapidly and persisting SGs 

decrease in size, though SG markers colocalise with the aggresome. Taken 

together this data highlights that SGs can be disassembled rapidly, or targeted for 

degradation by autophagy. Another study supported this conclusion, demonstrating 

that only a small fraction of SGs require autophagy for removal, with the majority 
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requiring Hsp70 chaperones (Ganassi et al., 2016). Knockdown of the ALS-

associated protein VCP has also been shown to impair SG removal via autophagy 

(Buchan et al., 2013). 

The balance between SG assembly and disassembly is tightly regulated, and failure 

to manage these processes has profound implications for cell health. On one hand, 

a failure to assemble SGs may harm the chances of a cell surviving a stressful 

event, such as invasion by a pathogen. On the other hand, defective SG 

disassembly has been hypothesised to promote the formation of the aggregates 

associated with ALS and other neurological diseases. Both of these concepts will be 

discussed in the next chapter. 

  



42 
 

1.3 Stress granules and disease 
 

Almost two decades after the discovery of stress-induced membraneless 

organelles, research groups in widely different fields began to link them to disease. 

Unsurprisingly, as infection manipulates multiple stress-related pathways, SGs have 

been demonstrated to modulate the pathogenesis of both viral and bacterial 

diseases. In addition, a rich literature has proposed a role for SGs in the 

progression of neurological diseases, in particular amyotrophic lateral sclerosis 

(ALS). Further human diseases associated with SG homeostasis are displayed in 

Table 1.4. 

 

Disease/Condition No. of 
Primary 
Articles 

Example reference 

Alzheimer's Disease 4 (Ash et al., 2014) 

ALS-FTD 95 See Section 1.3.3 

Atherosclerosis 1 (Herman et al., 2019) 

Atrial fibrillation 1 (Dong et al., 2019) 

Bacterial Infection 2 (Vonaesch et al., 2017) 

Cancer 25 (Valentin-Vega et al., 2016) 

Fragile X Syndrome 2 (Didiot et al., 2009) 

Hearing Loss 2 (Towers et al., 2011) 

High Fat Diet 1 (Bai et al., 2016) 

Inclusion body myositis (IBM) 1 (Rodriguez-Ortiz et al., 2016) 

IBM-like Diseases 1 (Wang et al., 2019a) 

Inflammation 2 (Ansari and Haqqi, 2016) 

Ischemia 4 (Ayuso et al., 2016) 

Kidney Disease 2 (Wang et al., 2019b) 

Multisystem proteinopathy (MSP) 1 (Kim et al., 2013) 

Multiple Sclerosis 2 (Salapa et al., 2018) 

Myopathy 1 (Mensch et al., 2018) 

Myotonic Dystrophy 2 (Ravel-Chapuis et al., 2016) 

Neurodegeneration (in general) 4 (Mateju et al., 2017) 

Parkinson's Disease 1 (Repici et al., 2019) 

Prion Disease 1 (Goggin et al., 2008) 

Retinitis pigmentosa 1 (Fathinajafabadi et al., 2014) 

Spinocerebellar ataxia (SCA) 2 (Nonhoff et al., 2007) 

Spinal Muscular Atrophy (SMA) 3 (Zou et al., 2011) 

Systemic Sclerosis 1 (Johnson et al., 2016) 

Tauopathies 7 (Vanderweyde et al., 2012) 

Trypanosome Infection 1 (Kramer et al., 2008) 

VCP-related Diseases 1 (Wang et al., 2016b) 

Viral Infection 125 (Visser et al., 2019) 

Welander Distal Myopathy 1 (Hackman et al., 2013) 
Table 1.4 Diseases associated with stress granules, the number of primary research articles 
published concerning this link and a referenced example article.  
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1.3.1 Stress granules and viral infection 
 

A large body of research has investigated the link between SGs and viruses. Viral 

infection induces SG formation via both eIF2a-dependent and independent 

mechanisms and SGs are thought to be antiviral (Zhang et al., 2019b). Both RNA 

and DNA viruses have been demonstrated to activate PKR (protein kinase R), a 

kinase which phosphorylates eIF2a resulting in SG formation. PKR interacts with 

double stranded-RNA (dsRNA), which induces dimerization and subsequent 

phosphorylation, resulting in activation (Willis et al., 2011).  

Purified dsRNA from dsRNA viruses (e.g. rotaviruses) can directly activate PKR 

(Rojas et al., 2010), while single stranded RNA (ssRNA) from ssRNA-viruses (e.g. 

HIV1) can dimerise to form dsRNA, promoting dimerization of PKR monomers 

(Heinicke et al., 2009). DNA viruses can also activate PKR. Early gene transcription 

of the dsDNA genome of the vaccinia virus generates dsRNA and activates PKR, a 

mechanism suppressed by the viral K1 protein (Willis et al., 2011). Viruses can also 

induce eIF2a phosphorylation independent of PKR activation. The ssRNA genome 

of the Sindbis virus enhances GCN2 autophosphorylation, increases eIF2a 

phosphorylation and inhibits early viral translation (Berlanga et al., 2006). Other 

viruses, such as the Rift Valley fever virus, inhibit global translation by inhibiting 4E-

BP phosphorylation (Hopkins et al., 2015).  

SGs appear to be cytoprotective during viral stress, as viruses have evolved 

strategies aimed at inhibiting SG formation. Unlike some viruses, infection of cells 

with poliovirus (PV) or encephalomyocarditis virus (EMCV) induces acute SGs 

which are resolved by later timepoints (SGs present at 2 hours post-infection but not 

at 4-6 hours) (White et al., 2007, Ng et al., 2013). SG resolution correlates with 

increased viral replication, and the SG driver protein G3BP1 is cleaved by viral 

cysteine proteases (3Cpro protein for PV infection). Expression of cleavage-resistant 

G3BP1 rescues SG presence at later timepoints. The foot-and-mouth disease virus 

leader protease (Lpro) cleaves both G3BP1 and G3BP2, and this is conserved in 

related viruses (Visser et al., 2019). For EMCV, expression of the cleavage-resistant 

mutant also enhances cytokine induction (IL-6, INF-β mRNA) at later timepoints, 

highlighting the importance of SG presence during viral infection (Ng et al., 2013).  

Other viruses, such as the Zika Virus (ZIKV), hinder SG formation by binding and 

sequestering SG component proteins (Hou et al., 2017). Immunoprecipitation 

assays demonstrate ZIKV capsid proteins bind to key SG proteins G3BP1 and 
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Caprin1, while G3BP1 also interacts with ZIKV genomic RNA. Further, siRNA-

mediated knockdown of G3BP1 and Caprin1 decrease ZIKV replication, suggesting 

that these components may be hijacked by the virus. Similarly, Ebola virus (EBOV) 

infection does not induce SGs, and the EBOV protein VP35 blocks ARS-induced 

SGs when transfected into mammalian cells (Le Sage et al., 2017). Transfected 

VP35 has no effect on eIF2a phosphorylation and binds SG components (G3BP1, 

eEF2 and eIF3), suggesting EBOV may inhibit SG formation by sequestering key 

driver proteins. 

In summary, a wide variety of viruses have developed mechanisms to overcome the 

host cell SG response. Promoting the SG response during acute infection may 

prove useful in developing novel antiviral therapies. 

 

1.3.2 Stress granules and cancer 

 
SGs have also been identified as a potential target in cancer research, with both 

tumours and chemotherapeutic agents demonstrated to alter SG formation 

(reviewed in Gao et al., 2019). Tumours with mutations in the KRAS gene, which 

encodes the GTPase K-Ras, have high chemotherapeutic resistance (Wang et al., 

2010). KRAS-mutant cells have increased SG coverage per cell area compared to  

non-KRAS cancer cells following treatment with ARS or chemotherapeutic drugs 

such as oxaliplatin and bortezomib. An increase in SGs is also observed in vivo, in 

pancreatic lesions of a KRAS-mutant mouse model and in human pancreatic 

adenocarcinoma, compared to adjacent normal pancreatic tissue. Blocking the 

formation of SGs in KRAS-mutant cells with emetine (which stalls mRNA on 

polysomes) enhances apoptosis following ARS stress. Treatment with diclofenac 

sodium, a cyclooxygenase (COX) inhibitor, inhibits SG formation and decreases 

KRAS-mutant cell viability in response to oxaliplatin. 

A range of chemotherapeutic drugs have been demonstrated to induce SG 

formation including sorafenib (Adjibade et al., 2015), bortezomib (Fournier et al., 

2010), 5-fluorouracil (Kaehler et al., 2014) and vinca alkaloid drugs (Szaflarski et al., 

2016). The natural product psammaplysin F, which is isolated from a marine 

sponge, has recently been demonstrated to inhibit SG formation and prevent eIF2α 

phosphorylation in mammalian cells (Christen et al., 2019). Co-administration of 

psammaplysin F with chemotherapeutic agents (bortezomib and sorafenib), 

increased the efficacy of these drugs, decreasing the viability of three cancer cell 

lines. 
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SGs appear to be beneficial to tumour cells during chemotherapy, so using 

compounds which inhibit SG formation in conjunction with standard chemotherapy 

drugs may increase therapeutic efficacy. 

 

1.3.3 Stress granules and ALS-FTD mutations 
 

Besides viral infection, the largest body of SG disease research pertains to 

neurological diseases, in particular those associated with ageing, such as ALS. The 

link between SGs and neurodegenerative diseases (NDDs) is logical, as both are 

associated with protein aggregation. This association has led many groups to 

hypothesise that altered phase separation or SG homeostasis could result in the 

build-up of disease inclusions over time. 

A large number of the proteins which are mutated in ALS-FTD have been 

demonstrated to localise to SGs, including both RBPs and non-RBPs, such as  

VCP, DCTN1, PFN1 and TUBA4A (shown in Table 1.5). A handful of the RBPs 

mutated in ALS have been demonstrated to undergo LCD-driven phase separation 

in vitro (hnRNPA1, FUS, TIA1), with further evidence that ALS-causing mutations 

increase their propensity to do so (Molliex et al., 2015, Murakami et al., 2015, 

Mackenzie et al., 2017). Further, ALS-causing mutations have been shown to elicit 

varying effects on SG dynamics, abundance and morphology, as shown in Table 

1.6.  
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Gene Reference 

FUS (Markmiller et al., 2018, Jain et al., 2016)  

TDP-43 (Jain et al., 2016) 

VCP (Jain et al., 2016) 

TIA1 (Markmiller et al., 2018, Jain et al., 2016) 

C9ORF72 (Maharjan et al., 2017) 

ANG (Pizzo et al., 2013) 

ATXN2 (Markmiller et al., 2018, Jain et al., 2016) 

DCTN1 (Jain et al., 2016) 

PFN1 (Jain et al., 2016) 

hnRNPA1 (Jain et al., 2016) 

SFPQ (Jain et al., 2016) 

TUBA4A (Jain et al., 2016) 
Table 1.5 ALS mutant proteins which localise to stress granules. 

 

Gene Reference Effect 

TIA1 (Mackenzie et al., 2017) Delayed SG Disassembly 

TDP-43 (Dewey et al., 2011) Larger SGs 

TDP-43 (Orru et al., 2016) Fewer SGs 

TDP-43 (Gopal et al., 2017) Less dynamic SGs 

FUS (Baron et al., 2013) Delayed SG Assembly 
Larger SGs 
More abundant SGs 
More dynamic SGs 
Faster SG Disassembly 

C9ORF72 (Boeynaems et al., 2017) Less Dynamic 

PFN1 (Figley et al., 2014) Impaired SG assembly 
Delayed SG disassembly 

SOD1 (Gal et al., 2016) Delayed SG assembly 
Table 1.6 The effects of ALS-causing mutations on stress granule dynamics and 
morphology 

 

Stress granules: FUS 

Despite research demonstrating that WT FUS is not included within SGs following 

oxidative stress (Andersson et al., 2008, Sama et al., 2013), studies using more 

sensitive techniques, such as mass spectrometry and proximity labelling have 

confirmed its presence (Jain et al., 2016, Markmiller et al., 2018). This finding is 

unsurprising, as WT FUS can undergo LLPS in vitro, with ALS-causing mutations 

increasing its propensity to do so (Murakami et al., 2015, Patel et al., 2015). Despite 

its localisation, WT FUS has not been demonstrated to have an impact on SG 

dynamics following oxidative stress (Aulas et al., 2012). However WT FUS has been 

shown to play a more important role during osmotic stress. Sorbitol-induced osmotic 

stress results in the redistribution of FUS from the nucleus to the cytoplasm and its 

inclusion within SGs in HeLa cells (Sama et al., 2013), neurons and microglia, but 
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not astrocytes (Hock et al., 2018). Further, an shRNA-mediated reduction in FUS 

levels decreases the survival of NSC-34 cells following sorbitol stress, but not ARS-

induced stress, indicating a pro-survival role for FUS during hyperosmolar stress 

(Sama et al., 2013). 

While WT FUS appears to be present in SGs at low levels, mutations in FUS result 

in a much higher inclusion of the mutant protein (Bosco et al., 2010). This is also the 

case in model systems where the FUS protein is expressed at physiological levels, 

such as patient-derived fibroblasts (Lo Bello et al., 2017) and iPSC-derived MNs 

(Lenzi et al., 2015), as well as knock-in mouse models (Devoy et al., 2017). This 

increase correlates with the amount of cytoplasmic FUS mislocalisation induced by 

the mutation (Dormann et al., 2010). Mutations impairing TNPO1 binding to the FUS 

PY-NLS promote cytoplasmic mislocalisation, but also promote cytoplasmic 

aggregation in a second manner: as well as mediating nuclear import, TNPO1 can 

also act as cytosolic chaperone. By binding WT FUS, but not NLS mutants, TNPO1 

regulates the LLPS dynamics of FUS and its inclusion into SGs (Hofweber et al., 

2018, Guo et al., 2018). 

ALS-causing mutations in FUS have been demonstrated to alter SG dynamics and 

properties. In FUSP525L fibroblasts, FUS was severely mislocalised to the cytoplasm 

and SGs, SGs were more numerous and they persisted for longer after stress 

cessation (Lo Bello et al., 2017). One recent study used background-deflection 

Brillouin microscopy to demonstrate that expression of mutant FUS (FUSP525L) in 

HeLa cells increases both the stiffness and viscosity of SGs (Antonacci et al., 2018); 

these properties may explain the slowed disassembly of the granules. Likewise, 

transgenic zebrafish (Danio rerio) expressing FUSR521C displayed increased SG 

assembly and slower disassembly in cultured neurons when compared with neurons 

from transgenic FUSWT animals (Acosta et al., 2014). However, a conflicting study 

showed that expression of mutant FUS (FUSR495X, FUSH517Q) in HEK293 cells 

slowed SG assembly and resulted in more dynamic SGs, which disassembled faster 

(Baron et al., 2013). 
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Stress granules: TDP-43 

The WT TDP-43 protein has also been demonstrated to localise to SGs following 

osmotic stress by immunostaining (Dewey et al., 2011), as well as by ARS 

treatment by both immunostaining (Colombrita et al., 2009) and mass spectrometry 

(Jain et al., 2016). Other studies however have demonstrated that it does not 

localise to SGs: by immunostaining (Orru et al., 2016) and by proximity labelling 

using G3BP-linked APEX in HEK293T cells (Markmiller et al., 2018). Unlike FUS, 

TDP-43 knockdown has been demonstrated to impact on SG dynamics, causing 

both delayed assembly/coalescence and accelerated disassembly of SGs, through 

alteration of the expression of key SG proteins, such as G3BP1 and TIA1 

(McDonald et al., 2011, Aulas et al., 2012, Khalfallah et al., 2018). 

ALS-mutant TDP-43 has also been demonstrated to impact upon various aspects of 

SG biology, increasing SG size (Dewey et al., 2011) and decreasing SG abundance 

(Orru et al., 2016). In human fibroblasts, the TARDBPA382T mutation has been 

demonstrated to reduce SG formation independently of SG localisation, by 

downregulating the expression of the SG driver protein G3BP1 (Orru et al., 2016).  

TDP-43 has been demonstrated to undergo LLPS in vitro (Molliex et al., 2015) and 

form aggregates in vitro and in yeast, with ALS-causing mutations increasing its 

propensity to aggregate (Johnson et al., 2008). Further, similar mutations have been 

demonstrated to alter the biophysical properties of RNP granules within neurons. 

Axonal TDP-43 granules display liquid-like properties (including fusion and rapid 

FRAP), with mutations disrupting transport and increasing granule viscosity (by 

FRAP experiments) (Gopal et al., 2017). These alterations have implications for SG 

properties. 

 

Stress granules: VCP 

VCP (valosin-containing protein) is an ATPase that regulates a range of intracellular 

pathways by binding to ubiquitylated proteins including autophagy, a process which 

in-part influences SG disassembly (Meyer and Weihl, 2014). Both immunostaining 

and mass spectrometry have demonstrated the localisation of VCP to SGs (Buchan 

et al., 2013, Jain et al., 2016). VCP is thought to be required for normal SG 

dynamics: both siRNA-mediated knockdown and chemical inhibition of VCP activity 

(Eeyarestatin I; DBeQ; ML240) result in defective SG clearance following stress 

cessation (Buchan et al., 2013).  
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Mutations in VCP result in both ALS and FTD (Koppers et al., 2012), and the 

overexpression of FTD-causing VCP mutants (VCPA232E and VCPR155H) in HeLa cells 

induces SG-like granule formation which co-localises with eIF3 and TDP-43 

(Buchan et al., 2013). siRNA-mediated knockdown of VCP, and its autophagy 

cofactors (PLAA and UFD1L), has also been demonstrated to impair SG induction 

by both proteasome inhibition and ARS (Seguin et al., 2014). Pathological mutations 

at the N-terminus of VCP inhibit its SUMOylation, which in WT cells serves to 

promote stress-induced co-factor binding, targeting of VCP to SGs and decrease 

cell vulnerability to stress (Wang et al., 2016b). 

 

Stress granules: SOD1 

Mutations in the SOD1 gene, which encodes superoxide dismutase 1, were the first 

to be identified as causative for ALS (Rosen et al., 1993) and account for 20% of 

familial ALS cases. It is believed that these mutations induce a gain-of-function, 

though the mechanism of toxicity is still not fully understood. Though the inclusions 

formed in SOD1-ALS pathogenesis are not positive for TDP-43 like the majority of 

ALS cases (Mackenzie et al., 2007), both SOD1- and TDP-43-immunoreactive ALS 

have been linked to SGs. 

Unlike the WT SOD1 protein, mutant SOD1 (SOD1A4V, SOD1G85R and SOD1G93A) 

has been demonstrated to bind to the SG driver protein G3BP1 by 

immunoprecipitation in an RNA-independent manner (Gal et al., 2016). Further, 

G3BP1 has been detected in SOD1 pathological inclusions in spinal cord tissue 

from transgenic SOD1G93A mice, as well as in human patient fibroblasts (SOD1L144F). 

A separate study showed that stably-expressed SOD1A4V mutant protein, but not 

SOD1WT, in HeLa cells colocalises with stably-expressed FUS in SGs (Mateju et al., 

2017). In terms of dynamics, expression of mutant SOD1A4V by transfection in N2A 

cells interferes with SG assembly, decreasing the number of SGs following 30 

minutes of ARS or hyperosmolar stress compared to WT; this catches up by 60 

minutes (Gal et al., 2016). 

 

Stress granules: C9ORF72 

Hexanucleotide repeat expansions in a non-coding region of C9ORF72 (G4C2) are 

linked to the highest percentage of ALS cases (7% and 39% of sporadic and familial 

cases respectively) (Majounie et al., 2012). It remains to be determined whether 
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these expansions result in a loss-of-gene function or a gain-of-toxic RNA or protein 

function. These hexanucleotide repeats are both transcribed, and translated by RAN 

translation into dipeptide repeat (DPR) proteins (Balendra and Isaacs, 2018). 

Repeat expansions result in decreased expression of the endogenous C9ORF72 

protein (Waite et al., 2014). This may impact SG dynamics, as C9ORF72 has been 

demonstrated to play a role in the regulation of autophagy, which itself plays a role 

in SG disassembly. Endogenous C9ORF72 protein immunoprecipitates with SG 

proteins and localises to SGs following a range of stressors in both cell lines and 

neurons (Maharjan et al., 2017, Chitiprolu et al., 2018). siRNA-mediated knockdown 

of C9ORF72 dysregulates autophagosome formation, a key step in autophagy, 

(Farg et al., 2014) and decreases SG disassembly (Chitiprolu et al., 2018). A 

separate study showed a drastic inhibition of SG assembly following CRISPR/Cas9-

mediated knockdown of C9ORF72, potentially via a large reduction in TIA-1 and 

HuR (human antigen R) protein levels (Maharjan et al., 2017). 

In terms of gain-of-function, both C9ORF72 RNA and DPR proteins have been 

demonstrated to perturb the SG response. Transfection of (G4C2)n RNA, but not 

(C4G2)n RNA, induces the formation of G3BP1-positive granules (also positive for 

eIFs and poly(A)-mRNA) in a repeat-length-dependent manner; in addition, it 

promotes in vitro phase separation (Fay et al., 2017). Arginine-rich DPRs (PR and 

GR; proline-arginine and glycine-arginine) can also undergo in vitro phase 

separation, and overexpression of (PR)100 (100 proline-arginine dipeptide repeats) in 

human cell lines induces DPR/G3BP-positive puncta, which are dependent upon 

G3BP expression and eIF2α phosphorylation for formation (Boeynaems et al., 

2017). PR100-containing SGs are less dynamic than ARS-induced SGs, displaying a 

slower FRAP recovery time. Granules induced by overexpression of (GR)50/(PR)50 

are also poorly dynamic (Lee et al., 2016). 
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Stress granules: TIA1 

TIA-1 is one of the key SG driver proteins that, if knocked out inhibits SG formation 

and if overexpressed, induces SG formation (Gilks et al., 2004). One of the most 

compelling pieces of evidence for the link between SGs and ALS pathogenesis is 

the observation of ALS-causing mutations in the TIA1 gene (Mackenzie et al., 

2017); other groups have however suggested that there is insufficient evidence to 

support this causality (van der Spek et al., 2018). In vitro, these mutations 

(TIA1P362L, TIA1A381T, and TIA1E384K) result in an increased propensity of TIA-1 to 

undergo LLPS, and when transfected into HeLa cells, these mutant proteins 

drastically impair SG disassembly compared to TIA1WT expression; 3-7 fold increase 

in the number of cells displaying SGs after 2 hours for all mutations. 

 

Stress granules: ATXN2 

Ataxin-2 is an RBP which contains a poly-glutamine (polyQ; CAGn) region, 

expansions in which have been demonstrated to cause the neurodegenerative 

disease spinocerebellar ataxia type 2 (SCA2; >34 repeat expansions) (Imbert et al., 

1996). Intermediate length expansions (23-34 repeats) have also been identified as 

a risk factor for ALS (Elden et al., 2010). 

Ataxin-2 has been demonstrated to bind directly to PABP, an often used SG marker, 

and localises to SGs under stress conditions (Ralser et al., 2005, Nihei et al., 2012). 

In addition, it co-localises with FUS in both granules induced by mutant FUS 

(FUSR521C, FUSR521H) transfection and in patient spinal cord inclusions (both 

sporadic and familial cases) (Farg et al., 2013). Ataxin-2 levels also appear to 

regulate SG formation, as siRNA-mediated knockdown drastically reduces the 

number of SGs per cell (Nonhoff et al., 2007). 

 

Stress granules: PFN1 

Mutations in PFN1, which encodes the profilin 1 protein, have been demonstrated 

as a cause of familial ALS (Wu et al., 2012). Profilin 1 interacts with the ataxin-2 

protein and localises to SGs, but siRNA-mediated knockdown does not alter SG 

assembly or disassembly kinetics in U2OS cells (Figley et al., 2014). In the same 

cell-type however, transfection of ALS-mutant PFN1 protein does alter SG dynamics 

compared to WT, indicating a potential gain-of-function mechanism. It is worth 
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noting that transfection of WT PFN1 induces SG formation in 19% of cells in the 

absence of stress and transfection of all mutant and WT proteins delayed SG 

disassembly (in particular PFNE117G). Further, PFN1C71G, PFN1M114T, and PFN1T109M 

impaired assembly of PFN1 transfection granules and were less enriched in 

arsenite-induced SGs. 

 

Stress granules: hnRNPA1 

Mutations in the gene encoding the RBP hnRNPA1 (Heterogeneous nuclear 

ribonucleoprotein A1) have been observed in rare cases of ALS (Kim et al., 2013, 

Naruse et al., 2018). hnRNPA1 undergoes both in vitro LCD-mediated LLPS 

(Molliex et al., 2015) and RNA-dependent localisation to SGs (Guil et al., 2006), with 

disease-causing mutations increasing the propensity of hnRNPA1 to localise to SGs 

(Kim et al., 2013). Further, hnRNPA1 plays a cytoprotective role during stress, as its 

RNAi-mediated knockdown decreases cell viability during osmotic stress (Guil et al., 

2006). 

 

Stress granules: ANG 

Mutations in ANG can also result in ALS (Wu et al., 2007); ANG encodes the ANG 

(angiogenin) protein, which is also related to RNA metabolism. Angiogenin localises 

to SGs (Pizzo et al., 2013) and contributes to an eIF2a-independent mechanism of 

SG assembly. In this mechanism, ANG serves to cleave tRNAs into tiRNAs (tRNA-

derived stress-induced RNAs), a subset of which can displace eIF4F from capped 

mRNA, inhibiting the initiation of translation, and resulting in SG formation (Emara et 

al., 2010, Ivanov et al., 2011, Ivanov et al., 2014). 

1.3.4 Stress granules and ALS-FTD inclusions 

 

While the assembly of SGs is transient, with RBP accumulations only present during 

the period of stress, the aggregates associated with NDDs, such as ALS, are more 

permanent. The processes which may convert SG dysregulation into inclusions 

likely occur over a chronic time frame. Evidence exists that stresses, including 

oxidative and ER stresses, increase with human ageing (Martinez et al., 2017, 

Romano et al., 2010). Importantly, both of these stresses can activate the SG 

response, leading to an increased interaction of LCD-containing proteins. In vitro 

experiments have demonstrated that repeated cycles of LLPS can result in the 
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formation of insoluble fibrils within LLPS structures; a process which is exacerbated 

by, but not necessarily caused by, ALS mutations (Molliex et al., 2015, Murakami et 

al., 2015). An increase in cellular stress and hence LLPS-driven interactions with 

ageing provides a potential mechanism by which both sporadic and familial ALS 

may occur.  

The link between SGs and ALS inclusions was initially highlighted by the 

observation that they have an overlapping protein composition, enriched for RBPs. 

ALS-FTD aggregates in both patient spinal cord and brain tissue have been shown 

to co-localise with SG markers, for both TDP-43 (TIA-1, eIF3, PABP-1) (Liu-

Yesucevitz et al., 2010, Bentmann et al., 2012, McGurk et al., 2014) and FUS 

(PABP‐1 and eIF4G) (Dormann et al., 2010) inclusions; though other studies have 

not replicated this (Colombrita et al., 2009). This is not just the case for ALS 

however, as SG proteins have also been demonstrated to localise to inclusions in 

the brain tissue of Alzheimer’s disease patients and in the brain tissue of a P301L-

tau transgenic mouse model (TIA-1) (Vanderweyde et al., 2012).   

The observed co-localisation of SG components with ALS inclusions has resulted in 

the hypothesis that SGs may either seed inclusions, or act as precursors to them. 

The latter suggests a failure of SG disassembly or clearance as cells age, with a 

progressive build-up of insoluble SGs. This is a possibility as autophagy, which has 

been demonstrated to remove a subset of SGs (discussed in section 1.2.1.5), is 

regulated by a number of ALS-related proteins, including VCP and C9ORF72 (as 

discussed in section 1.3.3); the knockdown of VCP, in particular, phenocopies the 

inhibition of autophagy (Buchan et al., 2013). 

The alternative, that SGs could serve as pro-aggregative platforms for the 

generation of inclusions, is also supported. In vitro studies have demonstrated that 

insoluble fibrils can form within RBP (hnRNPA1, FUS, TIA1) phase separations, and 

ALS-causing mutations can increase their propensity to do so (Molliex et al., 2015, 

Murakami et al., 2015, Mackenzie et al., 2017). In addition, ALS mutations can 

promote the irreversibility of phase separations, along with a decreased detergent-

solubility, indicating the formation of more-condensed fibrils; this was also observed 

by electron microscopy (Murakami et al., 2015). Critically, these phase separations 

can trap other RBPs, such as SMN and STAU-1. Mutations which impair the 

mobility of TIA1 in vitro result in a similar prolongation of SG disassembly in HeLa 

cells. These granules recruit TDP-43, decreasing its mobility (by FRAP) and 

reducing its detergent solubility (Mackenzie et al., 2017). 
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In the past decade, the concept that SGs could mature to promote the formation of 

insoluble aggregates has been demonstrated in a number of cell models. One 

study, using paraquat as a chronic (24 hour) oxidative stressor in HeLa cells, 

showed that insoluble, ubiquitin-positive TDP-43 aggregates persisted 6 hours after 

the cessation of stress; while SGs were disassembled by CHX, these TDP-43-

granules were not (Parker et al., 2012). 

Another study demonstrated that mutant SOD1 protein (SOD1A4V) accumulates over 

time; it is not visible after 10-30 minutes of heat stress but increases over time, 

plateauing after 2 hours (Mateju et al., 2017). Simultaneously, SG levels of G3BP 

and FUS decrease over time. FRAP experiments demonstrate that the mobility of 

SOD1 (but not FUS or G3BP) is decreased after 2 hours of heat stress. Structured 

illumination microscopy also highlights that SOD1 accumulations within SGs form 

distinct domains, towards the periphery of the SG. 

One method has been recently developed to overcome the off-target effects of cell 

stressors, instead inducing the formation of chronic SG-like granules using 

optogenetic techniques (Zhang et al., 2019a). To do this, the G3BP1 SG driver 

protein was fused to a blue light-dependent dimerization domain (Cry2-like domain), 

transfected into U2OS cells or iPSC-derived MNs, and exposed to (continuous or 

intermittent) blue light over a period of 5 hours. The use of this technique 

demonstrated a time-dependent conversion of SG-like granules, which co-localise 

with ubiquitin and TDP-43, into ALS-like inclusions, which become progressively 

more immunoreactive for phosphorylated-TDP-43, as well as p62. It is worth noting 

however that chronic blue light exposure also induced cytotoxicity. This data 

strongly supports the idea that mobile RNP granules could evolve into the immobile 

inclusions observed in disease. 

Some recent evidence has however emerged suggesting that TDP-43 inclusions 

may form independently of SGs. The first study developed a light-inducible model of 

TDP-43 aggregation, by fusing a Cry2-like domain to the N-terminus of the TDP-43 

protein (Mann et al., 2019). These light-inducible aggregates showed minimal 

recovery after photobleaching, detergent-insolubility and the recruitment of non 

Cry2-TDP-43, ubiquitin and p62. In this set-up, RNA-binding was shown to 

antagonise phase separation, as presence of the TDP-43 RNA-recognition motifs 

(RRMs) prevented the light inducible-LLPS of the LCD of TDP-43; the RRM of FUS 

also prevented this. In addition, expression of a cytoplasmic TDP-43 variant, 

followed by either ARS or heat stress resulted in two types of granule: those that co-
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localise or do not with SG markers (G3BP1/eIF4G). The SG-negative TDP-43 

granules were larger and lacked RNA, while SG-positive granules co-localised with 

RNA. Further, removal of the TDP-43 RRMs abolished all SG co-localisation. While 

SG-positive TDP-43 granules were dynamic, SG-negative inclusions were static, 

hyperphosphorylated and p62-positive. This paper suggests that acute SGs and 

inclusions may form in parallel, rather than inclusions evolving from SGs. 

A second study demonstrated that ARS treatment in U2OS cells expressing  

cytoplasmic (∆NLS) TDP-43 induced SGs after 20 minutes with some TDP-43 

immunoreactivity, which increased until 40 minutes (Gasset-Rosa et al., 2019). By 

50 minutes however, TDP-43 also starts to develop into rounded SG-component-

negative accumulations and by 90 minutes, the majority of cytoplasmic TDP-43 

localises to these; though SGs are still present at this time-point, TDP-43 within SGs 

re-localises to these accumulations. Importantly, application of CHX prior to ARS 

treatment prevents SG formation but not formation of the TDP-43 accumulations, 

which still form over the same timescale. Further, these accumulations can form at 

concentrations of ARS which do not induce SGs (this is replicated in McGurk et al., 

2018). This demonstrates that TDP-43 accumulations can form without SG 

formation and that they do not require polysome disassembly to assemble.  

Neither of the above papers demonstrate the formation of accumulations 

independent of exogenous stress, albeit independent of SGs. Regardless, there 

remains the possibility that the processes which influence the formation of both 

types of accumulation overlap and SGs may regardless influence aggregate 

formation. Both papers suggest that RNA inhibits, or is dispensable for, aggregate 

formation. This is in agreement with a study showing that RNA plays a key role in 

the regulation of phase separation: for example, in the nucleus, a reduction in RNA 

levels promotes excessive phase separation and the formation of more solid-like 

structures (Maharana et al., 2018). 

Regardless of whether altered SG homeostasis results in the formation of ALS 

inclusions, the study of SGs and other phase separated organelles may be key to 

understanding ALS pathogenesis. Further, there is no concrete evidence that the 

inclusions formed during disease are the cause of neurodegeneration. Alternatively, 

both neuron death and inclusion formation may result in parallel from the same 

disease-induced perturbations to LLPS pathways. One piece of evidence that 

inclusions are not necessary for neurodegeneration is from knock-in mouse models, 

For example, the FUSDelta14 mouse model displays motor-neurodegeneration in 
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the absence of FUS/p62/ubiquitin-positive pathological inclusions (Devoy et al., 

2017).  
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1.4 Project aims 
 

The above literature review highlights a physiological role for phase separation 

within cells, and demonstrates methods by which alterations to it can contribute to 

disease pathogenesis. Despite a rich literature investigating SGs in relation to ALS-

FTD, comparatively little has been done to investigate this in disease-relevant cell 

types, including neurons. Another caveat of SG-ALS research is that mutant 

proteins are often overexpressed, even though this can result in confounding effects 

when studying phase separation. 

Neurons differ from the majority of cell-types in that a part of their volume, the axon, 

can project over very long distances, up to >1 metre for some sensory and motor 

neurons. The axon therefore represents a large surface area of each neuron, but 

little has been done to examine the responses of axons to external stressors (with 

the exception of mechanical injury): particularly in relation to how the axon 

communicates stress to the soma. 

 

Hence, in this thesis I aimed to: 

Chapter 3: Investigate the SG response in multiple primary neurons types, to 

multiple different stressors. 

Chapter 4: Use primary neurons to determine whether axonally-applied stressors 

could induce SGs in the soma. 

Chapter 5: Investigate the effect of a C-terminal FUS-ALS mutation on the 

localisation of FUS to SGs in both motor and sensory neurons using a ‘knock-in’ 

mouse model: FUSDelta14. 

Chapter 6: Develop a method of isolating neuronal somas whose axons had been 

exposed to stimuli using retrograde labelling and fluorescence-activated cell sorting. 

 

This research aimed to increase our understanding of how neuronal cells respond to 

exogeneous stressors, and further, how ALS-mutations can alter these responses to 

cause disease. More generally, I aimed to increase our understanding of the basic 

pathomechanisms affecting the SG response, which may in future prove useful in 

discovering novel therapies for ALS and similar diseases.   
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2 Materials and methods 
 

2.1 Animal Procedures 
 

Wild-type (WT) and genetically-modified mice were housed in humidity- and 

temperature-controlled conditions, with 12-hour light-dark cycles. Experiments and 

procedures were performed according to the Animals (Scientific Procedures) Act 

1986, following ethical approval from UCL Institute of Neurology and under License 

from the UK Home Office.  

Wild-type (WT) C57BL6/J mice were cross-bred with SJL-Elite mice to increase the 

number of embryos per litter. FUSDelta14 mice were maintained on a C57BL6/J 

background and management of mouse colonies and genotyping was performed by 

Christian Bodo, Nicol Birsa, Cheryl Maduro and myself.  

 

2.1.1 FUSDelta14 genotyping 
 

To determine whether mice or embryos were negative (WT), heterozygous (HET) or 

homozygous (HOM) for the FUSDelta14 mutation, DNA was first extracted from 

mouse ear biopsies or embryo tail clippings. Tissue was lysed by adding 25 mM 

NaOH with 0.2 mM EDTA (ethylenediaminetetraacetic acid) and was then incubated 

at 95°C for 30 minutes using a dry heating block. This was neutralised by the 

addition of 40 mM Tris-HCl (pH5.5) and subsequently centrifuged at 13,000 x g for 5 

minutes. 

PCR (polymerase chain reaction) was performed using 7.5 µl GoTaq Green Master 

Mix (Promega; M7121), 4.5 µl water, 1 µl of sample DNA and 1 µl of each primer 

(forward and reverse; 10 pM) for each sample. The following PCR settings were 

used: 95°C for 3 minutes; 95°C for 30 seconds, 62°C for 30 seconds and 72°C for 

15 seconds, with 35 cycles; 4°C hold. Using Fus-specific primers (forward: 

GGTTGGGAGAATGGAGCTGA and reverse: GATTAGGAGGTGGGCTAGGG; 

obtained from Thermo Fisher Scientific), a 126 bp (base pair) or 160 bp PCR 

product was detected for the WT or FUSDelta14 mutant gene respectively. For each 

PCR performed, positive, negative and water controls were run in parallel.  

PCR samples were then electrophoresed on a 2% agarose gel (with 1X Gel Red; 

Biotium; 41003) for 75 minutes at 120 V in 1X TBE buffer (Tris-Borate-
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ethylenediaminetetraacetic acid; composed of 90 mM Tris-HCl, 90 mM boric acid 

and 2 mM EDTA, pH 8.0). Gels were then imaged using the ChemiDoc Touch 

Imaging System (Bio-Rad; 732BR1025). Tissue was determined to be WT or HOM 

by the presence of a single 126 bp or 160 bp band respectively, or HET if both 

bands were detected. 

 

2.2 Materials 
 

2.2.1 Chemicals 
 

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. 

Phosphate buffered saline (PBS) tablets (100X) were purchased from Oxiod, UK 

and diluted in milliQ water. Other chemicals are shown in Table 2.1. Drugs were 

either dissolved in water or DMSO depending on solubility; for drugs dissolved in 

DMSO, the equivalent volume of DMSO was present in the control treatment.  

 

Compound Provider Use 

Cholera toxin 
subunit B 
(Recombinant), 
Alexa Fluor™ 488, 
555 or 647 
Conjugate 

Invitrogen (C34775) 
Invitrogen (C34776) 
Invitrogen (C34778) 

Retrograde tracer 

Sodium 
(meta)arsenite ≥90% 

Sigma-Aldrich (S7400) Stress granule inducer 

Thapsigargin Calbiochem (67526-95-8) Endoplasmic stress inducer 

DAPI Sigma-Aldrich (D8417) Nucleus stain 

Phalloidin-488 Invitrogen (A12379) F-actin stain (1:200) 

Cycloheximide Sigma Aldrich (C34859) Protein synthesis inhibitor 

EHNA, 
hydrochloride 

Calbiochem (51350-19-7) Dynein ATPase inhibitor 

Puromycin Sigma Aldrich (P9620) Protein synthesis inhibitor 

Guanabenz Sigma Aldrich (G110) GADD34 phosphatase inhibitor 

BAPTA-AM Calbiochem (126150-97-8) Cell-permeant Ca2+ chelator 

KB-R7943 mesylate Tocris (1244) Mitochondrial Na+/Ca2+ exchanger 
inhibitor 

Diclofenac sodium  Sigma-Aldrich (D6899) COX inhibitor 

tert-Butyl peroxide Sigma-Aldrich (168521) Inducer of oxidative stress 
Table 2.1 Chemicals used in this thesis, their provider and the intended use 
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2.2.2 Antibodies 
 

The antibodies used for immunostaining experiments in this thesis are shown in 

Table 2.2. 

 

Antigen Host Provider Dilution 

FUS-565 (N-terminal) Rabbit Novus Biologicals; NB100-
565 

1:300 

FUS-562 (C-terminal) Rabbit Novus Biologicals; NB100-
562 

1:300 

FUS-D14 Goat (Devoy et al., 2017) 1:300 

βIII tubulin Rabbit Sigma-Aldrich; T2200 1:1000 

βIII tubulin Mouse BioLegend; 801202 1:1000 

βIII tubulin Chicken Synaptic Systems; 302-306s 1:500 

G3BP Mouse BD Biosciences; 611127 1:200 

TIAR Goat Santa Cruz; sc-1749 1:200 

FMRP Rabbit Abcam; ab17722 1:200 

Secondary antibodies 
(various) 

Donkey Invitrogen 1:1000 

Table 2.2 All antibodies used in this thesis, their source and dilution for 
immunofluorescence. 

 

2.2.3 Primary dorsal root ganglia/motor neuron medium 
 

Medium for the culture of mouse primary embryonic dorsal root ganglion (DRG) 

neurons was made weekly, using the components shown in Table 2.3; for primary 

embryonic motor neurons, this was made without nerve growth factor (NGF). 

 

Component Concentration Provider 

Neurobasal Medium 1x Gibco; 21103049 

B27 Supplement 2% Gibco; 17504044 

Heat-inactivated horse serum 2% Gibco; 26050088 

Glutamax 1x Gibco; 35050061 

Β-mercaptoethanol 24.8 μM Gibco; 31350-010 

Penicillin/Streptomycin 1% Gibco; 15140122 

CNTF (ciliary neurotrophic factor) 10 ng/ml Peprotech; 450-50 

BDNF (brain-derived neurotrophic factor) 1 ng/ml Peprotech; 450-02 

GDNF (glial cell line-derived neurotrophic 
factor) 

0.1 ng/ml Peprotech; 450-44 

NGF (nerve growth factor) [only for DRG 
neurons] 

50 ng/ml Peprotech; 450-34 

Table 2.3 All components of primary dorsal root ganglion neuron (DRGN) medium and 
primary motor neuron (MN) medium, their source and final concentration. Note: NGF is not 
included in the MN medium. 
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2.2.4 Primary cortical neuron medium 
 

Medium for the culture of mouse primary embryonic cortical neurons was made 

weekly, using the components shown in Table 2.4. 

 

Component Concentration Provider 

Neurobasal Medium 1x Gibco; 21103049 

B27 Supplement 2% Gibco; 17504044 

Glutamax 1x Gibco; 35050061 

Glucose 0.6% VWR; 27480 

Sodium Chloride 37 mM Sigma-Aldrich; 13423 

Penicillin/Streptomycin 1% Gibco; 15140122 
Table 2.4 All components of primary cortical neuron (CN) medium, their source and final 
concentration. 

2.2.5 Primary mouse embryonic fibroblast medium 
 

Medium for the culture of primary mouse embryonic fibroblasts was made weekly, 

using the components shown in Table 2.5. 

 

Component Concentration Provider 

Dulbecco’s modified 
eagle medium (DMEM) 

1x Gibco; 41966 

Foetal bovine serum 
(FBS) 

10% Hyclone; SV30160.03 

Penicillin/Streptomycin 1% Gibco; 15140122 

Table 2.5 All components of primary mouse embryonic fibroblast (MEF) medium, their 
source and final concentration. 

 

2.3 Fabrication of Microfluidic Chambers 
 

Microfluidic chambers (MFCs) were assembled in-house (based on designs from 

Park et al., 2006). A 10:1 ratio of polydimethylsiloxane (PDMS): curing agent (Dow 

Corning; VWR: 634165S) was mixed vigorously, de-bubbled under vacuum for 45 

minutes, poured into epoxy resin masters and baked at 67°C for 1 hour. PDMS 

inserts were then removed from the masters using tweezers, cut-to-shape with a 

28mm punch and 4 wells were cut with a 5mm punch. Inserts were then cleaned 

with tape, sterilised and fixed to 50mm glass-bottomed dishes (Willco Wells; HBST-

5040) using a plasma cleaner (Diener plasma-surface-technology). MFCs were 

filled with 0.8% BSA (in phosphate-buffered saline; PBS) overnight at 37°C prior to 

coating.  
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Bipartite MFC design consists of two parallel compartments, designated as somal 

and axonal (length 20 mm, width 1 mm, height 150 µm), connected by an array of 

microgrooves (length 800 or 500 µm, width 10 µm, height 3-4 µm) (Figure 2.1A). 

Tripartite MFC design consists of three parallel compartments, connected by an 

array of microgrooves (length 500 µm, width 10 µm, height 3-4 µm). The central 

compartment is designated as the somal compartment (length 20 mm, width 1 mm, 

height 150 µm), with the flanking compartments designated as axonal 

compartments (length 20 mm, width 1 mm, height 150 µm) (Figure 2.1B). 

 

 

Figure 2.1 Bipartite and tripartite microfluidic chambers 

A: Bipartite MFC design consists of two parallel compartments, designated as somal and 
axonal (length 20mm, width 1mm, height 150µm), connected by an array of microgrooves 
(length 500/800µm, width 10µm, height 3-4µm). B: Tripartite MFC design consists of three 
parallel compartments, connected by an array of microgrooves (length 500µm, width 10µm, 
height 3-4µm). The central compartment is designated as the somal compartment (length 
20mm, width 1mm, height 150µm), with the flanking compartments designated as axonal 
compartments (length 20mm, width 1mm, height 150µm). For both designs, neurons are 
plated into the somal compartment, and project their axons into the/both axonal 
compartment(s), prior to use on DIV5-7 for experiments. 

 

2.4 Primary embryonic neuron dissection, culture & plating 
 

All cell culture experiments were performed in a Class II hood, with cells maintained 

in a 37˚C incubator (5% CO2). 

Primary neurons were either plated on 13 mm glass coverslips or into MFCs. Both 

were coated before use with 3 µg/ml poly-L-ornithine (Sigma; P4538) in water for 4 

hours, followed by 0.33μg/ml laminin (Sigma-Aldrich; L2020) in Neurobasal medium 

(ThermoFisher Scientific; 21103049) overnight.  
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For MFCs, cells were resuspended in 5 µl neuron culture medium per chamber and 

pipetted directly into the channel of the somal compartment. 10 µl neuron culture 

medium was added to the axonal compartment. Cells were left to settle for 2 hours, 

following which 150 µl and 100 µl medium were added to the somal and axonal 

compartments respectively. This volume difference creates a small hydrostatic 

pressure difference which maintains fluidic isolation throughout culture. 
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2.4.1 Primary dorsal root ganglion dissection & culture  
 

Primary embryonic dorsal root ganglion neurons (DRGNs) were isolated between 

embryonic day 12.5 (E12.5) and E14.5. Pregnant females were killed in accordance 

with Animals (Scientific Procedures) Act 1986 by intraperitoneal injection of a lethal 

overdose of Euthatal (Merial Animal Health Ltd), followed by confirmation by 

cervical dislocation. 

A pair of straight-end forceps were used to remove the head and tail of the embryo. 

The embryo was then pinned down and the skin of the back was removed to expose 

the spinal column. Upon removal of the spinal column, DRGs were exposed and 

harvested. 20-30 ganglia per embryo were collected in an Eppendorf tube 

containing 1ml of HBSS (Hanks’ balanced salt solution; Gibco; 24020117). DRGs 

from embryos of the same genotype were pooled prior to dissociation. 

Ganglia were pelleted by centrifugation, HBSS removed and subsequently digested 

in 20 units/ml papain (Sigma; P4762) for 10 minutes at 37˚C, followed by digestion 

with a solution of 1% collagenase IV (Gibco; 17101015) with 1.5 units/ml dispase II 

(Invitrogen; 17105041) for 40 minutes at 37˚C. After digestion, cells were pelleted, 

the supernatant was discarded and the pellet was resuspended in 300 µl of DRG 

medium. Cells were then triturated with a series of fire-polished glass Pasteur 

pipettes with decreasing bore size. This was followed by a final centrifugation, 

removal of the supernatant and resuspension in a small volume of DRG medium. 

 

2.4.2 Primary motor neuron culture 
 

Primary ventral horn cultures were generously donated by Ione Meyer and Nicol 

Birsa for SG experiments. In brief, the spinal cord was dissected from E12.5-E14.5 

embryos, the meninges removed, and the ventral cord roughly chopped and 

digested for 10 minutes with 0.025% Trypsin at 37°C. Following this, ventral cords 

were triturated in DNase (0.1mg/ml, then 0.02mg/ml) and then centrifuged with a 

4% BSA cushion at 1,500 rpm for 5 minutes. Cells were then resuspended in MN 

medium and plated onto 13 mm glass coverslips. 
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2.4.3 Primary cortical neuron culture 
 

Cortices from E12.5-E14.5 mouse embryos were dissected and collected in 

Hibernate E medium (Gibco; A1247601). Cortices were subsequently washed three 

times with warm HBSS and then incubated in a warm 1:1 mix of HBSS and 

accutase (Gibco; A1110501) at 37°C for 10 minutes. Cortices were then washed 

three times with cortical neuron (CN) medium and subsequently triturated in a small 

volume of CN medium using a series of fire-polished glass Pasteur pipettes with 

decreasing bore size. Suspended neurons were then diluted and plated at the 

desired concentration. 

 

2.5 Primary mouse embryonic fibroblast culture 
 

The head, spinal cord and red organs were removed from E12.5-E14.5 mouse 

embryos. The remaining parts were suspended in 1 ml of HBSS with 0.25% trypsin-

EDTA (Gibco; 25200056) and finely minced with a scalpel. This was subsequently 

triturated with a 28 g needle, transferred to an Eppendorf tube and incubated at 

37°C for 15 minutes with intermittent shaking. Trypsin was inactivated by 

resuspension by the addition of 9 ml of MEF medium, followed by centrifugation at 

200 x g for 5 minutes. The supernatant was removed and the pellet was 

resuspended in 1ml of MEF medium. This was transferred to one well of a 6-well 

plate, containing a further 1ml medium, and allowed to grow overnight. These cells 

were split the next day by a ratio of 1:3. MEFs were plated for experiments from 

passage 2-5. Cells were routinely passaged by washing once with PBS, addition of 

trypsin for 2-5 minutes at 37°C and inactivation with 2 ml MEF medium followed by 

centrifugation. These cells were then split at a ratio of 1:2-5 depending on growth 

and plated onto 13 mm coverslips or into MFCs for experiments. 

 

2.6 Immunocytochemistry & Microscopy 
 

Cells were fixed in 4% paraformaldehyde (PFA) with 4% sucrose in PBS for 15 

minutes at room temperature (RT). Coverslips were washed three times with PBS, 

permeabilised for 10 min using a solution of 0.5% BSA, 10% heat-inactivated horse 

serum (HS), 0.2% Triton-X in PBS and then blocked for 30 min (same solution as 

permeabilization without Triton-X) at RT. Both primary and secondary antibodies 

were diluted in the blocking solution. Cells were incubated with primary antibody for 
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1 hour at RT, washed three times and then incubated with fluorophore-conjugated 

secondary antibodies for 1 hour at RT. Cells were washed three times and then 

incubated for 10 minutes with 1:1000 DAPI, followed by three more washes and 

mounting onto slides using Mowiol (Sigma; 81381). Coverslips were imaged using 

an inverted Zeiss LSM 510 confocal microscope (all images acquired with 63x, 1.4 

NA DIC Plan-Apochromat oil immersion objectives). Images were analysed using 

ImageJ as stated in Chapter 5.2. 

 

2.7 Stress granule induction in primary neuron cultures on coverslips  
 

To induce SGs in DIV (days in vitro) 5-6 neuronal cultures on coverslips, 100 μl of 

5X sodium arsenite (ARS) (Sigma-Aldrich; S7400) in neuronal culture medium was 

added to 400 μl of medium in the well, resulting in a final 1X ARS concentration. 

ARS was applied for the desired time (indicated in Chapters 3.2 & 5.2) in a 37°C 

incubator, removed and subsequently cells were fixed. To determine the presence 

or absence of SGs, antibodies against key SG proteins were used, such as G3BP, 

TIAR and FMRP; either alone or in combination depending on the other antibodies 

required for the experiment. 

 

2.8 Stress granule induction in primary neuron cultures in microfluidic 

chambers 
 

To induce SGs in DIV5-7 neuronal cultures in an MFC, all medium was aspirated 

from the compartment being stressed, followed by addition of a 1X ARS solution in 

neuronal culture medium. This was applied for the desired time (indicated in 

Chapter 4.2 & 6.2) in a 37°C incubator, aspirated and then cells were fixed.  

To stain selectively for cells which projected into the axonal compartment of MFCs, 

the axonal compartment was incubated with 0.15 mg/ml of cholera toxin subunit B 

conjugated to a 488 fluorophore (CTxB-488; ThermoFisher Scientific; C34775) in 

medium for 3 hours prior to addition of ARS. CTxB is taken up by neuronal axons 

and retrogradely transported to the cell soma (Lanciego and Wouterlood, 2011).  

Fluidic isolation was maintained by having 100 μl more medium in the somatic 

compartment than the axonal compartment during ARS or CTxB-488 incubation. 
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2.9 Fluorescence-activated cell sorting 
 

Fluorescence-activated cell sorting (FACS) was performed by The Flow Cytometry 

Translational Technology Platform at the UCL Cancer Institute, specifically by Barry 

Wilbourn and George Morrow, using a BD FACSAria Fusion (BD Biosciences; San 

Jose, CA). Specific FACS procedures will be discussed in detail in Chapter 6.2.  

 

2.10 RNA extraction and quantification 
 

For the experiment in Chapter 6.2.3, RNA was extracted from FACS-sorted 

neuronal cell bodies. Somas were sorted directly using the BD FACSAria Fusion 

cell sorter into 200 µl of lysis Buffer RLT (Qiagen; 79216) in Eppendorf tubes and 

placed on ice for transportation. RNA was then extracted from these cells using the 

Qiagen RNeasy micro kit (Qiagen; 74004), eluting in 14 µl RNase-free water. 

The RNA collected was then analysed using the Agilent 4200 TapeStation System 

(Agilent, Santa Clara, CA; G2991A) with High Sensitivity RNA ScreenTape (Agilent; 

5067). This system performs automated electrophoresis of the RNA input and is 

able to determine RNA concentrations as low as 100 pg/µl. In addition it determines 

the level of RNA degradation by calculating a RINe (RNA integrity number 

equivalent) score for each sample; obtained by comparing the 18S rRNA (ribosomal 

RNA) peak in relation to the background signal. 
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2.11 Statistical Testing 
 

Significance was defined as p<0.05 for statistical tests. Statistical differences 

between groups are indicated on graphs as so: * p≤ 0.05, ** p≤0.01; *** P ≤ 0.001. 

 

Figure Independent 
Variable 

Dependent 
Variable 

Test Post-Hoc 

Axonal Stress 
Dose Response 

(Figure 4.1 & 4.4B) 

1 categorical 
variable, with 
5 groups 

1 continuous 
variable 

One-way 
ANOVA 

Tukey 

Axonal Stress 
& CTxB 

(Figure 4.1D & 4.4D) 

1 categorical 
variable, with 
2 groups 

1 nominal 
variable, with 
3 groups 

Pearson X2 N/A 

MEFs in MFCs 
& ARS 

(Figure 4.2B) 

1 categorical 
variable, with 
3 groups 

1 continuous 
variable 

One-way 
ANOVA 

Tukey 

Axonal Stress & Whole-
cell/Axonal CHX 
(Figure 4.3 & 4.7) 

1 categorical 
variable, with 
2 groups 

1 continuous 
variable 

Independent 
samples t-
test 

N/A 

Axonal Stress 
Time Course  

SGMAX and SG50 

(Figure 4.5) 

1 categorical 
variable, with 
2 groups 

1 continuous 
variable 

Independent 
samples t-
test 

N/A 

Axonal Stress & Axonal 
EHNA 

(Figure 4.6) 

1 categorical 
variable, with 
3 groups 

1 continuous 
variable 

One-way 
ANOVA 

Tukey 

FUS  
Stress Granule 

Localisation 
(Figure 5.1, 5.3, 5.4 & 5.5) 

1 categorical 
variable, with 
3 groups 

1 continuous 
variable 

One-way 
ANOVA 

Tukey 

FUS Nuclear/Cytoplasmic 
Localisation 
(Figure 5.2) 

1 categorical 
variable, with 
3 groups 

2 continuous 
variables 

One-way 
MANOVA 

One-way 
ANOVA & 
Tukey 

Table 2.6 Variables and statistical tests investigated in this report 
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3 The stress response of primary cells to chemical 

stressors 
 

3.1 Specific Aims 
 

The methods used to create the existing body of stress granule (SG) research have 

been heterogeneous, with a wide-variety of stressors demonstrated to induce SGs 

in a range of different cell-types. Certain paradigms are overrepresented, with 

sodium arsenite (ARS) the most commonly used stressor, along with other soluble 

compounds such as endoplasmic reticulum (ER) stressors (e.g. thapsigargin) 

(Kimball et al., 2003), proteasome inhibitors (e.g. MG132) (Mazroui et al., 2007) and 

mitochondrial stressors (CCCP) (Kwon et al., 2007). Physical cell stressors have 

also been demonstrated to induce SGs, including heat shock (Kedersha et al., 

1999), cold shock (Hofmann et al., 2012), UV radiation (Kwon et al., 2007) and 

osmotic stress (e.g. by NaCl and sorbitol) (Kedersha et al., 2016). In addition, 

starving cells of key components (e.g. glucose, glutamine, pyruvate and serum) 

induces SG formation (Reineke et al., 2018). 

Growing evidence has demonstrated that it is wrong to assume SGs induced by 

different stimuli have the same composition and function. It has been shown, for 

example, that wild-type (WT) FUS localises to SGs at far higher levels following 

osmotic stress, compared to SGs induced by ARS (Sama et al., 2013). Further, 

proximity labelling has demonstrated that SGs induced by ARS and thapsigargin 

have overlapping, but non-identical proteomes (Markmiller et al., 2018). In terms of 

function, while most SGs have been deemed to be pro-survival, those formed 

following starvation stress have been demonstrated to be pro-death (Reineke et al., 

2018). 

In addition to stressor-type, a wide variety of cell-types have been used to study 

SGs. The majority of experiments, particularly early studies, were performed using 

cancer cell lines. It has been demonstrated however that cell lines (HEK293T; 

human embryonic kidney cells) and neural progenitor cells (NPCs) have non-

identical SG proteomes; although again these are overlapping (Markmiller et al., 

2018). These observed differences not only caution the comparison of data from 

different cell-types, but also highlight the necessity of selecting an appropriate cell 

model to study certain diseases in relation to SGs. While cancer cell lines may be 

useful for studying the pathomechanisms underlying cancer, they may not, for 

example, be appropriate for the study of neurodegeneration (NDD). In addition, 
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while the majority of SG research has been performed using cancer cell lines, 

specific tumorigenic mutations have been demonstrated to perturb the SG 

response. For example, KRAS mutations markedly increase the number of SGs per 

cell (Grabocka and Bar-Sagi, 2016). 

While cell lines and non-neuronal cells (NNCs) remain useful for the study of basic 

SG biology, for the study of neurological disorders it is likely more useful to use 

neurons or neuron-like cell lines, such as NSC-34 cells (Baron et al., 2013). The use 

of induced-pluripotent stem cells (iPSCs) and neurons derived from these cells, is 

becoming increasingly more common, but the study of SGs in primary neurons 

derived from animal tissue remains less common (Khalfallah et al., 2018). The 

development in recent years of ‘knock-in’ mouse models, such as the FUSDelta14 

model (Devoy et al., 2017), which express disease-relevant levels of mutant 

proteins but still display progressive neurodegenerative phenotypes, make the use 

of these cell-types for disease research more attractive. Unlike human iPSC-derived 

neurons, with primary neurons it is possible to compare many different cell- and 

neuron-types from the same animal across various developmental and disease 

timepoints, and subsequently test potential therapeutic modifiers of NDD in a 

background-matched disease model. 

Besides stressor- and cell-type, another varying experimental factor is the duration 

of treatment. SGs are commonly induced acutely, for example, by 1 hour of ARS 

treatment. However, in disease pathogenesis, stressors can also be present 

chronically. A number of stressors have been shown to induce SGs after prolonged 

treatments, including 1 mM paraquat overnight in HeLa cells (Meyerowitz et al., 

2011) and 36 µM puromycin for 24 hours (Martinez et al., 2016). Some stressors 

only induce SGs after a longer treatment, for example, SGs induced by starvation 

stress only appear after 16 hours (Reineke et al., 2018). However, another paper 

has shown that primary hippocampal neurons fail to maintain the assembly of SGs 

chronically (Shelkovnikova et al., 2017). 

The aim of this chapter was to investigate different SG inducers in a range of 

primary cell-types derived from WT embryonic mouse tissue. For all experiments, 

dose responses (DRs) were performed, as different cell-types can display drastically 

different susceptibilities to even well-characterised stressors; published drug 

concentrations demonstrated to induce stress were chosen. Firstly, I demonstrated 

the acute induction of SGs with the commonly-used stressor ARS in three different 

primary neuron types: motor neurons (MNs), dorsal root ganglion neurons (DRGNs) 
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and cortical neurons (CNs). I then attempted to determine a concentration of ARS 

by which DRGNs would display SGs following chronic ARS treatment, concluding 

that ARS was too intense a stimulus in this paradigm. Following this, I demonstrated 

the formation of SGs in CNs using two other known SG inducers: thapsigargin and 

guanabenz (Shelkovnikova et al., 2017). Finally, using primary mouse embryonic 

fibroblasts (MEFs), I screened three compounds to see if they were novel inducers 

of SGs, at three different timepoints. I demonstrated that the cell-permeable Ca2+-

chelator BAPTA-AM is a novel inducer of SGs and this finding is replicated in 

primary CNs. 

3.1.1 Materials and methods 

 

The results in this chapter were obtained by culturing primary motor, sensory and 

cortical neurons, as well as MEFs, on glass coverslips; dissection and cell culture 

are detailed in Chapter 2.4. Following various DIV, these cells were exposed to a 

range of stress-inducing compounds, for both time course and dose response 

experiments, as detailed in Chapter 2.7. This was followed by fixation and 

subsequent immunostaining, using stress granule marker antibodies (G3BP, TIAR, 

FMRP), for the observation of stress granules using confocal microscopy, as 

detailed in Chapter 2.6. 

 

3.2 Results 
 

3.2.1 Sodium arsenite induces stress granules in a range of primary neuron 

types 
 

An interesting point in the pathogenesis of many neurological diseases is the 

specificity of the disease pathogenesis for specific neuron types, over other cells. 

For example, in ALS-FTD, both MNs and CNs are affected, with sensory neurons 

(such as DRGNs) comparatively unaffected (though this is debated (Tao et al., 

2018) and discussed further in Chapter 4.3). This highlights the importance of 

comparing multiple neuron types in disease research; of note, no published 

research papers have demonstrated SGs in DRGNs. 

With this in mind, I performed an ARS DR (0, 0.125, 0.25, 0.5 and 1 mM ARS) in 

MNs, CNs and DRGNs. Primary neurons were cultured on coverslips until DIV5-6 

and then exposed to increasing concentrations of the oxidative stressor ARS; 

typically used at 0.5 mM (Kedersha et al., 1999). Cells were subsequently fixed, 

permeabilised and stained using antibodies against SG proteins (G3BP/TIAR for 
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MN/DRGNs; FMRP for CNs), as well as βIII-tubulin. Representative images are 

displayed in Figure 3.1. 

SGs were observed in all three neuron types, as well as in NNCs within cultures, for 

ARS concentrations of 0.25 mM and higher; for CNs also at 0.125 mM. All cells 

treated with 0.25 mM ARS or higher had some alterations to βIII tubulin staining, 

particularly with 1 mM. SGs in NNCs were distributed throughout the cytoplasm and 

SGs in MNs and CNs appeared to be closer to the nucleus (Figure 3.1A and 

Figure 3.1C respectively). G3BP/TIAR-positive SGs in DRGNs however localise 

closer to the plasma membrane (Figure 3.1B). 
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Figure 3.1 Sodium arsenite induces stress granules in a range of primary neuron types 

Primary motor neurons (A), dorsal root ganglion neurons (B) and cortical neurons (C) 
cultured from wild-type E13.5 mouse embryos by sodium arsenite (0, 0.125, 0.25, 0.5mM 
and 1mM). G3BP/TIAR- (A-B) and FMRP- (C) positive stress granules are induced in all 
neurons treated with >0.25mM arsenite, and also with 0.125mM in cortical neurons. Cells 
are also stained with β3-tubulin/DAPI. Scale bar is 20μm. 2 replicates. 
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3.2.2 Attempting to determine a chronic arsenite concentration which 

induces stress granules 
 

The previous DRs, as with the majority of the current SG literature, investigated 

acute (1 hour) cellular stress. As the stress associated with NDD is likely to be 

longer in duration, I aimed to investigate chronic cell stress. In order to determine a 

concentration of ARS which elicited chronic SGs, rather than an acute incubation, I 

performed a series of DR/time course (TC) experiments. For all experiments, 

primary embryonic DRGNs from E13.5 WT embryos were cultured on coverslips 

until DIV5-6 and exposed to increasing concentrations/durations of ARS (as 

indicated in Table 3.1; all dose/time conditions have two replicates). Cells were 

subsequently fixed, permeabilised and stained using antibodies against G3BP, 

TIAR and βIII-tubulin.  

The longest time period that SGs were present for was 6 hours with 0.25 mM ARS. 

The βIII-tubulin stain however indicated that cell health was poor. Indeed, most cells 

were dead at the same concentration 2 hours later. At longer time points (8/24 

hours) cells were either alive with no SGs or dead. I concluded that ARS is not a 

suitable chronic stressor in primary DRGNs. 

 

Table 3.1 Sodium arsenite is not suitable for use as a chronic stressor in primary dorsal root 
ganglion neurons 

Table indicating results of sodium arsenite dose response /time course experiments in DIV5-

6 primary dorsal root ganglion neuron cultures. No chronic (≥4 hours) concentration of 

arsenite was determined where cells looked healthy and G3BP/TIAR-positive stress 

granules were present. N/A indicates that a particular DR/TC combination was not 

investigated; two replicates. 
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3.2.3 Acute thapsigargin induces stress granules in primary cortical neurons 
 

Another well-characterised SG inducer is the ER stressor thapsigargin (Kimball et 

al., 2003). In the literature, thapsigargin has been applied at a range of 

concentrations and durations: 30 minutes & 50 µM in HeLa cells (Sama et al., 

2013); 50 minutes at 1 µM in NIH/3T3 cells (Kimball et al., 2003). For testing in 

primary neurons, CNs were obtained from E13.5 embryos and cultured on 

coverslips until DIV6, when they were exposed to increasing concentrations of 

thapsigargin (0, 12.5, 25, 50 µM). After 1 hour, cultures were fixed, permeabilised 

and stained using antibodies against the SG marker FMRP, as well as βIII-tubulin. 

Representative images are displayed in Figure 3.2. FMRP-positive SGs were 

observed at all concentrations tested.  

 

Figure 3.2 Acute thapsigargin induces stress granules in primary cortical neurons  

Primary cortical neurons cultured from wild-type E13.5 mouse embryos were treated with 
thapsigargin (0, 12.5, 25, 50µM). FMRP-positive stress granules (red) were induced in all 
thapsigargin treated cells. Cells were also stained with β3-tubulin (green)/DAPI (blue). Scale 
bar is 20μm. 2 replicates. 

 

3.2.4 Acute guanabenz induces stress granules in primary cortical neurons 
 

One less-characterised SG inducer is guanabenz. While initially used as an α2-

adrenergic receptor agonist (Takeuchi et al., 1987), it has subsequently been 

demonstrated to inhibit GADD34 (Tsaytler et al., 2011). GADD34 is a phosphatase 

regulatory subunit that is upregulated following increased eIF2α phosphorylation, 

which creates a negative feedback mechanism by promoting eIF2α 
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dephosphorylation. It follows, that GADD34 inhibition with guanabenz prevents this 

negative feedback, shifting the equilibrium towards the phosphorylated state and 

maintaining or facilitating SG assembly (see Chapter 1.2.1.3). Acute guanabenz 

treatment has been used alone to induce SG assembly (Ruggieri et al., 2012) and in 

conjunction with other stressors (Shelkovnikova et al., 2017). 

To determine whether acute guanabenz could induce SGs in primary neurons, CNs 

were first obtained from E13.5 embryos and cultured on coverslips. On DIV6, cells 

were exposed to increasing concentrations of guanabenz (0, 200, 400, 600 µM) for 

1 hour. Cultures were then fixed, permeabilised and stained using antibodies 

against the SG marker FMRP, as well as βIII-tubulin. Representative images are 

displayed in Figure 3.3. FMRP-positive SGs were observed at all concentrations 

tested, but within a higher fraction of cells for 400/600 µM than for 200 µM. 

 

 

Figure 3.3 Acute guanabenz induces stress granules in primary cortical neurons 

Primary cortical neurons cultured from wild-type E13.5 mouse embryos were treated with 
guanabenz (0, 200, 400, 600µM). FMRP-positive stress granules (red) were induced in all 
guanabenz-treated cells. Cells were also stained with β3-tubulin (green)/DAPI (blue). Scale 
bar is 20μm. 2 replicates. 

 

3.2.5 BAPTA-AM is a novel stress granule inducer in primary mouse 

embryonic fibroblasts 
 

Though neurons are a better model for the study of neurological diseases than other 

cell-types, it can be quicker and less labour-intensive to perform initial experiments 
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in proliferating cell lines. MEFs have a further advantage over cell lines, as you can 

match the genetic background of these cells to those of your other primary cell-

types. I aimed to use primary WT MEFs derived from E13.5 mouse embryos to 

search for novel SG-inducing compounds: performing a DR at 3 different timepoints 

(1, 6, 24 hours; time-points performed on different days; one replicate). 

BAPTA-AM is a cell-permeable Ca2+-chelator that only binds to calcium once its AM 

(acetoxymethyl ester)-moiety has been cleaved by cytoplasmic esterases 

(Tymianski et al., 1994). Compounds which alter cellular Ca2+ homeostasis have 

previously been demonstrated to induce SGs: thapsigargin depletes ER Ca2+, 

increasing cytoplasmic Ca2+ levels (Jackson et al., 1988). I performed a BAPTA-AM 

DR using the set-up described above, fixing and permeabilising cells after 1 hour, 

and then staining using an antibody against FMRP, as well as DAPI and phalloidin-

647. Representative images of the FMRP stain at all time-points/concentrations are 

shown in Figure 3.4.  

At higher concentrations, BAPTA-AM was determined to be an acute inducer of 

SGs with SGs present following 65/130 µM treatment for 1 hour. At 6 hours, SGs 

were present in all cells at 32.5/65 µM, with a lower number of cells displaying them 

at 16.25 µM. Distinct SGs were not present at 24 hours, with high levels of cell 

death observed for 32.5 µM an above. Marked levels of cell death were observed at 

higher concentrations for the 6 and 24 hour timepoints, with almost all cells dead at 

130 µM (6 and 24 hours) and 65 µM (24 hours). 
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Figure 3.4  BAPTA-AM is a novel stress granule inducer in primary mouse embryonic 
fibroblasts 

Primary mouse embryonic fibroblasts (MEFs) cultured from wild-type E13.5 embryos were 
treated with BAPTA-AM (0, 8.125, 16.25, 32.5, 65, 130µM) for either 1, 6 or 24 hours. 
FMRP-positive stress granules (green) were induced in after 1 hour (≥65µM) and 6 hours 
(≥16.25µM) treated cells. Scale bar is 20μm. 1 replicate. 

 
 

3.2.6 KB-R7943 is a novel stress granule inducer in primary mouse 

embryonic fibroblasts 
 

Compounds acting on metabolic pathways have been demonstrated to induce SGs. 

Acute treatment with the glycolysis inhibitor 2-DG (2-deoxygluclose), and to a lesser 

extent 3PO ((2E)-3-(3-Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one), induces SG 

formation (Wang et al., 2019b). In addition, inhibitors of mitochondrial function, such 

as CCCP (carbonyl cyanide m-chlorophenyl hydrazine; which disrupts mitochondrial 

membrane potential) and azide (complex IV inhibitor), induce SG formation (Wang 

et al., 2019b, Kwon et al., 2007).  

I aimed to test whether KB-R7943, an inhibitor of mitochondrial complex I 

(Brustovetsky et al., 2011), also induces SG formation. Using the same 

experimental set-up, time points and immunostaining as section 3.2.5, a dose 

response was performed for KB-R743 (0, 2.5, 5, 10, 20, 40 µM); representative 

images are shown in Figure 3.5. FMRP-positive SGs were only observed in 

conditions that induced high amounts of cell death: 20/40 µM for 1 hour; 40 µM for 6 

hours; other conditions did not induce SGs. 
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Figure 3.5 KB-R7943 is a novel stress granule inducer in primary mouse embryonic 
fibroblasts 

Primary mouse embryonic fibroblasts (MEFs) cultured from wild-type E13.5 embryos were 
treated with KB-R7943 (0, 2.5, 5, 10, 20, 40µM) for either 1, 6 or 24 hours. FMRP-positive 
stress granules (green) were induced in after 1 hour (≥20µM) and 6 hours (40µM only) 
treated cells. Scale bar is 20μm. 1 replicate. 

 

 

3.2.7 tert-Butyl-peroxide does not induce stress granules in primary mouse 

embryonic fibroblasts 
 

H2O2 has previously been reported to induce SGs in HeLa (1.5 mM for 2 hours) 

(Sama et al., 2013) and U2OS (0.5-2 mM for 1-2 hours) (Emara et al., 2012) cells. 

tert-Butyl peroxide (TBP) is more stable oxidant than H2O2, so I aimed to investigate 

whether this would induce SGs in primary MEFs. Using the same experimental set-

up, time points and immunostaining as section 3.2.5, a dose response was 

performed for TBP (0, 62.5, 125, 250, 500, 1000 µM). Neither FMRP-positive SGs, 

nor obvious cell death were observed at any concentration or time point 

investigated, indicating that TBP is likely not a SG inducer; representative images 

are shown in Figure 3.6. 

  



84 
 

 

  



85 
 

Figure 3.6 tert-Butyl-peroxide does not induce stress granules in primary mouse embryonic 
fibroblasts 

Primary mouse embryonic fibroblasts (MEFs) cultured from wild-type E13.5 embryos were 
treated with tert-Butyl-peroxide (0, 62.5, 125, 250, 500, 1000µM) for either 1, 6 or 24 hours. 
FMRP-positive stress granules (green) were not  observed for any treatment group. Scale 
bar is 20μm. 1 replicate. 

 

 

3.2.8 Calcium chelation induces stress granules in primary cortical neurons 
 

As discussed above, different cell-types respond to stressors in different ways and 

form different SGs. Following the discovery of BAPTA-AM as a SG inducer in MEFs 

(section 3.2.5) , I aimed to see if this would translate to neurons. To do so, I 

replicated the BAPTA-AM DR experiment in primary CNs. CNs were cultured on 

coverslips until DIV5-6 and then exposed to increasing concentrations of BAPTA-

AM (8.125, 16.25, 32.5, 65 µM) for 1 hour. Cells were subsequently fixed, 

permeabilised and stained using antibodies against the SG protein FMRP, as well 

as βIII-tubulin; representative images are displayed in Figure 3.7.  

As with MEFs, FMRP-positive SGs were detected in CNs following BAPTA-AM 

stress. Unlike MEFs however, SGs were even observed at the lowest concentration 

used (8.125 µM), suggesting an increased susceptibility of CNs to intracellular 

calcium depletion. 

 

 

Figure 3.7 BAPTA-AM induces stress granules in primary cortical neurons 

Primary cortical neurons cultured from wild-type E13.5 mouse embryos were treated with 
BAPTA-AM (0, 8.125, 16.25, 32.5, 65µM) for 1 hour. FMRP-positive stress granules (red) 
were induced in all BAPTA-AM-treated cells. Cells were also stained with β3-tubulin 
(green)/DAPI (blue). Scale bar is 20μm. 2 replicates. 
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3.3 Discussion 
 

The results of this chapter further characterise the SG response in primary 

embryonic neurons and fibroblasts. The most commonly used SG inducer, ARS, 

induced granules in primary MNs, CNs (both demonstrated in Khalfallah et al., 

2018) and DRGNs at a range of concentrations. Of note, this chapter demonstrates 

one of the first reports of SGs in sensory neurons (DRGNs). In this cell-type, SGs 

form towards the periphery of the cell (near the plasma membrane), rather than 

distributing randomly throughout the cytoplasm as in other cell-types. As the 

formation of SGs is random (Ohshima et al., 2015), highly dynamic (Wheeler et al., 

2016) and dynein-transport mediated (Tsai et al., 2009), this peripheral SG 

localisation may be indicative of a mechanism by which these neurons concentrate 

SG components near to the membrane in order to facilitate their rapid aggregation 

by proximity. This may be important as DRGNs vary in size and can have a much 

larger cytoplasm than the other neuronal types investigated. This concept is 

supported by the observation of a “halo”-like stain following 1 hour of 0.125 mM 

ARS stress (Figure 3.1B) which is different to the distinct G3BP/TIAR-positive 

puncta observed for ≥0.25 mM ARS, but also from control treatment. This could be 

interpreted as an intermediate stage between SG-positive and SG-negative cells.  

Another interesting point is that CNs appear to be more susceptible to ARS than 

both MNs and DRGNs, with distinct FMRP-positive SGs forming at 0.125 mM; while 

0.25 mM is required for the other two cell-types. However, CNs and MNs/DRGNs 

are cultured in a different medium, which may have an effect. For example, only 

MN/DRGN medium contains β-mercaptoethanol, which is a known antioxidant 

(Kitagawa et al., 2004) and could reduce the efficacy of ARS at inducing SGs. This 

chapter also demonstrated the formation of SGs in primary CNs by thapsigargin and 

guanabenz treatment, at all concentrations investigated. 

In order to develop a more disease-relevant stress model, I attempted to determine 

a protocol by which SGs could be induced chronically. Despite testing a wide-variety 

of concentrations and durations of ARS treatment, no combination was observed 

which resulted in chronic SGs. While the observed cell death and altered βIII tubulin 

staining may suggest that oxidative SGs cannot persist chronically, ARS has many 

SG-independent mechanisms of action which may be hindering the study (Singh et 

al., 2011). These include alterations to focal adhesion (Yancy et al., 2005), 

microtubule dynamics (Zhao et al., 2012) and autophagy (Bolt et al., 2010). It is 
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possible that using an alternative oxidative stressor, such as hydrogen peroxide, 

would enable these issues to be overcome (Emara et al., 2012).  

While a few studies in cell lines have described chronic (18-24 hours) SGs following 

oxidative stress (Meyerowitz et al., 2011, Parker et al., 2012, Moujalled et al., 2013, 

Boyd et al., 2014), one recent paper concluded that SGs cannot persist chronically 

in neurons due to a negative feedback mechanism (Shelkovnikova et al., 2017). 

This paper does however propose a drug, guanabenz, which blocks this negative 

feedback loop. Either alone, or in conjunction with conventional SG-inducers, it is 

possible that guanabenz may allow SGs to persist chronically. In contrast to this, a 

few studies have demonstrated using induced-pluripotent stem cell-derived MNs 

that chronic incubation (24 hours) with the protein synthesis inhibitor puromycin 

induces SGs (Markmiller et al., 2018, Martinez et al., 2016). In this chapter, SGs 

were demonstrated to persist in MEFs at 6 hours (BAPTA-AM and KB-R7943) but 

not at 24 hours. 

This chapter also demonstrated the use of MEFs to determine novel inducers of 

SGs, with findings replicated in CNs. The drawing of comparisons between the data 

produced in these experiments should be approached cautiously, as each 

experiment had one replicate and each timepoint (1, 6 and 24 hours) was performed 

separately; hence this does not account for week-to-week variations in cell health, 

cell proliferation and experimental procedure. It is however appropriate to draw 

information from the wider trends observed in these experiments: for example, 

increasing SG formation or death as drug concentration or time increases.  

Despite previous reports that H2O2 induces the formation of SGs (Emara et al., 

2012, Sama et al., 2013), TBP (a similar oxidant) did not induce SGs in MEFs. This 

is in agreement with other studies that have demonstrated that H2O2 treatment does 

not induce SGs in MEFs (Takahashi et al., 2013) or human iPSCs (Palangi et al., 

2017). A separate study went further, not only demonstrating a lack of SG-induction, 

but also that oxidation of the SG-nucleating TIA1 protein by H2O2 in U2OS cells 

inhibits thapsigargin-induced SG formation (Arimoto-Matsuzaki et al., 2016). Hence 

our observations contribute to the body of evidence suggesting that oxidative stress 

does not induce SGs. 

In agreement with studies demonstrating that metabolic inhibition induces SG 

formation, I demonstrated that KB-R7943, a mitochondrial complex I inhibitor, 

induces SGs at higher concentrations, though a large amount of cell death was 

observed. These experiments should be performed with a narrower range of DR/TC 
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conditions, in order to determine conditions whereby SGs are induced without 

significant cell death.  

I also demonstrated that acute (1-6 hours) BAPTA-AM is a novel inducer of SGs in 

primary MEFs. This finding is interesting, as acute thapsigargin treatment induces 

the depletion of ER Ca2+ stores and a corresponding increase in cytosolic Ca2+, but 

also induces SGs. BAPTA-AM, a cell permeable Ca2+-chelator should elicit the 

reverse, decreasing available cytosolic Ca2+ levels. The mechanisms underlying 

BAPTA-AM-induced SG formation remain to be determined, although starvation of 

cellular nutrients can induce SGs, so there may be similar mechanisms converting 

detected decreases in cytosolic Ca2+ into SG formation (Reineke et al., 2018), 

potentially in conjunction with cellular calcium surveillance mechanisms (Grabarek, 

2011). 

The induction of SGs by BAPTA-AM in MEFs is replicated in primary CNs, 

supporting the use of MEFs for the primary screening of potential novel SG-inducing 

candidates. Of note, the BAPTA-AM concentration required to induce SG formation 

in CNs (8.125 µM) was far lower than that for MEFs (32.5 µM), indicating a much 

higher susceptibility of CNs to calcium-depletion stress. The induction of stress by 

BAPTA-AM is unsurprising, as similar concentrations (26, 39 µM) for 3-6 hours have 

been demonstrated to induce ER stress and decreased cell viability in primary CNs 

(Paschen et al., 2003). The concentrations which induced SGs in both MEFs and 

CNs are comfortably within the boundaries of concentrations which have commonly 

been used to chelate Ca2+ in the literature (Niesen et al., 1991, Tymianski et al., 

1994). 
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3.3.1 Future Work 
 

Quantification 

The work described in this chapter, along with a large portion of the current SG 

literature, is descriptive rather than quantitative; this was for time reasons to 

prioritise other experiments. I used DRs and TCs to observe overall changes in SG 

formation, categorising either the presence or absence of SGs using one or two SG 

markers. To better determine the ideal concentrations to use for SG induction in 

different cell-types, it would be useful to quantify factors such as the percentage of 

cells within a culture displaying SGs, as well as SG size and number. 

Live imaging of stress granule dynamics 

Another flaw in the methodology of this chapter is that in order to immunostain and 

examine cells, they must be permeabilised and fixed, meaning that you cannot 

perform a true time course experiment. A number of SG studies have performed live 

time course experiments by transfecting fluorescently-tagged SG proteins, such as 

G3BP, into cells prior to imaging. This however has the confounding issue that 

uncontrolled transfection (i.e. overexpression) of SG proteins can induce SG or 

aggregates in the absence of stress (Kedersha et al., 2008). Hence, the best 

method to perform this experiment would be to generate a stable-cell line 

expressing a fluorescently-tagged SG protein (Wheeler et al., 2016), preferably at 

its endogenous locus. 

Comparison of cell susceptibility to specific stressors 

In this chapter, CNs appeared to be more susceptible to ARS than MNs and 

DRGNs, with SGs visible at lower ARS concentrations. However, these experiments 

were performed on different days, in different cell culture media (as different neuron 

types require different growth factors and media supplements for optimal growth 

conditions), using different SG markers (due to changes in the availability of 

antibodies from suppliers). In order to determine accurate differences in 

susceptibility to stress inducers, it will be necessary to control for each of these 

factors in future experiments. 

Determine a chronic cell stress paradigm 

I determined in this chapter that ARS is not an appropriate stressor to use for the 

induction of chronic SGs, likely in part due to its wide-ranging cytotoxic effects. In 

order to circumvent similar issues, a method of SG induction with fewer off-
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target/non-SG-inducing effects should be used. As discussed above, a number of 

stressors have been reported to induce chronic SGs, but all will induce damaging 

cytotoxic effects. Even guanabenz, which directly targets the dephosphorylation of 

eIF2α, has well characterised adrenergic off-target effects (Takeuchi et al., 1987). 

One method described which aimed to remove these off-target effects is the 

optogenetic induction of SGs, although chronic blue light exposure has been shown 

to induce cytotoxicity (Zhang et al., 2019a). 

Characterisation of BAPTA-AM- and KB-R7943 induced stress granules 

Both BAPTA-AM and KB-R7943 were demonstrated to be novel SG inducers in 

MEFs, as well as neurons for BAPTA-AM. Both were demonstrated with only 1 

replicate, so further trials remain to be performed. In addition, the only SG marker 

investigated was FMRP, so further characterisation is required to confirm the 

identity of these puncta: for example, immunostaining for additional SG driver 

proteins (G3BP/TIA-1) and eIFs, as well as in situ hybridisation to detect the 

presence of absence of RNA within these granules. Following the confirmation that 

these granules are SGs, it will be interesting to determine the mechanism facilitating 

the induction of these granules. For KB-R7943, this will likely be homologous to 

mechanisms previously described for inhibitors of glycolysis and mitochondrial 

respiration (Wang et al., 2019b). Interestingly, low levels of cytosolic Ca2+ have not 

yet been linked to SG formation, meaning further exploration of the BAPTA-AM-

induced mechanism of SG formation is required. 

 

3.4 Conclusions 
 

This chapter has further characterised the ability of primary neurons to form SGs in 

response to a wide-variety of chemical stimuli, including one of the first descriptions 

of SGs in primary DRGNs and the identification of two novel SG inducers: BAPTA-

AM and KB-R7943. Thorough dose response and time course experiments are a 

useful method of determining the relative susceptibilities of different cell-types to 

stressors, but the application of this field to neurodegenerative research remains 

hindered by the use of acute stressors over chronic inducers of phase separation.  
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4 The stress response of primary neurons to axonal 

stressors 
 

4.1 Specific aims 
 

Although ALS mutant proteins are expressed ubiquitously, the disease preferentially 

targets MNs over other cell-types. Compared to other cells, neurons differ in that 

they can cover vast distances to propagate signals via their axons, up to 1 meter in 

motor/sensory neurons (Stifani, 2014). Additionally, while the cell bodies of these 

neurons remain inside the spinal cord or ganglia, axons of lower motor neurons exit 

the central nervous system, meaning they are comparatively exposed to 

extracellular trauma (Chen et al., 2012). Further, ageing leads to increased 

peripheral nerve inflammation (Yuan et al., 2018), which has been demonstrated to 

weaken the blood-nerve barrier, further increasing susceptibility of peripheral 

neurons to exogeneous stressors (Skaper, 2017). These factors may play a role in 

ALS pathogenesis, as evidence from an ALS mouse model suggests a “dying-back” 

disease progression, from the axons to the soma (Fischer et al., 2004, Dadon-

Nachum et al., 2011). Work on the widely-used SOD1G93A ALS mouse model 

demonstrates neuromuscular junction loss (Fischer et al., 2004, Frey et al., 2000), 

axon transport deficits (Bilsland et al., 2010) and motor unit loss (Kennel et al., 

1996) as preceding the onset of disease symptoms, particularly in larger axons 

(Fischer et al., 2004). 

Disease-related inclusions form within the neuronal soma, but it is unknown whether 

axonal insult could result in these inclusions; axonal stress has not yet been studied 

in relation to stress granules (SGs) or phase separation in the soma. So far, axon-

to-soma responses to stress have predominately been characterized following 

physical injury (reviewed in Richardson et al., 2009). These studies have highlighted 

mechanisms of increased axonal local translation (Hanz et al., 2003, Terenzio et al., 

2018), dynein-mediated retrograde (from the axon towards the cell body along 

microtubes via molecular motors, e.g. dynein) feedback to the soma (Hanz et al., 

2003, Chen et al., 2012) and somal transcriptional/translational responses (Cho et 

al., 2015).  

In vivo, axotomy and crush injury have been demonstrated to increase local 

oxidative stress (Sayir et al., 2013), however, little has been done to characterize 

the axon-to-soma responses of neurons to oxidative stress or other non-mechanical 
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stressors. The aim of this part of my thesis was to investigate whether axonal stress 

could induce somal SGs in primary neurons.  

In order to study this, I used microfluidic chambers (MFCs). MFCs are cell culture 

platforms that use small channels to direct the growth of axons from one 

compartment into another, and use volume differences to maintain a hydrostatic 

pressure difference between the compartments (Park et al., 2006). This enables the 

fluidic isolation of the two compartments: a somal compartment (containing somas, 

non-neuronal cells (NNCs), axons and dendrites) and an axonal compartment 

(containing only axons). This fluidic isolation enables the exposure of one 

compartment only to soluble compounds, including stressors such as the oxidative 

stressor sodium arsenite (ARS) (Li and Chou, 1992). 

For this chapter, both primary embryonic cortical neurons (CNs) and DRG neurons 

(DRGNs) were plated into MFCs: CNs were used because they are related to 

multiple neurodegenerative diseases and their preparations results in a high cell-

yield; DRG neurons were used because they project efficiently and extensively into 

the axonal compartment. Neurons which project into the axonal compartment can 

be specifically labelled with retrograde toxins, enabling the direct comparison of 

neurons whose axons have been exposed to a stressor, versus those that have not. 

For these experiments, I labelled these somas with cholera toxin subunit B 

conjugated to a 488 fluorophore (CTxB-488) (Lanciego and Wouterlood, 2011).  

Using CTxB-488, I confirmed that both CNs and DRGNs with ARS-exposed axons 

formed somal SGs in a dose-dependent manner, while CTxB-488-negative cells 

were free from SGs. NNCs in the somal compartment, which do not come into 

contact with the ARS in the axonal compartment, were negative for SGs. In addition, 

I identified a delayed time course for cells stressed axonally compared to somally 

for both cell types, suggesting a mechanism for the detection of ARS stress by 

axons and subsequent propagation to the cell body. This mechanism may be 

dynein-dependent, and may also require local protein translation in the axon. 

Further, neither physical axotomy, nor thapsigargin-induced endoplasmic reticulum 

(ER) stress appear to induce the same response.  

4.1.1 Materials and methods 
 

The results in this chapter were obtained by culturing primary cortical and sensory 

neurons, as well as MEFs, in MFCs. The fabrication of MFCs is detailed in Chapter 

2.3, and dissection and cell culture are detailed in Chapter 2.4. Following various 

DIV, the axonal or somal compartment of MFCs was exposed to CTxB-488, and 
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range of stress-inducing compounds (predominately arsenite), for both time course 

and dose response experiments, as detailed in Chapter 2.8; some experiments 

were performed in the presence of inhibitor drugs (EHNA; CHX) as indicated in 

specific results sections. This was followed by fixation and subsequent 

immunostaining, using stress granule marker antibodies (FMRP), for the 

observation of stress granules using confocal microscopy, as detailed in Chapter 

2.6. 

 

4.2 RESULTS 
 

4.2.1 Axonal arsenite stress induces stress granules in the cell soma of 

primary cortical neurons 
 

In order to investigate whether axonal ARS could induce somal SGs, I performed an 

axonal ARS dose response on neurons in MFCs. Primary CNs from E13.5 WT 

embryos were plated into the somal compartment of MFCs until DIV7 to allow for 

axonal projections to grow. The axonal compartment was incubated with 0.15mg/ml  

CTxB-488 for 3 hours, in order to retrogradely label the somas of neurons projecting 

into the axonal compartment. Axons were then stressed with 0.25, 0.5, 1 or 2.5 mM 

ARS for 1 hour. Both compartments were subsequently fixed, permeabilised and 

stained using antibodies against the SG protein FMRP and βIII-tubulin, as well as 

DAPI. 

To quantify this, 100 CTxB-488-positive somas were counted and classified as 

either SG-positive (distinct FMRP-positive puncta), SG-negative (homogenous 

cytoplasmic FMRP stain) or an intermediate phenotype (altered distribution of 

FMRP compared to the typical negative stain) (Figure 4.1A). At 0.25, 0.5, 1 and 2.5 

mM ARS, SGs were observed in 11.7%, 37.3%, 55% and 70.7% of somas 

respectively, with 0.5 mM, 1 mM and 2.5 mM significantly higher than control 

(F(4,10)=28.36, p<0.0005; post-hoc p<0.0005) by one-way-ANOVA and post-hoc 

Tukey tests (Figure 4.1B-C).  

Due to the hydrostatic pressure difference established by the 100 µl volume 

difference between the somal and axonal compartments, fluidic isolation should be 

maintained (Park et al., 2006), meaning it is unlikely the ARS is leaking into the 

somal compartment and exerting whole-cell stress. To confirm this, I compared the 

proportion of CTxB-488-positive cells containing SGs following 2.5 mM axonal ARS 

to CTxB-488-negative somas in the same compartment, predicting that SGs would 

be present in CTxB-488-postive cells, but not CTxB-488-negative cells, counting 

100 cells for each condition. CTxB-488-status was significant by chi-squared test, 
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with 70.7% of CTxB-positive cells displaying SGs, compared to 3.3% in CTxB-

negative cells (Χ2(2, n=3) = 104.5, p<0.0005) (Figure 4.1C-D). 
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Figure 4.1 Axonal arsenite stress induces somal stress granules 

A: FMRP stain (red) in the cell body of cortical neurons following acute axonal arsenite 
stress was used to define cells as either as stress granule (SG)-positive (SG (+)), stress 
granule-negative (SG(-)) or an intermediate phenotype (SG (~)). Scale bar is 5μm. B: 
Primary cortical neurons (DIV7) from WT E13.5 embryos were cultured in microfluidic 
chambers. The axonal compartment was incubated with CTxB-488 for 3hrs, followed by 0, 
0.25, 0.5, 1 or 2.5mM sodium arsenite for 1 hour. A dose-dependent increase in the % of cell 
bodies containing SGs was observed. 0.5, 1mM and 2.5mM were significantly higher than 
control (F(4,10)=28.36; p<0.0005; post-hoc p<0.0005) by one-way-ANOVA and post-hoc 
Tukey tests C-D: FMRP-positive SGs (red puncta) are induced in CTxB-488-positive (green) 
neuron somas but not in CTxB-488-negative somas. Neurons were stained with β3-tubulin 
(cyan)/DAPI (blue). Scale bar is 20μm. CTxB-488-status was significant by chi-squared test 
(Χ2(2, n=3) = 104.5, p<0.0005). N=3 biological replicates 

 

To further confirm that ARS was isolated to the axonal compartment, I plated 

primary MEFs into the somal chamber of a MFC. On DIV1, 0, 2.5 or 5 mM ARS was 

applied to the axonal compartment for 1 hour in the same manner as the previous 

experiments; cells then were fixed, permeabilised and stained using an antibody 

against the SG protein FMRP, DAPI and the f-actin-binding dye phalloidin-488 (100 

MEFs were counted per condition). As MEFs do not have axonal projections, I 

predicted that these cells would not contact the ARS, and hence would not display 

SGs. As predicted, the number of MEFs exhibiting SGs following treatment of  the 

axonal compartment with ARS did not significantly differ from negative controls, as 

determined by one way ANOVA and post-hoc Tukey tests (F(2,6)=5.333, p=0.047; 

post-hoc p=0.067/p=1). In fact, the percentage of SGs was borderline significantly 

higher in the ARS-negative condition (post-hoc p=0.067; 1.67% and 0.33% for 

negative control and both axonal arsenite treatments respectively; Figure 4.2). In 

addition, while the phalloidin-488 stain is more rounded in the positive control, the 

stain for the axonal ARS treatment resembles that of the negative control. Together, 

this suggests that fluidic isolation is maintained during the 1 hour timeframe of our 

neuronal experiments.  
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Figure 4.2 Arsenite applied to the axonal compartment of a microfluidic chamber does not 
induce stress granules in mouse embryonic fibroblasts plated in the somal compartment 

Primary mouse embryonic fibroblasts (MEFs) obtained from WT E13.5 embryos were plated 
into the somal compartment of microfluidic chambers. On DIV1, 0, 2.5 or 5mM sodium 
arsenite (ARS) was applied to the axonal compartment for 1 hour. A positive control (n=1) 
was performed by applying 2.5mM ARS to the somal compartment. MEFs were stained with 
the F-actin stain Phalloidin-488 (green) and the stress granules (SG) marker FMRP (red). 
No significant increase in the % of MEFs displaying SGs was observed between the axonal 
treatments, as determined by one way ANOVA and post-hoc Tukey tests (F(2,6)=5.333; 
p=0.047; post-hoc p=0.067/p=1). N=3 replicates. 
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4.2.2 The induction of somal stress granules by axonal arsenite is replicated  

in primary sensory neurons. 
 

I next aimed to determine whether the observed response was exclusive to CNs, or 

whether it occurred in other neuron types. To do so, I performed an axonal ARS 

dose response on sensory neurons. Primary embryonic DRGNs from E13.5 WT 

embryos were plated into the somal compartment of MFCs until DIV6 to allow for 

axonal projections to grow. The axonal compartment was incubated with 0.15 mg/ml 

CTxB-488 for 3 hours and axons were then stressed with 0.25, 0.5, 1 or 2.5 mM 

ARS for 1 hour. Both compartments were subsequently fixed, permeabilised and 

stained using antibodies against the SG protein FMRP and βIII-tubulin, as well as 

DAPI.  

100 CTxB-488 somas were counted and classified as either SG-positive (distinct 

FMRP-positive puncta), SG-negative (homogenous cytoplasmic FMRP stain) or an 

intermediate phenotype (an altered distribution of FMRP with a halo-like enrichment 

near the plasma membrane) (Figure 4.3A). At 0.5, 1 and 2.5 mM ARS, SGs were 

observed in 10%, 38% and 66% of somas respectively, with 1 mM (post-hoc 

p=0.004) and 2.5 mM (post-hoc p<0.0005) significantly higher than control 

(F(4,10)=28.36, p<0.0005) by one-way-ANOVA and post-hoc Tukey tests (Figure 

4.3B-C). While the response was replicated in DRG neurons, the 10% and 38% SG-

positive somas observed at 0.5 mM and 1 mM ARS respectively were considerably 

lower than that observed for CNs (37.3% and 55% respectively). 

As before, the proportion of CTxB-488-positive cells containing SGs following 2.5 

mM axonal ARS and CTxB-488-negative somas in the same compartment were 

counted to assess fluidic isolation; 100 positive and 100 negative somas were 

counted. CTxB-488-status was significant by chi-squared test, with 67% of CTxB-

positive cells displaying SGs, compared to <1% in CTxB-negative cells (Χ2(2, n=3) = 

149.2, p<0.0005)) (Figure 4.3C-D). This result was even more convincing than that 

for the CNs, as only one CTxB-488-negative soma was SG-positive across 3 

replicates. 
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Figure 4.3 The induction of somal stress granules by axonal arsenite is replicated in primary 
sensory neurons 

A: FMRP (green) stain in the cell body of dorsal root ganglion (DRG) neurons following 
acute axonal arsenite stress was used to define cells as either as stress granule (SG)-
positive (SG (+)), stress granule-negative (SG(-)) or an intermediate phenotype (SG (~)). 
Scale bar is 20μm. B: Primary DRG neurons (DIV6) from WT E13.5 embryos were cultured 
in microfluidic chambers. The axonal compartment was incubated with CTxB-488 for 3hrs, 
followed by 0, 0.25, 0.5, 1 or 2.5mM sodium arsenite for 1 hour. A dose-dependent increase 
in the % of cell bodies containing SGs was observed. 1mM (post-hoc p=0.004) and 2.5mM 
(post-hoc p<0.0005) are significantly higher than control (F(4,10)=28.36; p<0.0005) by one-
way-ANOVA and post-hoc Tukey tests C-D: FMRP-positive SGs (red) are induced in CTxB-
488-positive (green) neuron somas but not CTxB-488-negative somas. Neurons were 
stained with β3-tubulin/DAPI. Scale bar is 20μm. CTxB-488-status was significant by chi-
squared test (Χ2(2, n=3) = 149.2, p<0.0005). N=3 biological replicates. 

 

 

4.2.3 Whole-cell cycloheximide prevents the formation of somal stress 

granules following axonal arsenite stress. 
 

The large body of SG research has determined a number of properties intrinsic to 

canonical SGs. One such property is the ability to block SG induction using 

cycloheximide (CHX); it is thought that CHX prevents the release of mRNA from 

polysomes, in turn hindering phase separation. In order to determine if these axon 

stress-induced, somal FMRP granules exhibited this property, I cultured primary 

CNs in MFCs and on DIV7 the axonal compartment was incubated with 0.15 mg/ml 

CTxB-488 for 3 hours, followed by pre-incubation of both compartments with 10 

μg/ml CHX for 1 hour (as in Kedersha et al., 2000). 1 mM ARS was then applied to 

the axonal compartment for 1 hour (co-applied with 10 μg/ml CHX). Both 

compartments were subsequently fixed, permeabilised and stained using antibodies 

against FMRP and βIII-tubulin, as well as DAPI. 

Whole-cell CHX completely prevented the formation of somal SGs following axonal 

ARS stress, suggesting that, as for whole-cell stress, polysome disassembly is 

required for the formation of the somal SGs induced by axon stress (Figure 4.4). 

This was significant by independent samples t-test (t(4)=16.531, p=0.003). 
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Figure 4.4 Whole-cell cycloheximide prevents the formation of somal stress granules 
following axonal arsenite stress 

A-B: Primary cortical neurons (DIV7) from WT E13.5 embryos were cultured in microfluidic 
chambers. The axonal compartment was incubated with CTxB-488 for 3hrs, followed by 
incubation of both compartments with 10μg/ml cycloheximide (CHX) for 1 hour, followed by 
addition of 1mM sodium arsenite (ARS) to the axonal compartment for 1 hour (co-applied 
with CHX). A significant decrease in the % of cell bodies containing SGs was determined by 
independent samples t-test (t(4)=16.531, p=0.003). N=3 biological replicates. 

 

 

4.2.4 The formation of stress granules post-axonal arsenite stress has a 

delayed time course compared to somal arsenite stress 
 

In order to understand the dynamics of the response, I performed an ARS time 

course comparing the somal and axonal compartments of MFCs. Primary 

embryonic CNs or DRGNs from E13.5 WT embryos were plated into the somal 

compartment of MFCs and on DIV6 or 7 (cortical and DRG neurons respectively), 

incubated with CTxB-488 for 3 hours. Either the somal or axonal compartment was 

stressed with ARS for 0, 10, 20, 30, 40, 50 or 60 minutes (1 or 2.5 mM for cortical or 

DRG neurons respectively). Both compartments were subsequently fixed, 

permeabilised and stained using antibodies against FMRP and βIII-tubulin, as well 

as DAPI.  

For somal stress in both cell-types, the first sign of SGs appears between 10-20 

minutes after treatment, but this is delayed to 20-30 minutes for axonal stress 

(Figure 4.5). We determined values for the maximal SG response (SGMAX; the 

highest percentage of stress granules observed) and the time point at which 50% of 

the max response had been elicited (SG50), comparing both via independent-
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samples t-test. SG50 was estimated using the ECanything tool on GraphPad Prism 

(GraphPad, San Diego). 

For CNs, the SG50 value for somal stress (27.0 minutes) was lower than for axonal 

stress (33.4 minutes), indicating a delayed SG formation, though this did not 

achieve significance by independent samples t-test (t(4)=1.786, p=0.167). While 

SGMAX for the somal SG response was 92%, the axonal SGMAX was significantly 

lower at 59.3% (t(4)=6.795, p=0.002), which plateaued at the 50 minute time-point. 

Similar results were obtained for DRG neurons. The SG50 value for somal stress 

(22.8 minutes) was significantly lower than for axonal stress (33.1 minutes), 

indicating a delayed SG formation by independent samples t-test (t(4)=3.971, 

p=0.021). While the SGMAX for the somal SG response was 87%, the axonal SGMAX 

was again significantly lower at 62% (t(4)=5.385, p=0.008), again plateauing at the 

50 minute time-point.  
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Figure 4.5 The formation of stress granules post-axonal arsenite stress has a delayed time 
course compared to somal arsenite stress 

Primary cortical neurons (A; DIV7) or primary dorsal root ganglion (DRG) neurons (B; DIV6) 

from WT E13.5 embryos were cultured in microfluidic chambers. The axonal compartment 

was incubated with CTxB-488 for 3hrs. 2.5mM sodium arsenite was then applied to either 

the somal or axonal compartment for 10, 20, 30, 40, 50 or 60 minutes. A time-dependent 

increase in % of cell bodies containing SGs was observed for both cell types, with a delayed 

time course for axonal compared to somal. Somal SG50=33min; axonal SG50=23min; 

somal SGMAX=87%; axonal SGMAX=57%. N=3 biological replicates 

 

 

4.2.5 Pharmacological inhibition of axonal dynein reduces the induction of 

somal stress granules by axonal arsenite stress. 
 

Compared to whole-cell stress, axonal ARS stress has an increased SG50 of 6-11 

minutes, indicating a delayed time course for SG formation. This delay-interval is 

likely too fast for simple intracellular diffusion of ARS from the axon to the soma. 

However, 10 minutes is consistent with the speeds described for dynein-mediated 

retrograde fast axonal transport (Brown, 2003). 

To test whether this retrograde response was dynein-dependent, I performed the 

same experimental set-up, but incubated the axons with erythro-9-(2-hydroxy-3-

nonyl)adenine (EHNA), an inhibitor of the dynein ATPase (Bouchard et al., 1981). 

As before, I cultured primary CNs in MFCs and on DIV7 the axonal compartment 

was incubated with 0.15 mg/ml CTxB-488 for 3 hours followed by pre-incubation of 

the axonal compartment with 0, 1 or 2 mM EHNA for 1 hour. 1 mM ARS was then 

applied to the axonal compartment for 1 hour (co-applied with 0, 1 or 2 mM EHNA). 

Both compartments were subsequently fixed, permeabilised and stained using 

antibodies against FMRP and βIII-tubulin, as well as DAPI (Figure 4.6A).  

Axonal EHNA induced, albeit not fully, a significant decrease in the proportion of cell 

bodies containing SGs by one-way ANOVA (F(2,9)=5.864; p=0.0234), with post-hoc 

Tukey testing showing a significant decrease from control to 2mM EHNA (p=0.0218) 

This decrease indicates that there may be a role for axonal dynein in propagating 

the axonal ARS response to the soma. (Figure 4.6B). 
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Figure 4.6 Pharmacological inhibition of axonal dynein reduces the induction of somal stress 
granules by axonal arsenite stress 

A-B: Primary cortical neurons (DIV7) from WT E13.5 embryos were cultured in microfluidic 
chambers. The axonal compartment was incubated with CTxB-488 for 3hrs, followed by 
incubation of the axonal compartment with 0, 1 or 2mM EHNA for 1 hour and subsequent 
addition of 1mM sodium arsenite (ARS) to the axonal compartment for 1 hour (co-applied 
with EHNA). A significant decrease in the % of cell bodies containing SGs was observed by 
one-way ANOVA (F(2,9)=5.864; p=0.0234), in particular between the control and 2mM 
EHNA (p=0.0218). N=4 biological replicates. 

 

 

4.2.6 Pharmacological inhibition of axonal protein synthesis reduces the 

induction of somal stress granules by axonal arsenite stress. 
 

During the response to mechanical axon damage, the axon conveys a message to 

the soma by translating a protein signal from mRNA localised to the axon, which is 

then retrogradely transported via dynein towards the cell body (Perry et al., 2012). 

To test whether this was also the case for the ARS-induced response, I applied the 

translation inhibitor CHX to the axonal compartment.  

CNs were plated into MFCs and on DIV7 the axonal compartment was incubated 

with 0.15 mg/ml CTxB-488 for 3 hours, followed by pre-incubation of the axon 

compartment with either control or 10 μg/ml CHX for 1 hour. 1mM ARS was then 

applied to the axonal compartment for 1 hour (co-applied with 10 μg/ml CHX). Both 

compartments were subsequently fixed, permeabilised and stained using antibodies 

against FMRP and βIII-tubulin, as well as DAPI (Figure 4.7). 
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Axonal CHX significantly decreased the formation of somal SGs following axonal 

ARS stress, by independent samples t-test (t(6)=3.478, p=0.0132). It remains 

unclear whether the reduction in the number of SGs formed is due to ability of CHX 

to inhibit protein translation or it’s ability to prevent polysome disassembly. 

 

 

 

 

 

 

 

 

Figure 4.7 Pharmacological inhibition of axonal protein synthesis reduces the induction of 
somal stress granules by axonal arsenite stress 

A-B: Primary cortical neurons (DIV7) from WT E13.5 embryos were cultured in microfluidic 
chambers. The axonal compartment was incubated with CTxB-488 for 3hrs, followed by 
incubation of the axonal compartment with 10μg/ml cycloheximide (CHX) for 1 hour, and 
subsequent addition of 1mM sodium arsenite (ARS) to the axonal compartment for 1 hour 
(co-applied with CHX). A significant decrease in the % of cell bodies containing SGs was 
determined by independent samples t-test (t(6)=3.478, p=0.0132). N=4 biological replicates. 

 

 

4.2.7 Neither axonal thapsigargin stress, nor mechanical axotomy induce 

somal stress granules. 
 

For axonal ARS treatment, as the concentration increases, both the formation of 

somal SGs and the amount of axon damage increases, as indicated by increased 

blebbing, increased axon fragmentation and decreased fluorescence intensity of the 

βIII-tubulin stain (Figure 4.8). To determine whether axonal damage could be partly 

responsible for the formation of somal SGs, I investigated whether mechanical 

axotomy could induce SGs in the cell body. Using both primary cortical and DRG 

neurons from E13.5 WT embryos at DIV6 in MFCs, I performed axotomy as 

previously described (Park et al., 2006), using a glass Pasteur pipette to aspirate 

medium directly from the axonal compartment, creating a bubble which ruptures the 

axons. Following this, medium was replaced and the cells were left at 37°C for 1 
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hour. Both compartments were subsequently fixed, permeabilised and stained using 

antibodies for FMRP and βIII-tubulin. No FMRP-positive SGs were observed in the 

somal compartment following axotomy (two replicates). Rather, the FMRP stain 

remained homogenous through the cytoplasm, as in control cells. 

In order to determine whether the formation of somal SGs following axonal stress is 

only induced by ARS, I repeated the axonal stress experiment using the 

endoplasmic reticulum stressor thapsigargin, a commonly used SG inducer 

(Thomas et al., 2009). CNs were plated into MFCs and on DIV7 the axonal 

compartment was incubated with 0.15 mg/ml CTxB-488 for 3 hours, followed by 

treatment of the axon compartment with 0, 6.25, 12.5, 25 or 50 μM thapsigargin 

(Figure 4.8). No somal SGs were observed following axonal thapsigargin; two 

replicates. This was despite a large amount of axon damage for the higher 

concentrations (12.5 – 50 μM), which was comparable to, or more extensive than,  

the damage induced by concentrations of axonal ARS that induce SGs (Figure 4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Axonal thapsigargin stress does not induce somal stress granules 

Primary cortical neurons were cultured from E13.5 mouse embryos and plated into MFCs. 
On DIV7, the axonal compartment was incubated with 0.15mg/ml CTxB-488 for 3 hours, 
followed by treatment of the axonal compartment with 0, 6.25, 12.5, 25 or 50μM 
thapsigargin. No FMRP-positive SGs (red) were observed following axonal thapsigargin; 

neurons were also stained with β3-tubulin (cyan)/DAPI (blue); two replicates.  
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Figure 4.9 Both arsenite and thapsigargin induce axon damage 

Primary cortical neurons (DIV7) from WT E13.5 embryos were cultured in microfluidic 
chambers and the axonal compartment was incubated with CTxB-488 for 3hrs, with 
subsequent addition of either A: sodium arsenite or B: thapsigargin for 1 hour 
(concentrations indicated in figure). Axons were stained for βIII-tubulin (cyan)  in order to 
observe axon damage. 
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4.3 Discussion 
 

The results of this chapter have further characterized the ability of neuronal cells to 

respond to stress. These findings demonstrate the first evidence that axons can 

respond to arsenite stress and subsequently propagate a signal to the soma. Based 

on experiments adding radioactive [35S]methionine to compartmentalised chambers 

followed by scintillation counting, it is unlikely that the ARS is simply leaking from 

the axonal compartment to the somal compartment within the 1 hour timescale of 

our experiment (Taylor et al., 2005). Unpublished data using our own MFC designs 

has demonstrated that upon addition of [32P]-γ-ATP to the axonal compartment, it 

takes over 20 hours for it to become detectable in the somal compartment (with a 40 

µl volume difference; 60 μl less than used in my experimental set-up).  

Further, no SGs are detected when MEFs (NNCs) are plated into MFCs and ARS is 

applied at high concentrations (2.5 mM or 5 mM) to the axonal compartment for 1 

hour; 2.5 mM was the highest concentration used for the neuronal axonal ARS dose 

response. This also suggests that the fluidic isolation is intact, as these cells do not 

project axons and therefore shouldn’t come into contact with the ARS. The MEFs in 

this experiment were not allowed to reach 100% confluence for ease of cell 

counting. It is possible that proliferation of NNCs in the CN and DRGN cultures, or 

the growth of axons through MFC grooves, could alter the integrity of the device and 

hence affect the fluidic isolation.  

ARS leaking between compartments is also unlikely given the comparison of the 

488-CTxB-positive vs CTxB-488-negative cells; CTxB-488-negative cells were 0% 

and 3% SG-positive for DRG neurons and CNs respectively. It is worth noting the 

difference that 3% of 488-CTxB-negative CN somas displayed SGs, while this was 

0% in DRG neurons; compared to 0% in the absence of ARS for both cell-types. 

This may be an artefact of the technique: CNs and DRGNs were cultured in MFCs 

with 500 μm and 800 μm long microgrooves respectively, so ARS may be able to 

leak across the shorter grooves over the hour, but not the longer ones. Alternatively 

there may be a biological reason; for example, CN somas may have an increased 

capacity to transmit stress signals intercellularly. One further explanation is that CNs 

may die earlier than DRGNs in response to axonal ARS, with neighbouring cells 

becoming stressed by the surrounding cell death. 

It is also worth noting that CN somas formed SGs at all ARS concentrations 

investigated, while DRGNs required higher concentrations (1 mM, 2.5 mM) for a 
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robust response. Biologically, this may be indicative of an increased susceptibility to 

axonal stress for CNs compared to DRGNs. This may however be an artefact of the 

experimental set-up (i.e. MFC groove length; see above paragraph for discussion). 

As discussed in Chapter 3.3, CNs and DRGNs are cultured in different media (as 

different media conditions have been optimised in our laboratory to promote the 

health of different neuron subtypes), which may have induced the observed effect; 

for example, DRGN medium contains the antioxidant β-mercaptoethanol, but not 

CN medium. It will be interesting to observe whether MNs, the other main cell-type 

which degenerates in ALS-FTD, exhibit responses at lower concentrations. 

The comparison of the dynamics of somal SG formation between axonal and somal 

stress demonstrated the requirement of an additional 10 minutes for the axonal 

stress. This short delay is likely too fast for intracellular diffusion, but does not rule 

out a retrograde-transport mechanism mediated by the microtubule motor dynein. 

Using published retrograde axon transport speeds of 1–3 µm/s (Brown, 2003) and 

the longer 800 µm MFC microgroove length (as used in the DRGN experiment), the 

time to propagate a retrograde signal to the soma lies between 4 and 13 minutes; 

this range for 500 μm grooves is lower. Dynein-mediated fast retrograde axonal 

transport has previously been demonstrated to be critical for the DRGN response to 

axotomy in compartmentalised chambers (Hanz et al., 2003).  

The lack of significance for the CN SG50 appears to be due to an increased time for 

CNs to form SGs following whole-cell arsenite stress compared to DRGNs, as 

axonal SG50s are similar in both cell-types. This similarity may indicate a common 

mechanism for axonal stress induction, and suggests a similar capacity to form SGs 

intracellularly post-stress induction. The 4 minute SG50 difference between neuron 

types may however represent a different biological capacity to respond to ARS, for 

example DRG neurons have a higher surface area to internalise ARS, but may 

simply be an artefact of the high variance in the CN data. 

The hypothesis that the axon-to-soma response requires dynein is supported by an 

observed decrease in SG-positive cell bodies following axonal EHNA application. 

The largest decrease is observed using 2 mM EHNA, a concentration used to block 

the dynein ATPase in multiple studies (Cande, 1982, Fargier et al., 2013, Lin et al., 

2014). Although the response is only partially blocked, incomplete transport 

inhibition has been described for similar experimental designs to the current study, 

where neuronal axons in MFCs are treated with EHNA or ciliobrevin A (Baleriola et 

al., 2014). As my response decreases somal SG formation by 37%, it is possible 
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that EHNA was only blocking dynein processing to this extent in my set-up, though 

this remains to be checked. An additional reason for the effect size observed may 

be due to a ceiling effect. The SG response begins to plateau near the SGMAX 

between 40-60 minutes for both cell-types, so may be easier to observe an 

inhibition effect at an earlier time point, before the system becomes saturated (e.g. 

at a 30 or 40 minute timepoint). 

It is also worth noting that, while commonly used to inhibit dynein, EHNA has a 

number of off target effects, in particular its inhibition of phoshodiesterase II 

(Podzuweit et al., 1995) and adenosine deaminase (Porter and Abushanab, 1992). 

This means that I cannot guarantee that the observed decrease in the axon-to-soma 

response is due to dynein inhibition. In recent years, a number of more specific 

dynein inhibitors have been used, including ciliobrevins (Roossien et al., 2015) and 

dynarrestin (Hoing et al., 2018). EHNA was selected for the experiments in this 

chapter because it had been previously been optimised for dynein-inhibition 

experiments in our laboratory, and because fewer studies have fully characterised 

the effects of these newer inhibitors. 

While dynein provides the most likely method of signal transduction towards the 

soma, there are other possible mechanisms. For example, DRGNs are able detect 

signals via receptors on their axon terminals and subsequently propagate action 

potentials towards the cell body (Nascimento et al., 2018). One potential 

mechanism is via TRP (transient receptor potential) ligand-gated cationic channels, 

which are expressed on a subset of DRG neuron axons (Brenneis et al., 2013). 

Reactive oxygen species (ROS), which are generated by oxidative stress have been 

shown to cause a conformational changes in these channels, directly activating 

them (Yoshida et al., 2006, Westlund et al., 2010). This permits the entry of cations 

into the axon, increasing the probability of action potential generation and eliciting 

other local downstream pathways (Sousa-Valente et al., 2014). This is, however, 

unlikely, as action potentials are very fast so would likely not result in the 10 minute 

delay, and because the response is conserved in CNs. 

There is another point worth noting from the dynamics experiment. When the 

DRGNs were stressed somally, the SGMAX  was 87%, compared to a lower 57% for 

axonally stressed cells. While it is possible that the delayed time course means we 

did not observed the maximum response during the timeframe of our experiment, 

this is unlikely as the response appears to plateau between 40-50 minutes; this 

plateau is conserved in CNs. One possible explanation for this is that CN/DRGN 
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cultures are heterogenous populations, and as such different neurons within the 

same culture may have different capacities to transport retrograde cargoes, or 

express different axonal proteins, which may alter their responses to exogenous 

stressors. 

Like dynein-mediated transport, local axonal protein synthesis has been highlighted 

as a mechanism by which axons respond to mechanical injury (Hanz et al., 2003). It 

is possible that the induction of somal SGs by axonal stress may also be dependent 

upon local axonal protein synthesis, as local CHX results in a significant decrease in 

the number of cell bodies containing SGs. This is feasible given that significant 

axonal protein synthesis can occur on a very short timescale (<5 minutes) (Wong et 

al., 2017). As CHX also prevents polysome disassembly, it is difficult to interpret this 

experiment without further data: it is currently unclear whether the observed effect of 

CHX is due to inhibition of protein translation or changes in phase separation (due 

to inhibition of polysome disassembly) within the axon. Further experiments using 

alternative translation inhibitors which to not prevent polysome disassembly, such 

as puromycin, are required. 

As the axon-to-soma SG response was only observed at higher ARS 

concentrations, it is possible that ARS was directly killing the axons; effectively an 

“oxidative axotomy”. However, observing CNs and DRGNs 1 hour following 

mechanical axotomy, the FMRP stain remained the same as that for control 

neurons, suggesting no effect on the SG response. Unpublished data from our lab 

has repeated this observation in primary MNs. There is currently very little evidence 

directly linking mechanical axon damage to somal SGs. One study performed 

axotomies on the sciatic nerve of adult C57BL/6 mice and investigated the cell body 

7 days post-injury, which resulted in an upregulation of TDP-43 in the cytoplasm of 

retrograde tracer-positive MNs and a co-localisation with the SG markers TIA-1 and 

staufen in a non-punctate pattern (Moisse et al., 2009). Physical damage has 

however been shown to induce TDP-43/FMRP-positive granules in neurons, 

although interestingly these do not colocalise with SG markers TIAR1 and FUS 

(Wiesner et al., 2018); this highlights the necessity for a further characterisation of 

the protein composition of the FMRP-granules observed in the current chapter. 

This chapter demonstrates the ability of axonal ARS incubation, but not 

thapsigargin, to induce somal SGs. This does not necessarily rule out the ability of 

thapsigargin, nor ER stress, to induce this response. While the studied 

concentrations induce somal SGs, differences in axonal biology may prevent a 
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response during 1 hour stressor duration investigated. Furthermore, compared to 

thapsigargin, ARS induces stress via a wide-range of mechanisms including 

induction of oxidative stress via production of reactive oxygen species (ROS) (Ruiz-

Ramos et al., 2009) and destruction of the cytoskeleton (Li and Chou, 1992) and 

focal adhesions (Yancy et al., 2005). It is possible that the effect described in this 

chapter using ARS was observed because the multiple converging stress pathways 

in combination were sufficient to pass an induction threshold. 

 

4.3.1 Future directions 
 

Are the FMRP-positive granules stress granules? 

Throughout this chapter, FMRP has been used as a marker for SGs; however, a 

thorough characterisation of these granules remains to be performed. While FMRP 

is a major constituent of SGs (Markmiller et al., 2018), the only other evidence I 

have that these are canonical SGs is that these granules are morphologically 

similar, and that whole-cell CHX blocks their formation. Additionally, FMRP forms 

part of multiple different RNP granules including dendritic mRNP granules (Antar et 

al., 2005) and those observed following brain injury (Wiesner et al., 2018). To 

characterise these granules further, a panel of common SG markers will in future be 

used to confirm the identity of these granules: for example G3BP, TIAR and 

translation factors. Further, co-immuno-in situ hybridisation should be performed to 

determine whether they are positive for RNA. In addition to constituent markers, it 

should be determined whether these granules exhibit the dynamic properties of 

canonical SGs, such as rapid fluorescence recovery after photobleaching (FRAP), 

fusion with other granules and granule disassembly after stress cessation (Wheeler 

et al., 2016). The expanding SG literature has a loose definition of what a SG 

actually is; at its most basic form, the structures induced in this chapter are granules 

that are induced by stress and therefore, in the context of this wide-ranging 

literature, it is fair to term them SGs.  

Are the FRMP granule-positive cells alive? 

Arsenite is an intense stressor, targeting multiple cellular pathways (Li and Chou, 

1992). For this reason, it will be important to look at the effect of axonal stress on 

cell-death, for example using markers for activated-caspase 3 (Porter and Janicke, 

1999). If the somas exhibiting FMRP-positive granules are undergoing cell death, it 

will suggest that these are non-canonical SGs. It may further be interesting to see if 
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these granules contain or exclude eIF3, as non-canonical pro-death SGs display a 

loss of eIF3 proteins over time (Aulas et al., 2018). If these cells are undergoing a 

death pathway, this model may still prove useful in investigating axon-mediated 

neuronal-death pathways. 

Is the response arsenite-specific? 

All of the current axonal stress work has been performed with ARS. As ARS has a 

lot of SG-independent effects, it will be important to attempt to replicate this 

response using other oxidative stressors, such as hydrogen peroxide. Further it will 

be interesting to see if other cell stressors elicit the same response when applied 

axonally: ER stressors (for example, thapsigargin); protein synthesis inhibitors (e.g. 

puromycin); osmotic stressors (e.g. sorbitol) (Dewey et al., 2011, Arimoto-Matsuzaki 

et al., 2016).  

Is the response conserved across neuronal cell types? 

All of the current axonal stress work has been performed in primary embryonic CNs 

and DRGNs. Given that these two distinct neuron types both display this response, 

it is likely pan-neuronal. However, in terms of ALS, it will be critical to investigate 

whether this response is conserved in MNs. In terms of varying susceptibility to 

axon stress, it would be interesting to prepare these three neuron types in parallel 

from the same embryo, culturing them in the same medium and MFCs to fully 

determine whether any cell-types are more susceptible to axonal stress. 

Additionally, these experiments have all been performed in embryonic mouse 

neurons. It will be interesting to see if the response is conserved in human neurons, 

adult neurons, and whether it can occur in a whole organism in vivo. 

Do other mechanisms of dynein inhibition decrease the response? 

EHNA has a number of off-target effects, so it will be interesting to see if newer 

pharmacological dynein inhibitors, such as ciliobrevin D (Roossien et al., 2015) and 

dynarrestin (Hoing et al., 2018), will induce the same response. It will also be 

interesting to compare pharmacological inhibition with genetic methods such as 

siRNA-mediated knockdown of motor subunits (Tsai et al., 2009) or by obtaining 

primary neuron cultures from mouse models with axon transport deficits, such as 

the Loa (Legs at odd angles) mouse model. This model has a mutation in Dync1h1, 

the gene encoding the dynein heavy chain subunit, which results in the decreased 

velocity of signalling endosomes (Garrett et al., 2014). As EHNA did not fully inhibit 

the response, it may be valuable to compare the amount that 2mM EHNA inhibits 
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the transport of other retrograde cargoes (such as CTxB) to the inhibition of the 

axon-to-soma SG response. 

Is the response dependent on axonal protein synthesis? 

In order to separate the protein translation and polysome trapping effects of CHX, it 

will be important to reattempt the axon stress experiments with different protein 

translation inhibitors, such as puromycin; it is worth noting that puromycin promotes 

polysome disassembly (Kedersha et al., 2000). 

What is happening in the axon during axonal stress? 

Some papers have reported the presence of SGs within axons following whole-cell 

stress (Markmiller et al., 2018). While axonal FMRP-positive SGs have been 

reported post-oxidative stress, we found FMRP-staining to be punctate in axons in 

control neurons, making it difficult to draw conclusions. It will important to 

investigate the SG response in axons using markers which are not already punctate 

in unstressed cells. 

 

4.4 Conclusion 
 

This study provides the first evidence that neuronal axons can respond to oxidative 

stress and subsequently propagate a response to the cell body. As MN axons are 

longer than most cell types, it is possible that these are more susceptible to 

stressors, particularly during ageing as the human body provides increasing levels 

of oxidative- and proteostatic-stress to the extracellular environment. The observed 

response indicates a mechanism by which this increasingly stressful axonal 

environment may be translated into cytoplasmic, RNA-binding protein-positive 

inclusions in both sporadic and familial ALS. 
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5 The stress granule response in the FUS-D14 mouse 

model 
 

5.1 Specific aims 
 

Besides viral infection, the majority of research linking SGs to disease pertains to 

ALS. While it is debated whether SGs are a precursor to neuronal inclusions, as 

discussed in Chapter 1.3, investigation of the dynamics and composition of acute 

SG aggregates in the presence of disease-causing mutations will likely have major 

implications for multiple cellular aggregation pathways, including those leading to 

inclusion formation. 

A large body of the existing SG disease research has been performed using 

techniques that overexpress mutant proteins, such as transfection and the use of 

tissue from transgenic animals (Bosco et al., 2010, Dewey et al., 2011, Figley et al., 

2014). However, RNA-binding proteins (RBPs), which are commonly mutated in 

ALS and enriched in SGs, have tightly regulated levels within cells, so 

overexpression systems may not be appropriate models. Models with disease-

relevant mutant protein expression include patient iPSCs (induced pluripotent stem 

cells) (Lenzi et al., 2015) and ‘knock-in’ models and cell lines (Devoy et al., 2017). 

Another issue with neurodegenerative disease (NDD) research is that we are aiming 

to study pathomechanisms which likely progress over the course of decades, with 

symptom onset much later in life. This is an issue for the use of cell and mouse 

models, which are studied on a much smaller time scale (months – a few years). In 

order to observe the initial pathomechanisms of NDDs, it could be beneficial to 

study variants of the disease which have an early-onset and rapid progression in 

order to maximise the chances of observing a disease phenotype. In the study of 

ALS, mutations in FUS fit this brief, as these cases present with an earlier onset and 

a more aggressive progression than other ALS cases; (>60% ALS-FUS have onset 

<45 years) (Shang and Huang, 2016). In particular, mutations in the nuclear 

localisation signal (NLS) of FUS have been reported to cause early-onset ALS; <20 

years onset (Baumer et al., 2010). 

NLS-mutations have been demonstrated to have major implications for intracellular 

cytoplasmic aggregation, and hence for the formation of SGs and inclusions, via two 

mechanisms. Firstly, mutations in the NLS can disrupt its binding to TNPO1, hence 

increasing the amount of FUS in the cytoplasm that is available to aggregate 
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(Dormann et al., 2010). In addition to this, FUS-TNPO1 binding has been 

demonstrated to compete with FUS-FUS binding, with the same NLS-mutations that 

decrease TNPO1-binding increasing the propensity of FUS to undergo phase 

separation (Yoshizawa et al., 2018). 

For the current chapter, I selected the FUSDelta14 ‘knock-in’ mouse, a model of a 

FUS NLS mutation based on a human case with an early disease-onset (20 years) 

and a rapid disease progression (2 years) (DeJesus-Hernandez et al., 2010, Devoy 

et al., 2017). This model exhibits a progressive motor neurodegenerative phenotype 

when the mutation is expressed in heterozygosity and expresses FUS at 

physiological levels (discussed further in Chapter 1.1.2.4). The added benefit of this 

system is that the FUSDelta14 mutation induces a deletion and a subsequent 

frameshift that results in an entirely different peptide sequence downstream of the 

mutation. This allowed for the generation of an antibody against the novel mutant C-

terminus (FUS-D14 antibody), which can be used in conjugation with an antibody 

against the C-terminus of the wild-type FUS protein (FUS-WT), to compare the 

localisation of both the FUS-WT and FUS-D14 proteins in the same heterozygous 

cell. The N-terminus of FUS-D14 remains unchanged, so antibodies against this 

region can recognise both proteins. 

Though a large number of studies have shown that cytoplasmic FUS mutants 

localise to SGs (Baron et al., 2013, Bosco et al., 2010, Lenzi et al., 2015), the 

current literature is in disagreement as to whether this is also true of the FUS-WT 

protein, particularly following sodium arsenite (ARS) stress. While multiple 

immunofluorescence studies have suggested FUS-WT does not localise to ARS-

induced SGs (Bosco et al., 2010, Sama et al., 2013), more sensitive techniques, 

such as proximity labelling (Markmiller et al., 2018) and mass spectrometry (Jain et 

al., 2016) have confirmed its presence.  

In wild-type (WT) and heterozygous (HET) mouse embryonic fibroblasts (MEFs) 

derived from the FUSDelta14 model, it has been previously shown that almost no 

FUS-WT entered SGs following ARS stress, while the FUS-D14 protein significantly 

co-localised with the SG marker G3BP (Devoy et al., 2017). Further, unpublished 

work from our lab has demonstrated that the FUS-D14 protein mislocalises to the 

cytoplasm in both HET and homozygous (HOM) primary motor neurons (MNs). As 

MNs are the predominate cell-type which degenerates in ALS, I aimed to determine 

whether FUS localised to SGs in primary MNs derived from HET and HOM 

embryos, with comparisons to neurons from the WT. Primary embryonic cells are a 
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good model for the comparison of WT, HET and HOM FUSDelta14 cells, as HOM 

mice die perinatally (Devoy et al., 2017).  

While MNs degenerate in ALS, sensory neurons (including dorsal root ganglion 

neurons (DRGNs)) are comparatively spared. Therefore, investigated the 

localisation of FUS-WT and FUS-D14 in WT, HET and HOM primary DRGNs and 

the localisation of FUS to ARS-induced SGs in DRGNs.  

5.1.1 Materials and methods 
 

The results in this chapter were obtained by culturing primary motor and sensory 

neurons on glass coverslips; dissection and cell culture are detailed in Chapter 2.4. 

For section 5.2.1 and 5.2.3, neurons were exposed to sodium arsenite (1 hour, 

0.5mM), as detailed in Chapter 2.7. This was followed by fixation and subsequent 

immunostaining, using antibodies for SG marker proteins (G3BP, TIAR, FMRP) and 

FUS, for the observation of SGs, and FUS localisation using confocal microscopy; 

as detailed in Chapter 2.6. For section 5.2.2. DRGNs were unstressed, and 

stained for FUS antibodies at DIV5. 

 

5.2 Results 
 

5.2.1 FUSDelta14-mutant FUS is present in stress granules at higher levels 

than wild-type FUS in primary motor neurons 
 

Primary MN cultures were first obtained from E13.5 embryos (WT, HET and HOM 

for the FUSDelta14 mutation) and grown on coverslips. Cells were treated with 0.5 

mM ARS for 1 hour (or MN medium control), fixed, permeabilised and stained with 

an antibody against FMRP (a SG marker) and an antibody against the N-terminus of 

both the WT and mutant FUS protein (n=3) (Figure 5.1A-B). Cells were also 

stained for βIII tubulin and DAPI in order to distinguish the area covered by each 

neuron and its nucleus. 

For each replicate, 5 MN images were acquired by confocal microscopy. A 

threshold for each replicate was determined for the FMRP stain to define regions of 

interest (ROIs) for “inside SG” and “outside SG”. “Outside SG” was defined as the 

area of the neuron soma, determined by the βIII tubulin stain, excluding the FMRP-

positive SGs and DAPI-positive nucleus. The mean grey intensity for FUS was 

obtained for both ROIs; i.e. FUS intensity inside (Figure 5.1E) and outside (Figure 



118 
 

5.1F) SGs. Values were then determined for the fold-change upon entering a SG 

from the cytoplasm (SG intensity/non- SG intensity) (Figure 5.1C) and another for 

the absolute change upon entering a SG (SG intensity – non-SG intensity) (Figure 

5.1D). Data was analysed by one-way ANOVA and post-hoc Tukey tests. 

The FUS-565 antibody showed localisation to SGs for all genotypes, though this 

was much lower for the WT (1.29-fold increase/4 absolute increase). Both the HET 

and HOM demonstrated a significantly higher relative increase of >2-fold 

(F(2,6)=21.28, p=0.002; with post-hoc p=0.002 and 0.011 respectively) compared to 

the WT. Likewise, HET and HOM showed a significantly higher absolute increase 

(F(2,6)=10.05, p=0.012; with post-hoc p=0.015 and 0.027 respectively) compared to 

the WT. This indicates that while both the FUS-WT and FUS-D14 protein localise to 

SGs, FUS-D14 has a much higher SG localisation. Despite an extra copy of the 

FUSDelta14 allele, HOM MNs showed no significant differences to HET MNs 

(Figure 5.1C-F).  
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Figure 5.1 FUSDelta14-mutant FUS is present in stress granules at higher levels than wild-
type FUS in primary neurons 

A-B: 1 hour of 0.5mM sodium arsenite induces FMRP-positive stress granules (SGs) in 
DIV5 primary motor neurons cultured from wild-type (WT) E13.5 embryos or those 
heterozygous (HET)/homozygous (HOM) for the FUSDelta14 mutation. Neurons were also 
stained using antibodies against N-terminal FUS (FUS-565; red), βIII-tubulin (green) and 
DAPI (blue). Scale bar is 20μm. B-F: ROIs were determined using ImageJ for areas positive 
for FMRP (“inside” SG) or not (“outside” SG). FUS intensity was determined for “inside” (E), 
intensity “outside” (F), fold-change (C) and absolute change (D) calculated. All statistical 
tests by one-way ANOVA and post-hoc Tukey; n=3. C: HET (p=0.002) and HOM (p=0.011) 
are significantly higher than WT. D: HET (p=0.015) and HOM (p=0.027) are significantly 
higher than WT. E: HET (p=0.023) and HOM (p=0.027) are significantly higher than WT. F: 
HOM is significantly higher than WT (p=0.038). N=3 biological replicates. 

 

5.2.2 FUSDelta14-mutant FUS mislocalises to the cytoplasm in primary 

sensory neurons 
 

Previously the D14 FUS protein has been reported to mis-localise to the cytoplasm 

in both primary mouse embryonic fibroblasts and MNs, using antibodies specific to 

the C-termini of WT FUS and the D14 mutant protein (Devoy et al., 2017). It is 

unknown whether this phenotype is replicated in neurons which are comparatively 

unaffected in ALS pathogenesis, such as DRGNs. To investigate this, primary 

DRGN cultures were first obtained from E13.5 embryos (WT, HET and HOM for the 

FUSDelta14 mutation) and grown on coverslips. Cells were fixed, permeabilised 

and stained with specific antibodies against the C-terminus of FUS-WT (FUS-562 
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antibody) and the FUS-D14 (FUS-D14 antibody) mutant, as well as βIII-tubulin 

(Figure 5.2A). For each replicate, 5 DRGN images were acquired by confocal 

imaging, with one neuron per image adjusted for the plane with the highest DAPI 

intensity. Using ImageJ, background was subtracted using a rolling ball algorithm 

(50-pixel radius), regions of interest (ROIs) were determined for both the nucleus 

(using DAPI stain) and cytoplasm (using βIII-tubulin and DAPI stain) and the mean 

grey intensity was determined for each ROI. Mean grey intensity values were 

normalised to the max grey intensity value for each replicate. 

Statistical analyses were performed using one-way MANOVA, with post-hoc one-

way ANOVA and Tukey tests. FUSDelta14 mutation dosage was shown to have a 

significant effect on the localisation of the FUS-WT protein (F(4,12)=3.632, 

p=0.037), though post-hoc testing demonstrated no significant differences for 

cytoplasmic localisation (F(2,6)=1.837, p=0.249) (Figure 5.2B). FUSDelta14 

dosage did exert an effect on nuclear FUS-WT localisation (F(2,6)=128.807, 

p<0.0005), with WT (p<0.0005) and HET (p<0.0005) significantly higher than HOM; 

there was no difference between WT and HET despite the HET containing one less 

copy of the FUS-WT allele (p=0.407). 

FUSDelta14 mutation dosage also had a significant effect on the localisation of the 

FUS-D14 protein (F(4,12)=7.953, p=0.002), for both nuclear (F(2,6)=7.483, 

p=0.023) and cytoplasmic (F(2,6)=35.975, p<0.0005) localisation (Figure 5.2C). In 

the nucleus, HOM neurons showed a significant increase compared to WT 

(p=0.026), with HET showing borderline significance from WT (p=0.053); here there 

was no difference between HET and HOM, despite the additional copy of the 

FUSDelta14 allele for the HOM (p=0.829). In the cytoplasm however, FUS-D14 

intensity demonstrated a FUSDelta14 allele dose-dependent increase with HET and 

HOM significantly higher than the WT (p=0.022 and p<0.0005 respectively), and 

HOM significantly higher than the HET (2-fold; p=0.008). 
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Figure 5.2 FUSDelta14-mutant FUS mislocalises to the cytoplasm in primary sensory 
neurons 

A: Primary dorsal root ganglion neurons (DIV5) cultured from wild-type E13.5 embryos. 
Wild-type FUS (FUS-WT; green) is almost entirely nuclear in both WT/HET neurons. FUS-
D14 (red) is both nuclear and cytoplasmic, with higher expression in the HOM cytoplasm. 
Cells are also stained with β3-tubulin (cyan)/DAPI (blue). Scale bar is 20μm. n=3. B-C: 
Regions of interest (ROIs) were determined for nucleus and cytoplasm, and mean grey 
intensity values were determined for each ROI using ImageJ. 5 neurons were investigated 
per n and an average determined; intensity values were normalised to the max grey intensity 
value for each n. FUSDelta14 mutation dosage was shown to have a significant effect on the 
localisation of both the FUS-WT (B) protein (F(4,12)=7.953, p=0.002) and the FUS-D14 (C) 
protein (F(4,12)=3.632, p=0.037) by one-way MANOVA. Post-hoc analyses one-way 
ANOVA and Tukey tests demonstrated an increase of cytoplasmic D14 intensity from HET 
to HOM neurons (p=0.008). N=3 biological replicates. 

 

 

5.2.3 FUSDelta14-mutant FUS is present in stress granules at higher levels 

than wild-type FUS in primary sensory neurons 
 

Since FUS-D14 localises to the cytoplasm in an allele dose-dependent manner in 

DRGNs, we decided to investigate to what extent FUS localised to SGs in DRGNs; 

taking advantage of three different FUS antibodies. In order to do this, primary 

DRGN cultures were first obtained from E13.5 embryos (WT, HET and HOM for the 

FUSDelta14 mutation) and grown on coverslips. Cells were then treated with 0.5 

mM ARS for 1 hour (or DRGN medium control), fixed, permeabilised and stained 

with DAPI, antibodies against two SG markers (G3BP, TIAR or FMRP; depending 

on FUS antibody species) and an antibody against either the WT (C-terminal), D14 

(C-terminal) or both (N-terminal) FUS proteins (n=3) (Figure 5.3A-B; Figure 5.4A-

B; Figure 5.5A-B). It was possible to determine the shape of DRGNs in culture 

without βIII tubulin staining, instead using the cytoplasmic FRMP/TIAR stain. 

For each replicate, 5 DRG neuron images were acquired by confocal imaging, with 

one neuron per image adjusted for the plane with the highest G3BP intensity. Next, 

for each replicate, a threshold was determined for each SG marker and two ROIs 

defined for “inside SG” (a region where both markers are present) and “outside SG” 

(cytoplasmic, but with neither marker present). The mean grey intensity for FUS was 

obtained for both ROIs. One value was determined for the fold-change upon 

entering an SG from the cytoplasm (SG intensity/non- SG intensity) and another for 

the absolute change upon entering an SG (SG intensity – non-SG intensity). Data 

was analysed by one-way ANOVA and post-hoc Tukey tests. 
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The non-specific N-terminal FUS antibody (FUS-565) showed a 2-3-fold increase for 

all genotypes, with no significant differences (F(2,6)=0.498, p=0.631), indicating that 

both the WT and D14 proteins are enriched in SGs in DRGNs (Figure 5.3C). The 

absolute-change however demonstrated an allele-dosage-dependent response 

(F(2,6)=38.53, p<0.0005), with HET (p=0.004) and HOM (p<0.0005) significantly 

higher than WT, and HOM significantly higher than HET (p=0.037) (Figure 5.3D). 

The antibody specific to the mutant FUS-D14 protein showed a 2-3-fold increase for 

HET/HOM neurons (no significant differences; F(2,6)=21.28, p=0.002; with post-hoc 

p=0.194), but also a 1.3-fold increase for WT neurons (Figure 5.4C). This 2-3 fold 

increase is in-line with the values observed for the N-terminal FUS antibody, and is 

significantly higher than the WT fold change (p=0.002/p=0.011). This 1.3-fold 

change is lower than the other fold-changes observed and the absolute-change for 

this antibody in WT cells is also low (4 fluorescent units, compared to 70/61 units for 

HET/HOM respectively). This value is expected to be lower as D14-FUS is not 

present in WT cells, meaning the staining observed is likely due to non-specific 

interactions. The same pattern was observed for absolute change (F(2,6)=10.05, 

p=0.012), with HET (p=0.015) and HOM (p=0.027) significantly higher than WT 

(Figure 5.4D). Contradicting the N-terminal FUS antibody data, there was no trend 

towards absolute increase in FUS from HET to HOM (p=0.851). 

The antibody specific to FUS-WT showed around a 2-fold increase in intensity for all 

genotypes (no significant differences; F(2,6)=0.348, p=0.72), despite FUS-WT not 

being present in HOM cells (Figure 5.5C). One explanation is that the C-terminal 

region this antibody is specific to has high homology with another SG protein (fellow 

FET family protein EWS). The absolute changes were all very low (8, 6 and 3 units 

for WT, HET and HOM respectively) with no significant differences (F(2,6)=0.844, 

p=0.475) (Figure 5.5D). 
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Figure 5.3 FUS is present in stress granules at higher levels in primary dorsal root ganglion 
neurons that are  heterozygous and homozygous for the FUSDelta14 mutation, compared to 
wild-type neurons 

A-B: 1 hour of 0.5mM sodium arsenite induces TIAR (green)/G3BP (cyan)-positive stress 
granules (SGs) in DIV5 primary dorsal root ganglion neurons cultured from wild-type (WT) 
E13.5 embryos or those heterozygous (HET)/homozygous (HOM) for the FUSDelta14 
mutation. Neurons were also stained using an antibody against N-terminal FUS (FUS-565; 
green) and DAPI (blue). Scale bar is 20μm. B-F: ROIs were determined using ImageJ for 
areas positive for both SG markers (“inside” SG) and neither marker (“outside” SG). FUS 
intensity was determined for “inside” (E), intensity “outside” (F), fold-change (C) and 
absolute change (D) calculated. All statistical tests by one-way ANOVA and post-hoc Tukey; 
N=3 biological replicates. C: no significant differences (p=0.631). D: HET (p=0.004) and 
HOM (p<0.0005) are significantly higher than WT, and HOM is significantly higher than HET 
(p=0.037). E: HET (p=0.007) and HOM (p=0.001) are significantly higher than WT. F: HOM 
is significantly higher than WT (p=0.01). 
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Figure 5.4 FUSDelta14-mutant FUS is present in stress granules in primary dorsal root 
ganglion neurons 

A-B: 1 hour of 0.5mM sodium arsenite induces FMRP (green)/G3BP (cyan)-positive stress 
granules (SGs) in DIV5 primary dorsal root ganglion neurons cultured from wild-type (WT) 
E13.5 embryos or those heterozygous (HET)/homozygous (HOM) for the FUSDelta14 
mutation. Neurons were also stained using an antibody against the C-terminus of the FUS-
D14 mutant protein (FUS-D14; red) and DAPI. Scale bar is 20μm. B-F: ROIs were 
determined using ImageJ for areas positive for both SG markers (“inside” SG) and neither 
marker (“outside” SG). FUS intensity was determined for “inside” (E), intensity “outside” (F), 
fold-change (C) and absolute change (D) calculated. All statistical tests by one-way ANOVA 
and post-hoc Tukey; N=3 biological replicates. C: HET (p=0.002) and HOM (p=0.011) are 
significantly higher than WT. D: HET (p=0.015) and HOM (p=0.027) are significantly higher 
than WT. E: HET (p=0.026) and HOM (p=0.006) are significantly higher than WT. F: HOM is 
significantly higher than WT (p=0.02). 
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Figure 5.5 Wild-type FUS protein is present in stress granules in primary dorsal root 
ganglion neurons 

A-B: 1 hour of 0.5mM sodium arsenite induces TIAR (red)/G3BP (cyan)-positive stress 
granules (SGs) in DIV5 primary dorsal root ganglion neurons cultured from wild-type (WT) 
E13.5 embryos or those heterozygous (HET)/homozygous (HOM) for the FUSDelta14 
mutation. Neurons were also stained using an antibody against the C-terminus of the non-
mutant FUS protein (FUS-562; green) and DAPI (blue). Scale bar is 20μm. B-F: ROIs were 
determined using ImageJ for areas positive for both SG markers (“inside” SG) and neither 
marker (“outside” SG). FUS intensity was determined for “inside” (E), intensity “outside” (F), 
fold-change (C) and absolute change (D) calculated. All statistical tests by one-way ANOVA 
and post-hoc Tukey; N=3 biological replicates. No significant differences were observed: C: 
(p=0.72) ;D: (p=0.475); E: (p=0.561); F: (p=0.759). 

 

  



131 
 

5.3 Discussion 
 

The results of this chapter clearly replicate previous reports that the FUS protein 

localises to SGs at far higher levels in ALS-mutant cells when compared to WT 

cells. Though some studies have demonstrated this using systems where FUS is 

overexpressed (Bosco et al., 2010, Dewey et al., 2011, Figley et al., 2014), this 

study has replicated this finding in a model with disease-relevant levels of FUS and 

a disease-relevant cell type: the MNs of a model organism which displays 

progressive MN degeneration, followed by death (Devoy et al., 2017). Despite 

endogenous expression levels, a very high average absolute increase in 

fluorescence intensity from the cytoplasm into SGs was observed: 66 (HET)/57 

(HOM) fluorescence units. In addition, the fold-increase for intensity was 1.3-fold for 

WT, but over 2-fold for HET and HOM, further indicating an increased propensity for 

mutant FUS to localise to SGs.  

Though not as high as HET and HOM, WT neurons demonstrated a positive fold-

increase for FUS into SGs. This low localisation was poorly visible by-eye, which 

could explain why studies which did not quantify their immunofluorescence data 

(Bosco et al., 2010, Sama et al., 2013) concluded an exclusion of FUS-WT from 

SGs following ARS treatment; this highlights the utility of applying quantification and 

statistical testing to immunofluorescence images for detection of protein localisation 

(though not for accurate quantification of protein levels). In future however, it will be 

important to repeat this experiment using FUS knockout cells, to ensure that the 

small increase observed is not due to non-specific interactions within SGs or 

recognition of an alternative epitope by the antibody. 

The results of this chapter also demonstrate that, as for primary fibroblasts (Devoy 

et al., 2017) and MNs (unpublished data from our lab), FUS-D14 mislocalises to the 

cytoplasm in primary sensory neurons. As previously reported in FUSDelta14 HET 

lumbar spinal MNs, some mutant FUS remains within the nucleus despite the 

removal of the entire NLS, suggesting an NLS-independent mechanism of nuclear 

import. While nuclear : cytoplasmic FUS-D14 ratio was previously reported as 1:3 in 

MNs heterozygous for the mutation (Devoy et al., 2017), here I report a 1:1 ratio in 

DRGNs. This difference may be due to the experimental set-up: only one confocal 

plane of each DRG neuron was analysed. As these cells have a large cytoplasmic 

volume, accurate quantification of nuclear : cytoplasmic FUS ratio would require 

analysis of z-stack images. An extra copy of the D14 mutation further shifts the ratio 

of nuclear : cytoplasmic FUS-D14 towards cytoplasmic (1:2). Unlike the original 
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paper, no significant decrease in nuclear FUS-WT was observed in heterozygous 

neurons; though the analysis in this study was conducted on aged spinal, rather 

than embryonic, MNs (Devoy et al., 2017). 

It is also worth noting that, as with the DRGN SGs described in Chapter 3, the FUS-

D14 protein appears to accumulate near to the periphery of the cell, with increasing 

fluorescent intensity towards to cell membrane. DRGNs have a larger cytoplasmic 

volume, so it is possible that this localisation is replicated in other cell types 

(MEFs/MNs), but in a less obvious manner. For example, it could be indicative of a 

propensity for FUS, once it is in the cytoplasm, to be actively transported away from 

the nucleus towards the periphery. This is possible, as in WT cells, FUS associates 

with APC (adenomatous polyposis coli) in fibroblast protrusions (Yasuda et al., 

2013) and localises to axons in hippocampal neurons (Lopez-Erauskin et al., 2018), 

as well as the synapses of motor and hippocampal neurons (Fujii et al., 2005, 

Deshpande et al., 2019). While the results of this transport may not be usually 

visible for the typically low levels of cytoplasmic FUS in WT cells, it may be 

visualised more strikingly in a large cell-type. This may also be true for other 

cytoplasmic proteins in DRGNs: for example, one study demonstrated a similar 

staining pattern for neurofilament-heavy-chain in primary DRGNs (Jun et al., 2015).  

As with MNs, FUS-WT was initially not determined to localise to SGs in primary 

DRGNs following treatment with ARS. However, analysis of fluorescent intensity 

values using both the N-terminal and C-terminal antibodies indicated that FUS-WT 

is enriched in SGs, but at a very low fluorescence intensity which might not be 

detectable by eye. For both antibodies, the fold-increase in intensity was >2-fold, 

which was much higher than that observed for MNs. It is difficult to draw 

conclusions from the experiments using the FUS-WT C-terminal-specific antibody, 

as this also demonstrated an >2-fold increase in HOM DRGNs, which do not 

express FUS-WT protein. The simplest explanation for this is the high homology of 

the C-terminal region of FUS with that of the fellow FET family protein EWS, which 

also localises to SGs (Andersson et al., 2008, Neumann et al., 2011). In order to 

test this, HOM DRGN cultures should be lysed and processed for western blotting to 

see if a specific band for the EWS protein is detected (approximately 75 kDa and 

68.5 kDa molecular weight for FUS and EWS respectively). 

Comparatively, mutant FUS localises at high levels to SGs in DRGNs as 

demonstrated by both fold-increase and absolute-increase in HET and HOM 

neurons; for both N-terminal and FUS-D14-specific antibody. Both antibodies 
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demonstrated a >2-fold increase, with the N-terminal antibody further demonstrating 

a FUSDelta14 allele dose-dependent absolute-increase from HET to HOM; not 

replicated with the FUS-D14-specific antibody despite a dose-dependent increase in 

the FUS-D14 raw fluorescent intensity inside SGs for both. 

Comparing the N-terminal FUS antibody data for the MNs and DRGNs, the most 

striking difference is that of the fold-difference for the WT; 1.3-fold and >2-fold for 

MNs and DRGNs respectively. This may be indicative of a higher concentration of  

FUS present within the cytoplasm and therefore available to aggregate in DRGNs, 

or an increased ability to export FUS from the nucleus to the cytoplasm for 

aggregation. In addition, the absolute-increase for the N-terminal stain 

demonstrated a significant FUSDelta14 allele dose-dependent response from HET 

to HOM, while for the MNs HET and HOM were not significantly different. This may 

be because DRGNs have a much larger cytoplasm than MNs, and hence a higher 

amount of cytoplasmic FUS available to aggregate. 

The predominate neurodegeneration associated with ALS is that of MNs, but in this 

study we demonstrate the mislocalisation of ALS mutant FUS to the cytoplasm in 

DRGNs, along with an increased localisation of the mutant protein to SGs. While 

sensory neuron dysfunction is not the key pathological feature of ALS, there is 

evidence for sensory pathology in ALS (reviewed in Tao et al., 2018). It has been 

demonstrated that human ALS patients present with sensory deficits (Pugdahl et al., 

2007) and can display sensory neurodegeneration (Heads et al., 1991, Pradat and 

El Mendili, 2014). Further, it has been demonstrated that primary DRGN cultures 

from both SOD1G93A and TDP43A315T mouse models exhibit increased sensitivity to 

vincristine-induced microtubule stress (Vaughan et al., 2018). 

As mutant FUS mislocalisation to the cytoplasm and SGs is observed in MNs, which 

are heavily affected in ALS, but also DRGNs and MEFs, it follows that these 

alterations may not drive ALS pathogenesis. However, the clustering of ALS-

causing mutations at the NLS of FUS (Vance et al., 2013) and the observation that 

increasing cytoplasmic mislocalisation is correlated with decrease age of disease 

onset (Higelin et al., 2016) make this unlikely. It is however possible that the effect 

of FUS NLS-mutations on phase separation (Yoshizawa et al., 2018), independent 

of cytoplasmic mislocalisation, could drive the effect of the disease; for example 

within the nucleus. 

An alternative explanation is that MNs, but not DRGNs or MEFs, may have 

additional properties that convert this mislocalisation into ALS pathogenesis. The 
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proteome, and even SG proteome (Markmiller et al., 2018), can differ drastically 

from cell-type to cell-type, making it possible that the cytoplasmic interaction of 

FUS-D14 with a MN-specific component or pathway could drive a cell-type targeted, 

or comparatively accelerated, neurodegeneration. 

 

5.3.1 Future directions 
 

Does the FUSDelta14 mutation have an effect on stress granule morphology, 

number and dynamics? 

As HET and HOM SGs contain a significantly higher amount of (potentially more 

aggregation-prone) FUS compared to WT SGs, it will be interesting to observe the 

effect of the mutation on SG assembly, morphology, number, dynamics and in 

particular, disassembly; a slowed disassembly may be indicative of inefficient 

protein disaggregation, which has major implications for the formation of inclusions. 

ALS-causing mutations have already been demonstrated to have a number of 

effects on SGs in vitro (discussed in Chapter 1.3.3), so the chances of observing a 

phenotype are high. Despite the rich literature investigating these properties, it will 

be important to investigate these in our model, which features a disease-relevant 

level of FUS expression. 

Does the FUSDelta14 mutation have an effect on the stress granule 

proteome? 

As FUS is capable of binding a range of proteins (Yamaguchi and Takanashi, 

2016), it will be important to assess the effect that a large increase in FUS within the 

SG has on its proteome; it may result in an increase in FUS-binding partners within 

SGs during oxidative stress, or may result in the exclusion of other SG proteins from 

the SG as the more abundant FUS is included instead. While immunofluorescence 

is a quick, easy way to assess proteomic differences, a less biased method would 

be to perform mass spectrometry on isolated SG cores (Jain et al., 2016) or by 

proximity labelling (Markmiller et al., 2018). 

Does the FUSDelta14 mutation have an effect on the stress granule 

transcriptome? 

FUS is also capable of binding a range of RNAs (Rogelj et al., 2012), so it may be 

possible that FUS-binding RNAs are localised to SGs at higher levels than are 

permitted. To investigate SG transcriptomics, it would be possible to isolate SG 
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cores and subsequently perform RNA sequencing (Khong et al., 2017). 

Alternatively, FUS-bound transcripts could be determined bioinformatically and then 

assessed using co-immunofluorescence-in situ hybridisation experiments to 

observe RNA transcripts within immunostained SGs. The sequestration of a handful 

of mRNAs (Mecp2/Kif5b) into FUS positive cytoplasmic accumulations has already 

been demonstrated (Yasuda et al., 2017, Coady and Manley, 2015). 

Is D14-FUS incorporated into other membraneless organelles? 

Besides SGs, FUS is known to localise to, and influence the formation of, other 

membraneless organelles, such as nuclear paraspeckles (Naganuma et al., 2012). 

Phase separation is a relatively new field and roles for phase separation and new 

membraneless organelles likely remain to be discovered; pro-aggregative FUS-D14 

may interact with any number of these organelles to elicit neurotoxic effects.  

 

5.4 Conclusions 
 

The current study demonstrates that, as for MNs, FUS-WT is predominately nuclear 

in DRGNs, but enters cytoplasmic SGs at very low levels following oxidative stress. 

Comparatively FUS-D14 mislocalises to the cytoplasm and enters SGs at far higher 

levels following oxidative stress. As this mislocalisation is present in both sensory 

and motor neurons, the mechanism of MN-specific death in ALS remains to be 

determined. Importantly, the effect of this massive inclusion of FUS protein to the 

SG remains to be determined.  
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6 Optimising a method to obtain RNA from neuronal 

somas using fluorescence-activated cell sorting. 
 

6.1 Specific Aims 
 

From development onwards, axons are exposed to a number of extracellular stimuli 

and stressors. These stimuli have been demonstrated to induce a number of 

changes within the axon, some of which serve to propagate a retrograde signal to 

the cell body (Ji and Jaffrey, 2014). Responses of axons to stressors, including 

mechanical damage are reviewed in Chapter 1.4.  

Retrograde axon-to-somal signalling has been demonstrated to induce changes in 

both the somal proteome and transcriptome. For example, the application of NGF to 

the axons of primary embryonic dorsal root ganglion neurons has been 

demonstrated to induce local axonal synthesis of the transcription factor CREB 

(cAMP-responsive element (CRE)-binding protein), followed by its microtubule-

dependent retrograde transport and a subsequent increase in somal CREB (Cox et 

al., 2008). This results in an increase in nuclear pCREB and an induction of CRE-

dependent transcription, as demonstrated by a CRE-luciferase reporter assay. This 

demonstrates clearly that an axonal stimulus can alter the somal transcriptome. 

This chapter aimed to develop a method of isolating cell bodies whose axons had 

been exposed to axonal stimuli using microfluidic chambers (MFCs; described in 

Chapter 2.3). Normally, when using compartmentalised devices, assessing the 

transcriptomics or proteomics of the somal compartment presents with a key issue: 

the majority of cells within the culture will not have their axons exposed to the 

stimulus. This issue stems from two factors. Firstly, only a fraction of neurons within 

a culture will project their axons into the axonal compartment, with the axons of the 

other cells remaining in the somal compartment. Secondly, particularly for primary 

cultures but also for other types, cultures are heterogeneous with multiple additional 

cell-types such as glia and fibroblasts. These cells do not have axons and hence will 

not be affected by stimuli applied to the axonal compartment. The combination of 

these factors means that depending on your culture system, there may be a large 

majority of cells which will not display the changes you wish to investigate, diluting 

any effects which you hope to observe. It is therefore desirable to investigate the 

small population of cell bodies whose axons are exposed to the stimulus only, or in 

comparison with somas whose axons have been exposed to a negative control. 
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To overcome this, we aimed to use the retrogradely transported cholera toxin 

subunit B (CTxB), conjugated to a fluorophore. This non-toxic subunit binds to 

monosialoganglioside on the neuron surface and is internalised by receptor-

mediated endocytosis (Trojanowski, 1983), followed by retrograde trafficking via 

signalling endosomes to the soma where it accumulates (Wang et al., 2016a). In 

order to apply this tracer to the axons only, it must be used in conjugation with a 

compartmentalised cell culture platform with which is possible to establish fluidic 

isolation, such as microfluidic chambers (MFCs) (Taylor et al., 2005) or Campenot 

chambers (Campenot, 1977). This fluidic isolation is further required for 

compartmentalisation of any stimuli that you wish to apply to the axonal 

compartment. 

Using this set-up, we aimed to use the accumulation of CTxB fluorescence within 

the neuronal cell bodies to separate the CTxB-positive fluorescent somas from 

CTxB-negative somas via fluorescence-activated cell sorting (FACS). This initially 

proved difficult using primary dorsal root ganglion neurons (DRGNs), but was 

possible using the same procedures in primary cortical neurons (CNs). Firstly, I 

demonstrated the isolation of CN somas using CTxB-488, CTxB-555 and CTxB-647 

in cortical neurons from bipartite MFCs (MFC design shown in Figure 2.1A; FACS 

procedure illustrated in Figure 6.1A). This was then performed in an MFC with two 

axonal compartments (tripartite MFC), each incubated with different colours of CTxB 

(tripartite MFC design shown in Figure 2.1B; FACS procedure illustrated in Figure 

6.1B). Finally, I demonstrated the ability to obtain RNA from cell bodies isolated by 

this method. 
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Figure 6.1 Isolation of neuronal somas using a one-colour (A) or two-colour (B) retrograde 
tracer-based sorting method 

A: Primary neurons from E13.5 WT embryos were plated into the somal compartment of a 
bipartite microfluidic chamber (MFC). On DIV7, the axonal compartment was incubated with 
0.15mg/ml cholera toxin subunit B conjugated to a 488-fluorophore (CTxB-FACS) for 3 
hours, in order to retrogradely label the somas of neurons whose axons project into axonal 
compartment. At t=3 hours both compartments were washed with neuronal culture medium, 
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followed by aspiration of medium from both compartments. Medium in the somal 
compartment was replaced with 100 µl 0.25% trypsin-EDTA for 6 minutes and incubated at 
37°C, in order to remove cells from the somal compartment of the MFC. Isolated CTxB-488-
positive cell bodies were then sorted by fluorescence-activated cell sorting (FACS) into lysis 
Buffer RLT (Qiagen). B: Primary neurons from E13.5 WT embryos were plated into the 
somal compartment of a tripartite MFC. On DIV7, axonal compartment 1 was incubated with 
CTxB-488, and axonal compartment 2 with CTxB-647 for 3 hours. At t=3 hours, all 
compartments were washed, and medium in the somal compartment was replaced with 100 
µl 0.25% trypsin-EDTA for 6 minutes and incubated at 37°C. Cells were removed from the 
somal compartment and isolated CTxB-488 or CTxB—647-positive cell bodies were then 
separated by FACS into Buffer RLT in two different tubes. 

 

6.1.1 Materials and methods 
 

The results in this chapter were obtained by first culturing primary cortical neurons 

in MFCs. The fabrication of MFCs is detailed in Chapter 2.3, and dissection and cell 

culture are detailed in Chapter 2.4. Following DIV6, the axonal compartment was 

exposed to CTxB (followed by 1 hour arsenite in specific conditions, as detailed in 

specific results sections). FACS experiments were performed as indicated in 

sections 6.2.1 and 6.2.2 and RNA extraction performed as indicated in section 

6.2.3. 

 

 

6.2 Results 
 

6.2.1 Isolation of neuronal somas using a one-colour retrograde tracer-

based sorting method 
 

Primary neurons from E13.5 WT embryos were plated into the somal compartment 

of bipartite MFCs (DRGNs/CNs with microgroove length 800/500 µm) until DIV7 to 

allow axons to project extensively into the axonal compartment. On DIV7, the 

axonal compartment was incubated with 0.15mg/ml CTxB conjugated to a 

fluorophore for 3 hours, in order to retrogradely label the somas of neurons whose 

axons project into axonal compartment. At t=3 hours both compartments were 

washed twice with neuronal culture medium, followed by aspiration of medium from 

both compartments. Media in the somal compartment was replaced with 100 µl 

0.25% trypsin-EDTA for 6 minutes and incubated at 37°C. This 100 µl was used to 

remove cells in the somal compartment from the MFC and was then transferred to 

an Eppendorf tube. A further 100 µl was added to collect any remaining cells from 

the somal compartment and added to the Eppendorf. 800 µl neuron culture medium 

was added to inactivate the trypsin. After gentle trituration (pipetting up and down 10 

times) to break up any cell clumps, the cell suspension was passed through a 40 
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µm cell strainer (Falcon; 352340) and collected in a new Eppendorf tube. Cells were 

then centrifuged for 5 minutes at 200 x g, followed by removal of the supernatant. 

The pellet was resuspended in 200 µl suspension medium (Hibernate-E Medium 

(Gibco; A1247601) with 2% B27 supplement (Gibco; 17504044)) and placed on ice 

for transportation. Cells from four MFCs were compiled for each condition (CTxB-

488, CTxB-555, CTxB-647), as well as a non-CTxB control. 

FACS was performed by The Flow Cytometry Translational Technology Platform at 

the UCL Cancer Institute using a BD FACSAria™ Fusion (BD Biosciences; San 

Jose, CA) cell sorter. The 200 µl cell suspension was used as the cell input, and 

sorted cells were collected in 200 µl Buffer RLT (Qiagen; 79216). Prior to the sorting 

of fluorescent cells, gating was optimised using the non-CTxB sample. This was 

used to determine arbitrary fluorescent gating, by which I could ensure that cells 

were positive for CTxB, rather than typical cellular autofluorescence. This was also 

used to define gating for forward-scatter and side-scatter, removing extremes of 

both conditions. 

Initial trials were performed using DRGNs, but no CTxB-positive cells were 

observed following determination of gating using the negative control. Using the 

same methods in CNs however, it was possible to detect cells which were deemed 

to be CTxB fluorescence-positive (Figure 6.2). Figure 6.2A-C demonstrates 

defined gates determined based on forward scatter and side scatter (arbitrarily 

determined, using the negative control prior to the experiment; Figure 6.2A), as well 

as gates where we predicted to observe cells positive for Alexa Fluor 488 (“488 

gate”; filter: B 530/30; x-axis of Figure 6.2B), Alex Fluor 555 (“555 gate”; filter: YG 

582/15; x-axis of Figure 6.2C) and Alexa Fluor 647 (“647 gate”; filter: R 670/30; y-

axis of Figure 6.2C). 

For cells treated with CTxB-488, 488-positive cells are detected within the 488 gate 

(147/236,432 events; Figure 6.2E), with only 11 and 1 events detected for the 555 

and 647 gates respectively (Figure 6.2F). For those treated with CTxB-555, 555-

positive cells are detected within the 555 gate (267/361,868 events; Figure 6.2I), 

with 0 and 1 events detected for the 488 and 647 gates respectively (Figure 6.2H-I). 

For CTxB-647, 647-positive cells were detected within the 647 gate (118/238,266 

events; Figure 6.2L), with 0 and 1 events detected for the 488 and 555 gates 

respectively (Figure 6.2K-L). The number of positive events was always within the 

low hundreds out of hundreds of thousands of total events; 0-0.1% of total events. 

Regardless of the low yield, the fluorescence values observed are far higher than 
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that of the negative control, suggesting that it is possible to isolate low numbers of 

neuronal cell bodies via this technique. 

 

 

 

Figure 6.2 FACS plots showing the results of a one-colour retrograde tracer-based sorting 
method 

Primary cortical neurons from E13.5 WT embryos were cultured in bipartite MFCs. On DIV7, 
the axonal compartment was incubated with either control (A-C), or 0.15mg/ml CTxB 
conjugated to a fluorophore for 3 hours (D-F: CTxB-488; G-I: CTxB-555; J-L: CTxB-647), in 
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order to retrogradely label the somas of neurons whose axons project into axonal 
compartment. These cells were then extracted from the somal compartment using 0.25% 
trypsin-EDTA to form a single cell suspension, which was sorted by fluorescence-activated 
cell sorting using a BD FACSAria™ Fusion cell sorter. Gating was optimised using the non-
CTxB sample for forward and side scatter (A) as well as gates where we predicted to 
observe cells positive for Alexa Fluor 488 (“488 gate”; filter: B 530/30; x-axis of (B), Alex 
Fluor 555 (“555 gate”; filter: YG 582/15; x-axis of (C) and Alexa Fluor 647 (“647 gate”; filter: 
R 670/30; y-axis of (C). For cells treated with CTxB-488, 488-positive cells are detected 
within the 488 gate (E), with fewer events detected for the 555 and 647 gates respectively 
(F). For those treated with CTxB-555, 555-positive cells are detected within the 555 gate (I), 
with fewer events detected for the 488 and 647 gates respectively (H-I). For CTxB-647, 647-
positive cells were detected within the 647 gate (L), with fewer events detected for the 488 
and 555 gates respectively (K-L).  

 

6.2.2 Isolation of neuronal somas using a two-colour retrograde tracer-

based sorting method 
 

The above section demonstrates the possibility of isolating cell somas from a bulk 

cell population via FACS after labelling with fluorescently tagged retrograde CTxB 

tracer. While it would be possible to compare CTxB-positive cells to CTxB-negative 

cells, this would assume no intracellular effects of the CTxB trafficking and would 

not select for neurons in the control population. A better scenario is to use a 

tripartite MFC, with a central somal compartment, connected by microgrooves on 

either side to two separate axonal compartments (as shown in Figure 6.1B). Using 

this device, it is possible to treat each axonal compartment with a CTxB with a 

different fluorescent tag and further, to incubate one side with a treatment and the 

other with the negative control. 

In order to test the possibility of using this set-up, primary CNs from E13.5 WT 

embryos were plated into the somal compartment of tripartite MFCs, allowing until 

DIV7 for axons to project into both axonal compartments. On DIV7, one axonal 

compartment was incubated with 0.15 mg/ml CTxB-488, and the other with CTxB-

647, for 3 hours. At t=3 hours, CTxB was removed from both compartments and 

different treatments added to each compartment: control media to the CTxB-488 

side and media with 1 mM sodium arsenite (ARS; in Chapter 4, axonal ARS was 

demonstrated to induce changes in the soma). After a further hour (t=4), all three 

compartments were washed twice with neuronal culture medium, followed by 

aspiration of medium from all compartments. Media in the somal compartment only 

was replaced with 100 µl 0.25% trypsin-EDTA and the same method of harvesting 

cells for FACS was used as in section 6.2.1. Cells from four tripartite MFCs were 

compiled for the treatment experiment, as well as for a non-CTxB control. 
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Again, sorting was performed using a BD FACSAria™ Fusion cell sorter, collecting 

cells in 200 µl Buffer RLT in an Eppendorf. Before sorting, the negative control was 

used to determine gating, based on values for forward and side scatter (Figure 

6.3A) as well as two fluorescence filters: B 530/30 (“488 gate”; x-axis of Figure 

6.2B) and R 660/20 (“647 gate”; y-axis of Figure 6.3B). Using this method, I was 

able to separate two populations of cells from the same sample. CTxB-488-positive 

cells are detected within the 488 gate and CTxB-647 detected in the 647 gate (121 

and 146 respectively out of 121,224 total events; Figure 6.3D). Only 1 cell 

appeared to be both 488- and 647-positive (indicated by a black arrow in Figure 

6.3D). 

 

Figure 6.3 FACS plots showing the results of a two-colour retrograde tracer-based sorting 
method 

Primary cortical neurons from E13.5 WT embryos were cultured in tripartite MFCs. On DIV7, 
axonal compartment was incubated with either non-CTxB control in both axonal 
compartments (A-B), or 0.15mg/ml CTxB conjugated to a fluorophore for 3 hours (C-D): 
CTxB-488 in one axonal compartment, CTxB-647 in the other, in order to retrogradely label 
the somas of neurons whose axons project into each axonal compartment. The CTxB-488 
compartment was then treated with control medium for 1 hour, while the CTxB-647 
compartment was treated with 1mM sodium arsenite for 1 hour. These cells were then 
extracted from the somal compartment using 0.25% trypsin-EDTA to form a single cell 
suspension, which was sorted by fluorescence-activated cell sorting using a BD FACSAria™ 
Fusion cell sorter. Gating was optimised using the non-CTxB sample for forward and side 
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scatter (A) as well as two fluorescence filters: B 530/30 (“488 gate”; x-axis of B) and R 
660/20 (“647 gate”; y-axis of B). Using this method, two populations of cells were observed 
for the same sample. CTxB-488-positive cells are detected within the 488 gate and CTxB-
647 detected in the 647 gate (D). Only 1 cell appeared to be 488- and 647-positive 
(indicated by a black arrow in D). 

6.2.3 Extraction of RNA from neuronal somas isolated using fluorescence-

activated cell sorting. 
 

The above two sections demonstrate the possibility of sorting CTxB-positive cell 

bodies by FACS into an Eppendorf tube containing lysis Buffer RLT. I wanted to test 

whether it was possible to extract RNA from a low number of cells isolated using 

this method. During the experiment in section 6.2.2, a low number of cells (700) 

CTxB-negative cells were sorted into 200 µl Buffer RLT and placed on ice for 

transportation. RNA was extracted from this lysate using the RNeasy Micro Kit, 

eluted in 14 µl RNase-free water and quantified using the Agilent 4200 TapeStation 

System as described in Chapter 2.10. For this experiment there were two 

replicates, which were extracted in parallel with a positive control (non-FAC sorted 

somal RNA) and a negative control (dH2O). 

Tapestation data demonstrated a high level of RNA in the positive control (50100 

pg/µl), and very low levels for the negative control (243 pg/µl) and FAC-sorted 

somas (427 and 494 pg/µl). Figure 6.4 shows the output for the Tapestation, along 

with RIN scores (RNA integrity number; a value assigned to assess the integrity of 

an RNA sample determined by comparing the levels of 28S and 18S rRNA), 

although RNA concentration was deemed to be outside the range required to 

calculate RIN scores. The amount of RNA in the sorted cells was almost double that 

detected in the negative control, demonstrating our ability to extract RNA from FAC-

sorted somas which have been obtained via our sorting procedure. 
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Figure 6.4 The output for the analysis of FACS-sorted cell body RNA using the Agilent 4200 
TapeStation System 

Samples (left to right): positive somal RNA control, negative dH2O control, sample 1, sample 
2 (both samples are 700 cells isolated from a microfluidic chamber using FACS. RIN (RNA 
integrity number) scores are indicated under each sample. 
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6.3 Discussion 
 

The results of this chapter demonstrate the ability of a new technique to isolate, by 

CTxB-FACS, the somas of retrogradely-labelled neurons that have been cultured in 

MFCs. Before moving on to further discussion, it is necessary to note that this 

procedure is still in the early days of development, with a key point remaining to be 

addressed: are the fluorescent cells that I am collecting CTxB-positive somas? 

Given the use of the CTxB-negative control to determine fluorescence gating, it is 

very unlikely that these cells are CTxB-negative. However, there remains the 

possibility that incomplete fluidic isolation within the MFCs or technical artefacts 

occurring during the trypsinisation step may have resulted in CTxB-membrane-

labelling of neurons or non-neuronal cells (NNCs).  

An indication that the isolated cells are neurons is that the fluorescence-positive cell 

populations have a higher forward scatter for all conditions (Figure 6.2D, G, J) 

compared to the bulk cell population; we would expect neurons to be bigger than 

NNCs. In addition, in Figure 6.3 the CTxB-488 and -647 populations have a similar 

forward and side scatter, indicating an enrichment for the same cell-type. One way 

to further assess the identity of these cells is by the collecting them in neuronal 

culture medium and re-plating them to determine by immunostaining (e.g. by a 

neuron-specific antibody such as βIII-tubulin) and confocal whether all sorted cells 

are neurons. An alternative method would be to perform transcriptomics or 

proteomics experiments on the sorted cells and look for the enrichment of neuronal 

transcripts or proteins. 

Assuming that these cells are neurons, it appears that the optimised technique has 

been successful in sorting fluorescent cell bodies from the bulk cell population. Cells 

were obtained in the low hundreds, out of a few hundred-thousand cells 

investigated: 0-0.1% of the total population. In order to have an idea of the yield of 

our technique, it may be interesting to count the number of CTxB-positive cells per 

MFC prior to sorting via confocal microscopy. We would expect efficiency to be low 

however, as this is a multi-step procedure with numerous opportunities for cell loss. 

In particular, the NNCs (fibroblasts/glia) in the somal compartment can become 

overgrown by DIV7, resulting in the trapping of a large number of cells within cell 

clumps which do not break up following trituration and therefore do not pass through 

the 40 µm cell strainer. One solution that could improve this is the use of mitotic 

inhibitors, such as arabinosylcytosine C (AraC) and 5-Fluoro-2’-deoxyuridine (FdU), 

during cell culture to prevent NNC proliferation (Hui et al., 2016). However, these 
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agents have been demonstrated to have a detrimental effect on neurons in primary 

cultures, so may not be suitable (Martin et al., 1990).  

An additional factor that may result in the loss of neurons which are CTxB-positive is 

the arbitrary construction of gates based on the negative control. Unlike the sorting 

of cells expressing a fluorescent marker at high levels (which can show distinct 

FAC-sorted populations), the levels of fluorescence observed in this chapter depend 

on both the time allowed for and the capacity of each neuron to retrogradely 

transport particles of CTxB towards the soma. The short time scale (3 hours) and 

heterogeneous capacity of each neuron in the culture to perform retrograde 

transport results in a highly variable ability of each soma to accumulate 

fluorescence, which is presents experimentally as a smear on the FACS plots 

(Figure 6.2-6.3). This can result in the issue observed for the “488” gate in both 

Figure 6.2E and Figure 6.3D, where a decision must be made as to where to draw 

the cut-off. 

Another concern with the experimental set-up used is the labelling method. It is 

possible the retrograde transport and subsequent accumulation of CTxB may alter a 

number of cellular pathways: CTxB is transported along the axon, accumulates in 

the soma and is transported into dendrites, so may interact with numerous 

pathways (Lanciego and Wouterlood, 2011). In particular, applying a high 

concentration of CTxB, which is transported retrogradely via dynein, may compete 

with other axon-to-soma pathways that are being investigated. It is necessary to 

compare results to a control which has also had its axons treated with CTxB. To 

account for this, I used tripartite MFCs, in which the control and treatment cell 

bodies can be exposed to the same environment and experimental procedures, with 

only the CTxB fluorescence and axonal treatments differing. Alternative retrograde 

labelling methods to CTxB include lipophilic dyes, such as DiI (Goshima et al., 

2012); DiI labelling was attempted in preliminary experiments, but somal CTxB 

intensity was much higher following 3 hours axonal incubation. 

One major issue highlighted during the optimisation of this technique was my 

inability to produce the same result with DRGNs using the same methodology. This 

may be a product of a decreased ability of DRGNs to retrogradely transport or 

accumulate CTxB compared to CNs. Alternatively, as DRGNs have a much larger 

cytoplasmic volume than CNs, this may lead to a difficulty in concentrating the 

fluorophore and hence a lower fluorescent intensity within the soma, which may be 

difficult to detect via FACS. This may be resolved by incubating DRGN axons for a 
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longer time to increase the cell body CTxB concentration. It will further be 

interesting to see if this technique works for other neurons types (e.g. motor 

neurons). 

The number of cells obtained by this technique is very low (a few hundred from 4 

MFCs) and the amount of RNA obtained from these cells is comparatively low. 

Methods to increase cell-yield have already been discussed, but it may also be 

possible to increase the RNA yield. The Qiagen Micro RNeasy Kit suggest that for 

less than 100,000 cells, the volume of lysis Buffer RLT should be reduced from 350 

to 75 µl. However, this volume had to be traded-off with the volume required to 

collect the output of the FACS machine: lower volumes increase the chance of a cell 

being deposited onto the side of the Eppendorf tube, rather than directly into the 

lysis buffer. This may be optimised to find a condition which improves RNA yield. 

Despite a low yield, RNA sequencing experiments are regularly performed on single 

cells (Hwang et al., 2018) and even axons (Nijssen et al., 2018), so the low number 

of cells and concentration of RNA obtained should be also be suitable for 

transcriptomics studies. While transcriptomics studies can benefit from the PCR 

amplification of smaller quantities, the material obtained via this technique may be 

too low for proteomics (mass spectrometry; western blotting; immunoprecipitation). 

However, in this chapter I only inputted cells obtained from 4 MFCs. Though it may 

be time-consuming and expensive to increase the number of MFCs used, in theory 

your yield will be largely determined by the number of MFCs you are willing to 

make. 

Assuming that the sorted population of cells are what I assume them to be, this 

novel technique will prove useful for the study of multiple biological questions. 

Initially this project stemmed from the results presented in Chapter 4, which 

resulted in the use of ARS as the axonal stimulus in section 6.2.2. The technique 

was effective despite ARS being a very intense stressor, which causes extensive 

axon damage (Figure 4.8A), suggesting the technique will be suitable for most 

other applications. For example, it is known that axonal NGF is able to induce 

transcription in a CRE-luciferase reporter assay (Cox et al., 2008), but with this 

technique it would be possible to determine which transcripts are specifically 

altered. Known pathways such as this may also prove useful in the validation of this 

technique: I would be possible to see if CRE-dependent transcript increase, as 

previously observed.  
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Another field-of-study in which it has been demonstrated that axonal stimuli alter the 

soma is that of mechanical damage, with somal transcriptional changes required for 

regeneration following peripheral lesion (Mahar and Cavalli, 2018). It has been 

demonstrated that transcription factors, such as STAT3 can be locally translated 

following axon damage in primary DRGNs and retrogradely transported to the cell 

body (Ben-Yaakov et al., 2012). While the technique described in this chapter will 

be useful for the study of longer term changes in the cell body, it is critical to 

remember that upon trypsinisation of the somal compartments, all CTxB-positive 

neurons are axotomized, so may display early transcriptional changes associated 

with axon damage and regeneration if there is a long delay prior to FACS. 

In terms of Chapter 4, while we know that axonal ARS induces somal SGs, it will be 

interesting to see if this causes alterations in the somal transcriptome or proteome, 

and whether disease-causing mutations alter the responses of cell bodies to axonal 

damage. 

 

6.3.1 Future directions  
 

Are the cells isolated by FACS neuron somas? 

As mentioned above, it will be critical to determine whether the cells sorted by this 

technique are CTxB-positive neuron somas. This can be done by either re-plating 

sorted neurons, or by analysing transcriptomics or proteomics for the enrichment of 

neuron-specific markers. To determine whether each of the cells collected are 

neurons, it is possible to sort single cells via FACS into individual wells for single-

cell sequencing (Muraro et al., 2016). 

Validation of the technique with known transcripts 

In order to validate the technique, it should be used to assess established axon-to-

soma signalling pathways, where the results can be compared to previous data: for 

example, axonal NGF and somal CRE-dependent transcription (Cox et al., 2008).  

Performing a full run-through 

I have not yet performed a full run-through of the technique. This will be performed 

using the methods in section 6.2.2 and section 6.2.3, comparing the 

transcriptomes of neurons whose axons have been exposed to either control or 

1mM ARS for 1 hour. 
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6.4 Conclusions 
  

The results of this chapter demonstrate the first stages in the optimisation of a 

technique by which neuronal cell bodies, whose axons have been exposed to 

certain stimuli, can be isolated by FACS for subsequent omics studies. There 

remain a number of questions to be asked, and a full experimental run-through of 

the procedure, with RNA sequencing, remains to be performed. In future this 

technique will prove useful for the study of retrograde signalling in multiple fields, 

including growth factor stimulation, axon damage and axon regeneration. Going 

forward, we wish to use this technique in conjunction with those used in Chapter 4, 

to observe the transcriptional responses of cell bodies to axonal stressors, such as 

arsenite.  
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7 Conclusions 
 

The work presented in this thesis contributes to the ever-expanding field of research 

linking cytoplasmic SGs and ALS-FTD. Throughout this body of work a number of 

methodological concepts have been developed that will aid future investigations of 

phase-separated granules and their relation to disease: 

The use of disease-relevant cell-types 

The majority of SG research has been performed using cancer cell lines. While 

these cell lines are easy-to-use and allow data to be collected rapidly, the data 

obtained from them should be applied to other cell-types with caution. Multiple 

studies have shown that different cell-types respond differently to even the same 

stressor, whether that be the SG protein composition (Markmiller et al., 2018, Hock 

et al., 2018) or the kinetics of the SG response (Khalfallah et al., 2018). An 

additional caution with the use of cancer cell lines is that tumorigenic mutations (e.g. 

in KRAS) have been demonstrated to alter the SG response (increased SG 

coverage per cell) (Grabocka and Bar-Sagi, 2016). 

The differences in SG proteome between different cell-types not surprising, given 

that all cell-types differ in both their proteome and transcriptome. This complexity is 

heightened in neurons, which use molecular transport to define local proteomes and 

transcriptomes: including dendritic, axonal and synaptic regions (Lassek et al., 

2015, Poulopoulos et al., 2019). In accordance with this, it is possible that different 

regions of the same cell could respond to the same stressor differently. It has 

already been demonstrated for example, that phase-separated TDP-43 RNP 

granules in the axon have different biophysical properties (e.g. viscosity) depending 

on their proximity to the soma (Gopal et al., 2017). 

With these concepts in mind, I aimed to study phase separation in primary mouse 

tissue, with the knowledge from previous studies that differences in SG 

assembly/disassembly kinetics are observable between different primary cell-types: 

motor neurons (MNs), fibroblasts (MEFs) and astrocytes (Khalfallah et al., 2018). 

The majority of my studies were however performed using primary cortical neurons 

(CNs) rather than MNs; both of which degenerate in ALS-FTD. While it would have 

been preferable to study both cell-types, CNs were used because they could be 

cultured reliably with very few embryos required for a high neuron yield. In addition, 

MNs were in high demand within the laboratory in which these experiments were 

performed so in the spirit of the 3Rs (Replacement, Reduction and Refinement) 
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(Fenwick et al., 2009), I reduced the number of mice being used for culture by 

choosing CNs. The yield and purity of CN cultures could be improved by obtaining 

cultures from P0 mice, though comparisons to MNs would not be possible at this 

age. DRGNs were chosen for two reasons: they comparatively do not degenerate in 

ALS-FTD and they project extensive axons rapidly, making them ideal for 

experiments using microfluidic chambers. In future it will be important to perform 

similar experiments in MNs, prior to drawing conclusions about ALS. 

The use of dose-responses and time courses 

Throughout SG research it is rare to observe published figures determining the 

concentrations which induce SGs and those which induce death. The differences in 

susceptibility of CNs compared to MEFs/DRGNs in the paradigms investigated 

highlight the necessity of performing dose response and time course experiments. 

Alterations to the cell-type, length of treatment, culture medium and other factors 

can result in a drastically different susceptibility of the cells in your chosen set-up to 

a specific stressor. In light of this, whenever a new SG inducer was used, an acute-

DR was performed to test for both SG formation and cell death. 

The use of disease-relevant models 

Many studies investigating ALS-FTD and its link to SG homeostasis have the issue 

that the mutant protein being observed is overexpressed at non-physiological levels; 

usually either by uncontrolled expression using transfection or via transgene 

expression. This is an issue, as the expression levels of RBPs are tightly regulated 

(Muller-McNicoll et al., 2019) and overexpression can result in artificial situations, 

such as the formation of SG-like granules in the absence of a stressor (Gilks et al., 

2004, Ju et al., 2011). 

Models with single, dominant point-mutations expressed in heterozygosity are likely 

the best way forward: for example patient fibroblasts, patient iPSCs and knock-in 

mouse models. I employed the latter for the ALS experiments, using the 

FUSDelta14 mouse model, demonstrating a significant mislocalisation of FUS to 

both the cytoplasm and stress granules in the absence of overexpression. These 

models have a higher construct validity and therefore likely show a closer picture of 

what early changes are occurring in the cells of heterozygous ALS patients. 

In recent years, the use of knock-in models to study ALS has increased (De Giorgio 

et al., 2019). One recent paper, generated a knock-in mouse model with a FUSR521C 

mutation, which displayed progressive motor deficits (present at 7, but not at 4 
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months) and MN loss in both HET and HOM animals (Zhang et al., 2020). After 

confirming that FUS localises to SGs in HET and HOM primary MNs, they 

performed in vivo experiments, demonstrating that chronic stress (by intragastric 

injection of ARS) accelerated the progression of the observed motor deficits. 

Furthermore, they transduced a lentiviral TIA1-GFP reporter construct into the motor 

cortex of HOM mice and observed TIA1 granule formation longitudinally in vivo via 

two-photon microscopy, demonstrating granule formation (within 2 hours) and 

granules persistence in neurons up to 3 weeks following intragastric ARS injection; 

these granules did not form in WT. 

The above study demonstrates the possibility of investigating SG formation and 

dynamics in vivo, over a time course. In future my project could use these 

techniques to investigate the validity of my axonal stress findings for in vivo 

systems. One potential experiment would be to inject arsenite peripherally into the 

muscle or nerve of a live mouse and subsequently image the dorsal root ganglia 

(Chen et al., 2019) to observe SGs. It would be preferable to use a mouse model 

expressing an endogenously-tagged SG marker, rather than using lentiviral 

transduction, as altering RBP levels can induce artificial aggregation phenotypes (as 

discussed above). 

The use of quantification to observe minor changes 

Throughout the SG literature, there is a lack of quantified data from 

immunofluorescence studies. Of note, when aiming to determine whether a protein 

localises to SGs, few papers mention using the quantification of fluorescent 

intensities to determine this. Though immunofluorescence colocalisation does not 

equate to protein-protein interaction, it provides a quick, straight-forward initial 

experiement prior to more expensive methods, such as proximity labelling 

(Markmiller et al., 2018). Protein interactions determined using in vitro methods 

which isolate SG cores following cell lysis should be later confirmed using in vivo 

methods, as cell lysis may disrupt low-affinity interactions in the SG ‘shell’ leading to 

a potential loss or gain of protein interactions (Markmiller et al., 2018). The 

observation in Chapter 5, that FUS-WT localises to SGs, provides in vivo data to 

support in vitro methods (Jain et al., 2016). Despite a level of FUS which was not 

detectable by eye, relative intensity values within defined regions-of-interest 

demonstrated that in fact FUS-WT does co-localise with SG markers.  
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With these concepts in mind I was able to provide a range of novel 

information, including novel stressors and axon-to-soma stress granule 

signalling, to the field of stress granules and ALS-FTD: 

 
Chapter 3 presents of large amount of optimisation which was later applied to the 

work in the subsequent three chapters. Beyond this, I demonstrated the formation of 

SGs in sensory neurons, not currently published in the literature, which highlighted 

an unusual localisation of the granules to the periphery of the cell. Additionally, I 

identified two novel SG inducers: BAPTA-AM and KB-R7943. This suggests that 

both acute Ca2+ chelation and the inhibition of mitochondrial complex I induce SG 

assembly; further experiments are required to ensure that SG formation does not 

result from any off-target effects. In addition, a high amount of cell-death was 

observed for the concentrations of KB-R7943 which induced SG formation, so these 

granules will need to be further characterised. 

Chapter 4 presents the most-striking results of this thesis: specifically that axonal 

arsenite stress can induce SGs in the soma of the cell. These FMRP-positive 

granules require polysome disassembly and may rely on local axonal translation 

and retrograde transport via the microtubule-motor dynein. This provides the first 

reports that exogenous stress in the periphery could result in phase separation in a 

completely separate region of the body, which has major implications for the spread 

of aggregate pathology. The physiological role of this pan-neuronal pathway 

remains unknown, but likely forms part of a mechanism by which the soma can 

protect itself during axonal injury, prioritising stress-related cytoprotective pathways, 

and inhibiting premature apoptosis (Arimoto et al., 2008). 

Throughout aging, both oxidative and ER stresses increase (Martinez et al., 2017, 

Romano et al., 2010), meaning that the large surface area of peripheral axons, and 

to some extent that of somas, will be subjected to increased stress; additionally, the 

large surface area of axons leaves them further exposed to physical damage. 

Increasing stress over a lifetime, exacerbated but not necessarily caused by ALS 

mutations, could result in repeated cycling of (or extended) stress-induced phase 

separation, over time resulting in the accumulations that are associated with 

disease. 

A large body of evidence has linked ALS to SG formation and function, with a large 

number of ALS-linked proteins, including TDP-43, FUS and C9ORF72, 

demonstrated to localise to SGs (Table 1.5). Further, mutations in these proteins 
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have been shown to perturb SG dynamics (Table 1.6). It remains possible, that the 

formation of canonical SGs is not required for inclusion formation, but a growing 

body of evidence has linked cellular stress to the formation of inclusions (McGurk et 

al., 2018; Gasset-Rosa et al., 2019; Zhang et al., 2020). The ability to perform 

longitudinal stress studies in vivo, will likely give us further insight into the formation 

of inclusions over time, and hence allow us to draw better comparisons with human 

pathology. 

The targetting of SG pathways for drug discovery still remains in its infancy, and 

currenty no drugs directly targetting phase separation have approval for use in 

humans. While perturbing granule dynamics to prevent the formation of inclusions 

may be an attractive concept, SGs and other phase separated organelles play a lot 

of key roles physiological roles, so further understanding of SG pathways is required 

in order to avoid off-target effects. While the current thesis does not provide any 

direct link to drug development, it does increase our understanding of the processes 

influencing SG formation in specifically in neurons. A number of studies have 

already demonstrated in vivo that strategies which interrupt SG pathways can 

alleviate degenerative phenotypes in ALS animal models; these include antisense 

oligonucleotides (ASOs) against the SG component ataxin-2 (Becker et al., 2017), 

and small molecule inhibition of eIF2α phosphorylation (Kim et al., 2014). In addtion, 

high-content screening of SG-modulating compounds using iPSC models has 

demonstrated both compounds that inhibit SG formation, as well as those which 

reduce the localisation of ALS-associated RBPs (including TDP-43) to SGs, though 

these are yet to be tested in animal models (Fang et al., 2019).  

 

Chapter 5 further confirms the observation that ALS-mutant FUS protein 

mislocalises to both the cytoplasm in basal conditions, but also to cytoplasmic SGs 

following ARS stress. Further, this mislocalisation is replicated in DRGNs, which are 

less susceptible to ALS pathogenesis than MNs; this data indicates that neither the 

mislocalisation of FUS to the cytoplasm, nor to SGs are the reason for this 

susceptibility difference. 

Chapter 6 shows the development of a tool to isolate the somas of neurons whose 

axons have been exposed to exogenous soluble stimuli. This set-up consists of 

neuronal culture in MFCs, retrograde-labelling with fluorescently-tagged toxin 

subunits and subsequent fluorescence-activated cell sorting (FACS). The results in 
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this chapter are promising and suggest that this technique may be suitable for RNA 

sequencing experiments, however more optimisation is required. 

 

7.1 Concluding remarks 
 

This research presented in this thesis increases our understanding of how neuronal 

cells respond to exogenous stressors, and further, how ALS-mutations can alter 

these responses to cause disease. In particular, it demonstrated the first reports of 

local axonal stress being converted into aggregation in the soma. This finding has 

major implications for the spread of RNP aggregates along axonal pathways and 

hence, throughout the body. A better understanding of stress-related pathways 

specifically in neurons is necessary for the development of novel therapeutics 

targeting SGs for the treatment of ALS and similar diseases relating to alterations in 

intracellular phase separation.  
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