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Abstract 

Neurodegenerative diseases, such as amyotrophic lateral sclerosis and Huntington’s disease, 

are complex diseases that can be characterised by protein inclusion formation and chronic 

neuroinflammation in the central nervous system. Investigating whether pro-survival 

mechanisms are induced in cells in response to protein aggregation and inflammatory stimuli 

is an important area of research. The heat shock response is one such pro-survival pathway that 

results in the upregulation of heat shock proteins, which have demonstrated anti-aggregation, 

anti-inflammatory and anti-apoptotic activities in the cell.  

Heat shock proteins are dynamic and oligomeric proteins that interact with various co-factors 

and client proteins, and this can represent a challenge when studying their function in cells. 

The work described in Chapter 3 outlines a new strategy for the expression of non-tagged Hsps 

and a fluorescent reporter protein using bicistronic constructs. This method sought to overcome 

the disadvantages of traditional methods for examining proteins in cells; i.e., tagging the N- or 

C-termini with a fluorescent protein, which can compromise protein dynamics. The Hsp-

encoding bicistronic expression constructs were tested in a cell-based model of protein 

aggregation to compare the ability of different heat shock proteins to inhibit the aggregation of 

an aggregation-prone protein, a double mutant isoform of firefly luciferase. These studies 

showed that Hsp40, Hsp70, and Hsp40+Hsp70 expressed in combination were more 

efficacious in inhibiting the aggregation of firefly luciferase compared to Hsp90, Hsp27 and 

αB-c. These Hsp-encoding bicistronic constructs can be used in future experiments to compare 

the ability of heat shock proteins to inhibit the activation of the inflammatory pathway, cell-

death pathways, or the aggregation of a range of disease-associated proteins.  

A current limitation in the field of neurodegenerative diseases is the lack of techniques that can 

be used to non-subjectively quantify the number of inclusions formed in cells. In Chapter 4, a 
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new technique is described called FloIT (flow cytometric quantification of inclusions and 

trafficking), which allows for the rapid quantification of protein inclusions and protein 

translocation between subcellular compartments by flow cytometry. FloIT was shown to be 

able to quantify the number of inclusions formed in cells by a range of different aggregation-

prone proteins including, superoxide dismutase 1, TAR DNA-binding protein-43, huntingtin, 

and a double mutant isoform of firefly luciferase. FloIT successfully measured the translocation 

of two different proteins from the nucleus to the cytoplasm after treatment (e.g. TAR DNA-

binding protein 43 translocation from the nucleus to the cytoplasm after MG132 treatment). 

FloIT is non-subjective, quantitative, rapid, easy to implement, amenable to medium-high 

throughput screens of compounds, and therefore, a significant development with regard to 

techniques that can be used to assess the impact of various treatments on inclusion formation 

in cells.  

The absence of a heat shock response in affected cells of the central nervous system in rodent 

models of amyotrophic lateral sclerosis and Huntington’s disease could be the consequence of: 

(i) an attenuated heat shock response in neurons, or (ii) the capacity of disease-associated 

misfolded proteins and aggregates to evade the heat shock response. Chapter 5 investigates 

each of these aspects through the use of a fluorescent reporter of heat shock response activation 

in a neuron-like cell line, Neuro-2a (HSE:EGFP) cells. Live cell fluorescence imaging of 

Neuro-2a (HSE:EGFP) showed that, not only do differentiated cells have a competent heat 

shock response, but also that heat shock response induction after treatment with heat shock or 

CdCl2 is significantly greater in magnitude in differentiated compared to non-differentiated 

cells.  

The ability of a range of pathogenic and non-pathogenic proteins to induce a heat shock 

response was also quantified using Neuro-2a (HSE:EGFP) cells. The extracellular application 

of soluble or aggregated α-synuclein or superoxide dismutase 1 (G93A mutant) did not induce 
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a heat shock response. This suggests that in the context of neurodegenerative diseases, the cell-

to-cell transfer of aggregates may not elicit a heat shock response. With regard to intracellular 

aggregation, flow cytometric analysis showed that the expression of mutant superoxide 

dismutase 1 and huntingtin induced a heat shock response in a low proportion of cells, whereas 

expression of mutant firefly luciferase induced a heat shock response in a significantly greater 

proportion of cells. Through the combination of FloIT, flow cytometric analysis of intact cells, 

and live cell imaging by confocal microscopy, the effect of various factors (i.e. relative size of 

the inclusions, number of inclusions, protein concentration, and rate of inclusion formation) on 

induction of the heat shock response was investigated. The data presented in Chapter 5 shows 

that there was a positive relationship between the ability of a cell to induce the heat shock 

response and (i) the expression levels of aggregation-prone proteins and, (ii) the number of 

inclusions formed. Lastly, cells expressing mutant firefly luciferase that induced a heat shock 

response were found to live longer after inclusion formation compared to cells with inclusions 

that did not induce a heat shock response. This shows that the induction of the heat shock 

response is cytoprotective, even in the presence of inclusions.  

Chronic neuroinflammation is stimulated by the death of neurons and release of protein 

inclusions, which activates microglia and astrogliosis. For example, activated microglia secrete 

pro-inflammatory mediators, such as tumour necrosis factor-α and nitric oxide, which 

exacerbate the degeneration of surrounding neurons. The work described in Chapter 6 

investigated the ability of inflammatory stimuli to activate the cytoprotective heat shock 

response (using Hsp70 and Hsp25 as markers). Primary murine mixed glial cultures were 

treated with lipopolysaccharide and tumour necrosis factor-α to simulate inflammation. 

Immunoblot analysis showed that inflammatory stimuli did not increase Hsp70 or Hsp25 

expression in these cultures. However, heat shock of spinal cord mixed glial cultures showed 

that these cells were capable of increasing the proportion of Hsp25-positive cells. Therefore, 
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these glial cells have a competent heat shock response, however these inflammatory stimuli do 

not induce the heat shock response. 

The focus of the work described in Chapter 6 was to assess whether motor neuron degeneration 

in the spinal cord in patients with amyotrophic lateral sclerosis is a consequence of differences 

in cortical and spinal cord glia to activate inflammatory and heat shock responses. This research 

showed that murine spinal cord glia generated a significantly greater concentrations of nitric 

oxide compared to cortical glia after treatment with inflammatory stimuli. High concentrations 

of nitric oxide in the spinal cord could play a significant role in increasing the vulnerability of 

motor neurons to degeneration. Furthermore, spinal cord cultures showed higher proportions 

of Hsp25-positive astroglia in the absence of treatment and could up-regulate Hsp25 expression 

after heat shock, compared to cortical astroglia, which did not. It is hypothesised that in the 

context of amyotrophic lateral sclerosis, where disease onset and progression occur primarily 

in the spinal cord, the presence of a higher proportion of Hsp25-positive astroglia could provide 

a cytoprotective buffer at the onset of disease pathology.  

Overall, the work presented in this thesis highlights that neuronal vulnerability in 

neurodegenerative diseases may the consequence of a failure (or impairment) of neurons and 

glia to induce a heat shock response in the context of protein aggregates (intra- or extracellular) 

and inflammatory stimuli. Therefore, two major stress-inducing, pathological hallmarks 

associated with neurodegenerative diseases do not induce a strong cytoprotective heat shock 

response in neuron-like cells or primary murine glia. This research also showed that 

differentiated neuron-like cells are capable of inducing a heat shock response after treatment 

with classical inducers (heat shock and CdCl2). Furthermore, regional differences in 

inflammatory pathway activation and heat shock protein expression may increase the 

susceptibility of neurons to degeneration in neurodegenerative diseases Therefore, future 
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research should investigate how heat shock proteins can safely be pharmacologically or 

genetically up-regulated in neurons and astroglia to treat neurodegenerative diseases.  
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1.1 Introduction 

Neurodegenerative diseases (NDs), such as amyotrophic lateral sclerosis (ALS) and 

Huntington’s disease (HD), manifest through either a loss of function of the wild type (WT) 

protein or toxic gain-of-function as a result of the oligomerisation and aggregation of the 

protein (Chiti and Dobson 2006). The progression of NDs into late stage is thought to be driven 

by astroglia and microglia, which are activated by damaged neurons and pathogenic aggregates 

that subsequently propagate a chronic inflammatory response in the central nervous system 

(CNS) (Meissner et al. 2010, Roberts et al. 2013, Zhao et al. 2015). The neuron-specific 

degeneration observed in discrete regions of the brain in NDs suggests that specific neuronal 

sub-types are particularly vulnerable to protein misfolding and aggregation. This may be the 

result of: (i) an inability of differentiated neurons to activate stress-inducible mechanisms of 

proteostasis; (ii) a failure of the proteostasis network to detect pathogenic protein aggregates; 

(iii) regional variations in glial inflammatory and stress-inducible mechanisms of proteostasis 

or (iv) a combination of these factors (Verbeke et al. 2001, Douglas and Dillin 2010, Brehme 

et al. 2014).  

The heat shock response (HSR) is a key stress-inducible pathway of the proteostasis network. 

Little is known about how and/or if an HSR is induced in neuronal and glial cells by pathogenic 

protein aggregation and inflammatory stimuli. Elucidating whether the HSR is triggered by 

protein aggregation and inflammation, and the mechanism(s) by which this occurs, is important 

for future work aimed at developing therapeutics to ameliorate ND pathologies. The objectives 

of this chapter are to summarise what is currently known about the activation of the HSR in 

different tissues and cell-types during cellular stress and explore evidence regarding the 

involvement of the HSR in rescuing neurons and astroglia from protein aggregation and 

inflammation associated with NDs. In doing so, progress in this field of research is evaluated, 



Chapter 1 – Introduction 

3 

 

gaps in our knowledge are highlighted, and the need for new methodologies to study Hsp 

activities in the cell and measure protein aggregation are discussed. 

1.2 Proteostasis 

The maintenance of a stable and functional proteome is achieved by the combined activities of 

the proteostasis network (Gidalevitz et al. 2011, Wyatt et al. 2013). To maintain proteostasis, 

cells sense and respond to extrinsic and intrinsic stimuli (e.g., genetic mutations, biosynthetic 

errors, energetic deficits, protein damage, environmental insults and aging) via several 

integrated pathways. The eukaryotic proteostasis network comprises pathways that are either 

non-inducible (“housekeeping”) or inducible (“stress-response”); these pathways are activated 

by the constitutive or stress-inducible expression of ~800 proteins, 332 of which are molecular 

chaperones (Brehme et al. 2014, Yerbury et al. 2016). Some examples of stress-inducible 

pathways include the HSR (Richter et al. 2010, Morimoto 2011), unfolded protein response 

(Walter and Ron 2011, Hetz 2012), antioxidant responses (Morano et al. 2012, Niforou et al. 

2014), the ubiquitin-proteasome system (Varshavsky 2012, Inobe and Matouschek 2014), the 

mitochondrial unfolded protein response (Haynes and Ron 2010) and autophagy (Boya et al. 

2013, Mardones et al. 2015). Stress-responses regulate gene transcription, RNA processing and 

metabolism, and protein synthesis, folding, translocation, assembly, disassembly, and 

degradation during periods of cellular stress (Morimoto 2008, Gidalevitz et al. 2011). The 

induction of these stress pathways acts to maintain cell viability; however, if the proteostasis 

network deteriorates or becomes overwhelmed, for example by physiological or pathological 

stress, cell viability can be threatened.  

Molecular chaperones are a central component of the proteostasis network as they act to 

facilitate the correct folding of nascent polypeptides, maintain partially-folded protein 

intermediates in folding-competent states and re-fold damaged proteins (Hartl et al. 2011, 
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Wyatt et al. 2013, Balchin et al. 2016, Kampinga and Bergink 2016). A recent comprehensive 

analysis of the human “chaperome” identified 332 chaperones, 142 of which correspond to the 

heat shock protein subfamilies [Hsp90, Hsp70, Hsp60, Hsp40 and small Hsps (sHsps)] 

(Brehme et al. 2014). The Hsps are a family of evolutionarily conserved chaperones with 

diverse functions in proteostasis. In addition to their well-characterised molecular chaperone 

functions, Hsps also stabilise the cytoskeleton, regulate stress-responses, mitigate apoptotic 

signalling and shuttle damaged proteins for degradation by the ubiquitin proteasome system or 

by autophagy to augment the capacity of a cell to recover from stress-induced damage (Leak 

2014, Treweek et al. 2015).  

1.3 The HSR  

The activation of the HSR is a primary defence mechanism that protects cells from stress 

conditions that promote protein misfolding, aggregation and cell death. Many insults have a 

common effect of damaging proteins and inducing the accumulation of partially-folded protein 

intermediates, which in turn can activate transcription factors and induce the heat shock 

response. The human genome encodes four heat shock transcription factors (HSF), HSF1 – 

HSF4, which have unique as well as overlapping functions (Åkerfelt et al. 2010). For example, 

HSF1 is the prime integrator of transcriptional responses during stress; HSF2 can form hetero-

oligomers with HSF1 and modulate stress-responses but is also involved in corticogeneis (Wu 

1995); HSF3 may be involved in heat shock responses; HSF4 regulates lens and olfactory 

epithelium development (Åkerfelt et al. 2010). The role of HSF1 in the activation and 

attenuation of the heat shock response in cells under conditions of cellular stress is examined 

in this chapter. 
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1.3.1 Heat shock transcription factor 1 

Heat shock transcription factor 1 is constitutively expressed in most tissues and cell types and, 

apart from its role in the HSR, is involved in a wide range of processes including organismal 

development, insulin signaling and cancer metastasis [for recent comprehensive reviews see 

(Anckar and Sistonen 2011, Vihervaara and Sistonen 2014)]. Human HSF1 is characterised by 

an N-terminal “winged” helix-turn-helix DNA-binding domain (Figure 1.1) adjacent to 3 

leucine zipper domains that mediate oligomerisation (Vihervaara and Sistonen 2014). The 

HSF1 central regulatory domain undergoes extensive post-translational modifications that act 

upon the C-terminal trans-activation domain to regulate the magnitude of HSF1 trans-activity 

(Vihervaara and Sistonen 2014). In addition, a fourth leucine zipper domain in the C-terminus  

has been implicated in the formation of inhibitory intermolecular contacts with leucine zipper 

domains 1-3, to allosterically prevent HSF1 activation in the absence of stress (Rabindran et 

al. 1993).   

Post-translational modifications are critical in modulating the activity of HSF1 (Xu et al. 2012); 

it can be acetylated, SUMOylated and extensively phosphorylated (Velichko et al. 2013) 

(Figure 1.1). The type and site of each post-translational modification have been predominantly 

identified by proteomic mass spectrometry and site-directed mutagenesis experiments (Anckar 

and Sistonen 2011, Xu et al. 2012, Zheng et al. 2016). Whilst the activation of HSF1 is complex 

and only partially understood, previous studies highlight the importance of post-translational 

modifications in stabilising, activating and inhibiting the transcriptional activity of HSF1 

(Zheng et al. 2016). For example, conversion of HSF1 into a transcriptionally active trimer 

occurs concurrently with extensive post-translational modifications including stress-inducible 

hyperphosphorylation of S230, S326 and T142 (Holmberg et al. 2001, Soncin et al. 2003, 

Guettouche et al. 2005), such that hyperphosphorylated HSF1 is used as a marker of HSF1 

activation (Mathur et al. 1994, Yang et al. 2008, Chafekar and Duennwald 2012, Raychaudhuri 
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et al. 2014). Aside from (extensive) phosphorylation, acetylation and SUMOylation of HSF1 

also play important roles in regulating the strength and duration of the HSR.  

 

Figure 1.1. Post-translational modifications of HSF1 in relation to the functional domains in the protein. 

The HSF1 protein consists of a DNA-binding domain (DBD), four leucine zipper domains (LZD), a regulatory 

domain (RD) and a transactivating domain (TAD). The proposed sites of serine/threonine phosphorylation (P), 

lysine acetylation (A) and phosphorylation-dependent lysine SUMOylation (S) are marked on the HSF1 amino 

acid chain. These post-translational modifications are mediated by numerous kinases, acetylases and SUMOylases 

and act to modulate the stabilisation and activity of HSF1 and thus the strength and duration of the HSR. Figure 

adapted from (Anckar and Sistonen 2011). 

 

1.3.2 HSF1 activation and DNA-binding 

Under conditions of cellular stress, HSF1 monomers form activated homo-trimers and 

translocate into the nucleus. Trimerisation is mediated through the formation of leucine zippers 

on adjacent HSF1 oligomerisation domains (Figure 1.2) (Rabindran et al. 1993, Sandqvist et 
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al. 2009). Activated HSF1 trimers bind to cis-regulatory elements on DNA composed of 

nGAAn pentamers (where n is any base), collectively called heat shock elements (HSEs) 

(Pelham 1982, Amin et al. 1988, Sorger and Pelham 1988, Xiao and Lis 1988). Each DNA-

binding domain of a HSF1 trimer recognises a single HSE. Thus, three alternately oriented 

HSE pentamers are required for stable binding of a HSF1 trimer in the major groove of the 

DNA helix (Amin et al. 1988, Littlefield and Nelson 1999, Vihervaara and Sistonen 2014). 

Recent co-crystal structures of recombinant human HSF1 with DNA showed that the DNA-

binding domains of trimeric HSF1 bridge across both strands of DNA, which contains three 

alternately oriented HSEs (Neudegger et al. 2016). The extent and duration of HSF1-mediated 

transcription is influenced by the number of HSEs, the exact sequence of nGAAn pentamers 

in the promoter regions of HSF1 target genes, and post-translational modifications on HSF1 

itself (Vihervaara and Sistonen 2014). Transcription of HSF1 target genes is initiated by HSF1-

mediated release of the RNA polymerase II elongation complex from a paused to an active 

state (Figure 1.2). In addition to the rapid upregulation of Hsp expression in response to cellular 

stress, HSF1 also coordinates the expression of many transcriptional and translational 

regulators, co-chaperones, ubiquitin, signaling molecules and mitotic regulators (Trinklein et 

al. 2004a, Trinklein et al. 2004b, Vihervaara and Sistonen 2014). 

1.3.3 Negative regulation of HSF1 transcriptional activity 

Heat shock factor 1-mediated transcription is attenuated by an auto-regulatory mechanism, 

whereby HSF1-induced Hsps competitively inhibit HSF1 trimer activity (Anckar and Sistonen 

2011, Zheng et al. 2016). The trimerisation of HSF1 is suppressed by interaction of the 

monomer with a multi-chaperone complex composed of Hsp90, co-chaperone p23 and 

immunophilin FK506-binding protein 5 (Bharadwaj et al. 1999, Guo et al. 2001). In addition, 

the chaperonin TRiC/CCT can also interact with HSF1 to inhibit its activation (Neef et al. 

2014). Active HSF1 trimers in the nucleus can be inhibited by the binding of Hsp70 and its co-
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chaperone Hsp40, possibly through recruitment of the Hsp70-interacting transcriptional co-

repressor, CoREST (Shi et al. 1998, Gómez et al. 2008). When the cell is subjected to stress, 

these HSF1/chaperone complexes, which had formed to attenuate the HSR, dissociate as a 

result of competition for chaperone binding between damaged misfolded proteins and HSF1 

(Zuo et al. 1994, Zuo et al. 1995). This negative feedback loop provides an important 

mechanism by which cells can regulate the activation and attenuation of an HSR via the 

presence and concentration of Hsps in the cell. To summarise, the activation of HSF1 and its 

binding to DNA is regulated by a multi-step pathway that involves nuclear accumulation, 

intramolecular and intermolecular protein interactions, and post-translational modifications 

(Figure 1.1 and Figure 1.2) (Velichko et al. 2013, Vihervaara and Sistonen 2014, Zheng et al. 

2016).  
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Figure 1.2. The cycle of activation and attenuation of the HSR. (1) In the absence of stress, HSF1 is maintained 

in a monomeric state through the regulatory actions of several post-translational modifications, intramolecular 

contacts, and interactions with Hsps in inhibitory complexes. Cellular stress results in the accumulation of 

misfolded and damaged proteins, which compete with HSF1 for binding to Hsps. (2) HSF1 monomers are released 

and undergo a conformational change conducive to trimerisation. (3) Concurrent nuclear accumulation, HSE-

binding and hyperphosphorylation of trimeric HSF1 occur. (4) This process releases RNA Pol II from a paused 

to an active state to initiate the transcription of stress-induced genes. (5) SUMOylation at K298 and binding of 

Hsp40/Hsp70 represses the transcriptional activity of HSF1 trimers. (6) Acetylation at K80 disrupts HSF1 bound 

to DNA and HSF1 trimers dissociate and re-join the monomeric pool in the cytosol. Stress-inducible Hsps 

participate in a negative-feedback loop to inhibit further HSF1 activation.  

 

1.4 The HSR in the mammalian CNS 

In mammals, the HSR varies both in terms of kinetics (i.e. how fast stress-induced transcripts 

are generated) and magnitude (i.e. the fold increase in Hsp levels) between tissues and even 

between cells in the same tissue (Blake et al. 1990, Nishimura et al. 1991, Sala et al. 2017). 

Analysis of the human “chaperome” shows that the constitutive expression of housekeeping 
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chaperones and co-chaperones varies between tissues (Sala et al. 2017). For example, sHsps 

are overrepresented in skeletal and cardiac muscle compared with the brain (Sala et al. 2017). 

With regard to stress-inducible mechanisms of proteostasis, whole organism hyperthermia 

results in an HSR that varies substantially across tissues types (Blake et al. 1990). For example, 

the kinetics of the response and magnitude of induction were found to vary between the brain, 

liver and skin when assessed over time by northern blot of Hsp70 and Hsp27 stress-induced 

mRNA (Blake et al. 1990). Moreover, cells in the same tissue can display different capacities 

to induce the HSR. For example, cultured astroglia elicit faster and higher levels of Hsp70 

expression after heat shock (45°C for 30 min) compared with cultured cortical neurons 

(Nishimura et al. 1991). These studies strongly suggest that the capacity of a cell to sense stress 

and elicit an HSR differs in a cell-type dependent manner. 

An attenuated HSR may be an intrinsic characteristic of neurons (Manzerra and Brown 1992, 

Manzerra et al. 1997, Batulan et al. 2003, Pavlik and Aneja 2007, Oza et al. 2008, Yang et al. 

2008). Indeed, this hypothesis is supported by several animal studies that have challenged 

rodents with hyperthermia or ischaemic injury and shown that neurons (i.e. cortical neurons, 

spinal cord motor neurons, differentiated neuroblastoma cell lines) do not induce Hsp70 

expression after exposure to these heat stress, whereas astroglial cells do (Nishimura et al. 

1991, Manzerra and Brown 1992, Nishimura and Dwyer 1996, Manzerra et al. 1997, Krueger 

et al. 1999, Pavlik and Aneja 2007, Oza et al. 2008, Yang et al. 2008). For example, spinal cord 

motor neurons that were studied in situ in rabbits and rats failed to transcribe Hsp70 mRNA 

and, thus Hsp70 protein following acute heat shock (Manzerra and Brown 1992, Brown and 

Rush 1999). These seminal studies show that under conditions of acute cellular stress, neurons 

are inherently poor activators of the HSR, whereas astroglia readily activate the HSR. This 

prompts the question of whether neurons and astroglia respond to chronic ND-relevant 

stressors (such as protein aggregation or inflammation) and, if so, whether there is a difference 
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in the response of neuronal and astroglial cells to this stress. In an attempt to address this 

question, a portion of this chapter investigates what is known about HSR activation in the 

context of two NDs, HD and ALS. 

1.5 Huntington’s disease 

Huntington’s disease is characterised by the formation of intracellular inclusions composed 

primarily of the ubiquitous protein huntingtin (Htt) and by the subsequent death of striatal 

medium spiny neurons and cortical pyramidal neurons (Vonsattel and DiFiglia 1998, Han et 

al. 2010). The genetic basis for the pathogenesis of HD is a CAG codon repeat expansion in 

the Huntingtin (HTT) gene that leads to a mutant protein that contains an expanded poly-

glutamine (polyQ) sequence (MacDonald et al. 1993). Expansions of the polyQ tract beyond 

36 glutamines result in an aggregation-prone Htt protein; the length of the polyQ expansion 

correlates with age of disease onset and severity (i.e. the longer the polyQ tract, the earlier the 

onset of disease and the more rapid the disease progression) (Zoghbi and Orr 2000). Well-

characterised cell and transgenic mouse models of HD have been used in investigations into 

the impact of the HSR on the pathogenicity of polyQ expansions. 

PolyQ-expanded Htt may interact differently with the proteostasis network compared with 

other disease-associated proteins. Evidence for this comes from studies that have shown that 

polyQ-expanded Htt103Q (i.e. Htt with a polyQ stretch of 103 glutamines) partitions exclusively 

into perivacuolar inclusion bodies (IPODs: Insoluble PrOtein Deposits) that store terminally 

aggregated proteins (Kaganovich et al. 2008). Fluorescence recovery after photobleaching 

experiments showed that Htt103Q proteins sequestered into IPODs are immobile (Kayatekin et 

al. 2014) indicating that sequestration into IPODs prevents possible interactions of the 

aggregated protein with components of the proteostasis network, exacerbating the formation 

of inclusions in cells (Kaganovich et al. 2008, Polling et al. 2014). Recent evidence also 
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suggests that Htt inclusion body formation deactivates apoptosis and results in slow necrotic 

cell death (Ramdzan et al. 2017). Partitioning of Htt into IPODs contrasts with quality control 

of other aggregation-prone disease-associated proteins, such as SOD1, which have been shown 

to accumulate in juxtanuclear compartments in yeast and immortalised cell lines (JUNQ: 

JUxtaNuclear Quality control) for presentation to molecular chaperones for re-folding and/or 

the ubiquitin proteasome system for degradation (Matsumoto et al. 2006, Kaganovich et al. 

2008, Polling et al. 2014, Farrawell et al. 2015). Therefore, findings pertaining to the HSR in 

the context of HD may uniquely apply to this ND due to the propensity of polyQ-expanded Htt 

to misfold directly into terminal aggregates and become stored in IPODs (as opposed to the 

JUNQ).  

1.5.1 The HSR in striatal neurons 

The expression and cellular accumulation of pathogenic polyQ-expanded Htt is not associated 

with an induction of an HSR in cell and animal models of HD. The expression of Htt91Q does 

not induce an HSR (as assessed by an Hsp70 promoter driven EGFP expression construct) 

(Bersuker et al. 2013). Notably, the expression of Htt111Q in striatal cells was not sufficient to 

up-regulate Hsp expression, nor activate HSF1 (Chafekar and Duennwald 2012). Likewise, 

primary cultures of rat cortical and striatal neurons expressing Htt111Q showed low levels of 

Hsp70 mRNA transcripts and protein compared to cerebellar granule cells, which have high 

levels of Hsp70 and are resistant to degeneration (Tagawa et al. 2007). Studies using transgenic 

mouse models of HD have demonstrated that there is a reduction in Hsp70 (and other molecular 

chaperones) in the brain as the disease progresses (Table 1-1) (Hay et al. 2004). Taken together, 

these results suggest that cells expressing polyQ-expanded Htt do not sense or respond to this 

aggregation-prone protein by inducing an HSR. 
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The expression of polyQ-expanded Htt sensitises neurons to degenerate after heat stress 

(Chafekar and Duennwald 2012, Riva et al. 2012). Heat shock (42°C for 6 h) of primary murine 

striatal neurons expressing pathogenic Htt111Q resulted in a 6-fold increase in caspase activity 

compared to heat shocked cells expressing non-pathogenic Htt7Q (Chafekar and Duennwald 

2012). Furthermore, cells expressing Htt111Q had a reduced capacity to express Hsp70, Hsp25 

(the mouse orthologue of Hsp27) and Hsp90 after heat shock compared to those expressing 

Htt7Q (Chafekar and Duennwald 2012). These findings suggest that expression of polyQ-

expanded Htt impairs the capacity of striatal neurons to up-regulate the expression of Hsps 

after heat shock, which is normally a very strong activator of the HSR.  

Based on these findings it is pertinent to question whether the observed inability of striatal 

neurons to induce a HSR in the context of polyQ Htt is the result of insufficient levels of HSF1, 

a failure to activate HSF1, a lack of HSF1 binding to DNA, or a combination of these 

deficiencies (Figure 1.3). Quantification of total HSF1 protein by immunoblot demonstrated 

that primary striatal neurons expressing Htt111Q, and the striata and cerebella of HD mouse 

models more generally, have lower total HSF1 levels compared to controls (Chafekar and 

Duennwald 2012). New evidence implicates CK2α’ kinase and Fbxw7 Fbox protein (an E3 

ubiquitin ligase) in the enhanced degradation of HSF1 in cells expressing polyQ expanded Htt 

(Gomez-Pastor et al. 2017). The proposed model suggests that polyQ-expanded Htt up-

regulates CK2α′ kinase expression and increases the phosphorylation of HSF1 at S303 and 

S307. This in turn recruits Fbxw7, which ubiquitinates phospho-HSF1 targeting it for 

degradation by the ubiquitin proteasome system (Gomez-Pastor et al. 2017). Enhanced 

degradation of HSF1 by the proteasome has also been implicated in a mouse model and human 

post-mortem tissues of α-synucleinopathies, whereby elevated levels of the ubiquitin ligase, 

NEDD4, ubiquitinates HSF1 for degradation (Kim et al. 2016). Whilst expression of Htt111Q is 

not sufficient to induce HSF1 activation in cerebellar granule cells, heat shock does result in 
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activated (hyperphosphorylated) HSF1 trimers accumulating in the cell nucleus (Tagawa et al. 

2007, Chafekar and Duennwald 2012). Similarly, HSF1 dissociation from Hsp90, 

hyperphosphorylation, and nuclear translocation are not impaired in HD mice upon treatment 

with Hsp90 inhibitor, NVP-HSP990, which is able to penetrate the brain (Tagawa et al. 2007). 

Therefore, there is a reduction in total HSF1 levels in the striatum however, HSF1 is able to 

become hyperphosphorylated and translocate into the nucleus in HD models. 
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Figure 1.3. Proposed summary of changes in the HSR and its components in polyQ-expanded Htt over-

expression models of HD. Huntington’s disease onset and progression into late stage is dependent on the 

molecular pathologies developed in striatal neurons (e.g. formation of polyQ-expanded Htt aggregates or IPODs) 

and astroglia (e.g. decline in GLAST/GLT-1 expression and the secretion of unidentified toxic “factors”). The 

susceptibility of striatal neurons to degeneration from HD-associated stresses could be the result of a polyQ-

expanded Htt-mediated attenuation of the HSR. Over-expression of polyQ-expanded Htt in CNS tissues results in 

a (1) reduction in HSF1 levels. (2) Histone H4 acetylation has been shown to be a strong promoter of HSF1 

binding of target genes. However, hypoacetylation of histone H4 at HSF1 targets (e.g. Hspa1b, Hspb1, and 

Dnajb1) with disease progression can explain (3) the decrease in HSF1 binding to DNA observed in polyQ-

expanded Htt expressing striatal neurons. (4) HD disease progression is also associated with a decline in Hsp70 

and Hsp40 family members and (5) a striatal-specific increase in Hsp60. (6) There have been few investigations 

regarding HSF1 activation and DNA-binding in astroglia. Therefore, the capacity of polyQ-expanded Htt over-

expressing astroglia to activate HSF1 and induce an HSR is currently unknown. 

 

With regard to the DNA binding capacity of HSF1 in HD models, evidence suggests that the 

expression of polyQ expanded Htt attenuates HSF1 binding to DNA in striatal cells (Riva et 

al. 2012). Genome-wide chromatin immunoprecipitation (ChIP) experiments demonstrated 

that in primary striatal neurons expressing Htt111Q HSF1 is only capable of binding 39% of its 

target genes after heat shock (1,159 bound genes) compared to cells expressing Htt7Q (2,943 

bound genes) (Riva et al. 2012). Microarray data show that the reduced binding of HSF1 to 

DNA in heat shocked cells expressing Htt111Q corresponds with a decline in the transcription 

of several Hsps (Dnajb5, Dnajb12 and Hspb6). Furthermore, mRNA levels of Hsp70, Hsp40 

and Hsp25 were reduced in the cerebral cortices of HD mouse models compared to controls 

following treatment with NVP-HSP990 (Labbadia et al. 2011). Therefore, since HSF1 

activation appears to be unimpaired, low levels of HSF1 and a compromised ability to bind 

DNA could account for the observed inability of cells expressing polyQ-expanded Htt to elicit 

an HSR. This dysregulation of chaperone gene expression likely plays a key role in the 

pathology of HD.  

Altered chromatin architecture in HD may explain the reduced capacity of HSF1 to bind to 

target genes in striatal neurons under stress (Zuccato et al. 2007, Guertin and Lis 2010, Jackrel 

and Shorter 2011, Labbadia et al. 2011). Quantitative PCR coupled with ChIP analysis after 

NVP-HSP990 treatment demonstrated significant hypoacetylation of histone H4 at Hspa1b, 
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Hspb1, Dnajb1 genes in Htt111Q expressing primary striatal neurons compared to those 

expressing Htt7Q (Labbadia et al. 2011). Hypoacetylation of these Hsp genes may change the 

chromatin landscape sufficiently to interfere with HSF1 binding to DNA (Figure 1.3).  Stress-

inducible binding of HSF1 to DNA is associated with histone acetylation, H3K4 trimethylation, 

RNA polymerase II and other co-activators (Guertin and Lis 2010). Furthermore, tetra-acetyl 

histone H4 has previously been suggested to be a strong modulator of HSF1 binding to DNA 

(Guertin and Lis 2010). Therefore, it follows that histone H4 hypoacetylation in HD models 

may reduce chromatin accessibility of HSF1 at heat shock genes, consequently impairing the 

HSR (Figure 1.3).  

At the tissue level, there are several studies that have investigated Hsp expression, and therefore 

HSR activation, in affected and non-affected tissues in mouse models of HD (Table 1-1). 

Immunoblot analysis of whole brain or spinal cord homogenates from HD mice have shown 

that overall there is no change in the total protein levels of the sHsps, Hsp25 or αB-crystallin, 

(αB-c) or Hsp90 family members compared to mice expressing non-pathogenic Htt (Hay et al. 

2004, Wang et al. 2008). Whole tissue homogenates from HD mice showed a reduction in 

HSF1, Hsp70, and two Hsp40 family members (Hdj1 and Hdj2; Figure 1.3) (Hay et al. 2004, 

Chafekar and Duennwald 2012). Conversely, striatal homogenates from HD mice were found 

to have a 4-fold increase in Hsp60 levels compared to control mice (Liu et al. 2007). A lack of 

immunohistochemistry in these studies makes it impossible to determine (i) where changes 

occur at the cellular level and (ii), whether small cell populations or specific cell-types induce 

an HSR, which is undetectable in bulk cell analyses. Employing immunohistochemistry in 

parallel to this work, or more powerful omics-based single-cell analyses, such as the proteomics 

approach undertaken by Sharma et al. (2015) (Sharma et al. 2015a), has the potential to resolve 

cell-type and brain-region specific differences in the presence or absence of disease. In this 

way, cell-type specific differences in the ability to induce a pro-survival HSR will be identified. 
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Table 1-1. List of Hsps and whether their expression is up-regulated (↑), down-regulated (↓), or not changed 

(No ∆) across rodent models of HD compared to transgenic WT or non-transgenic mouse controls. These 

results are from immunoblot (IB), or liquid chromatography coupled with quantitative mass spectrometry (LC-

MS) of affected CNS regions.  

Hsps 
Transgenic disease 

models 
Tissue or cell type Reference 

HSF1 
STHdh(Q111) knock-in 

mice 

IB: 80% ↓striatal and cerebellar tissue 

homogenates 

(Chafekar and 

Duennwald 2012, 
Gomez-Pastor et al. 

2017) 

αB-c 
R6/2 IB: No Δ whole brain homogenates (Hay et al. 2004) 

Htt-N171-82Q IB: No Δ spinal cord homogenates (Wang et al. 2008) 

Hsp25 
R6/2 IB: No Δ whole brain homogenates (Hay et al. 2004) 

Htt-N171-82Q IB: No Δ spinal cord homogenates (Wang et al. 2008) 

Hsp40 R6/2 

IB: 60% ↓Hdj1 whole brain 

homogenates 

IB: 25% ↓Hdj2 whole brain 

homogenates 

(Hay et al. 2004) 

Hsp60 R6/2 

LC-MS: 4-fold ↓ in protein abundance 

in the cortex 

LC-MS: 4-fold ↑ in protein abundance 

in the striatum 

(Liu et al. 2007) 

Hsp70 

STHdh(Q111) knock-in 

mice 

IB: 80% ↓striatal and cerebellar tissue 

homogenates 
(Chafekar and 

Duennwald 2012) 

R6/2 

IB: ↓ whole brain homogenates 

IB: No Δ Hsc70 whole brain 

homogenates 

(Hay et al. 2004) 

Hsp90 R6/2 

IB: No Δ Hsp90 whole brain 

homogenates 

IB: No Δ Hsp84 whole brain 

homogenates 

(Hay et al. 2004) 

Hsp105 - - - 

 

1.5.2 The role of glial cells in HD 

There is evidence that the onset and progression of HD requires both cell-autonomous and non-

cell autonomous processes. One study showed that a transgenic mouse with pan-neuronal 

expression of Htt103Q developed pathologies associated with end-stage disease, including 

astrogliosis, motor deficits and neurodegeneration (Gu et al. 2005, Gu et al. 2007). However, 

when Htt103Q expression was restricted to either striatal neurons or cortical pyramidal neurons, 

pathologies associated with end-stage disease did not develop despite these cells having nuclear 

polyQ-expanded Htt aggregates and alterations in NMDA receptor function (Gu et al. 2005, 
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Gu et al. 2007). These studies showed, for the first time, that HD pathogenesis and propagation 

depends on interactions between neurons. Neuron-astroglia interactions have also been 

implicated in the non-cell autonomous progression of HD. A study that investigated transgenic 

mice that expressed Htt98Q in both neurons and astroglia observed that these mice displayed 

more severe neurological symptoms and earlier death compared to mice in which Htt98Q 

expression was restricted to either neurons or astroglia alone (Bradford et al. 2010). Therefore, 

it seems likely that both neuron-neuron and neuron-astroglia interactions are responsible for 

the onset and progression of HD. 

The combination of molecular pathologies that develop in neurons and astroglia work in 

tandem to progress HD (Figure 1.3). However, the mechanisms that underlie astroglial-

mediated toxicity in HD are only partially understood. Astroglia expressing polyQ-expanded 

Htt secrete neurotoxic factors and decrease the expression of the glutamate transporters, 

GLAST and GLT-1 (Bradford et al. 2009, Faideau et al. 2010, Liddelow et al. 2017). Indeed, 

polyQ-expanded Htt-expressing astroglia have been shown to increase the vulnerability of 

striatal and cortical neurons in co-culture to excitotoxic stresses (Shin et al. 2005). Conversely, 

in co-culture experiments, astroglia expressing non-pathogenic Htt23Q protected 78% of the 

Htt130Q-expressing cortical neurons from glutamate toxicity (Shin et al. 2005). Furthermore, 

conditioned medium derived from WT astroglial cultures protects Htt111Q-expressing striatal 

neuronal progenitor cells from neurotoxic insults (e.g. H2O2, glutamate, 3-nitropropionic acid) 

(Ruiz et al. 2012).  

With respect to neurotoxic factors secreted by astroglia, an elegant study by Liddelow et al. 

(2017), demonstrated that reactive microglia (i.e. pro-inflammatory microglia) can activate a 

neurotoxic phenotype in astroglia (defined in the work as A1 astroglia). They showed that A1 

astroglia formation is a pathological response of the CNS in mice treated with systemic 

injections of lipopolysaccharide (LPS) and acute CNS injury, and in patients with NDs 
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(Liddelow et al. 2017). The proportion of neurotoxic (A1) astroglia in the caudate nucleus of  

HD patients was significantly greater that in controls (60% in HD tissue compared to 25% in 

the control) (Liddelow et al. 2017). Furthermore, qPCR of A1 astroglia-associated transcripts 

showed a 60-fold increase in the caudate nucleus of HD patients compared to controls 

(Liddelow et al. 2017). Thus, cell-cell interactions and dysfunctions of striatal or cortical 

pyramidal neurons and astroglia are likely to work synergistically to progress HD into late-

stages. Therefore, maintaining striatal astroglia in a healthy and neurotrophic condition may be 

a novel approach to minimise neurodegeneration in the striatum.  

1.5.3 The HSR in striatal astroglia 

Studies investigating HSR-inducing compounds have provided valuable insights into the 

capacity of different cell populations to induce an HSR in the absence of the expression of 

polyQ-expanded Htt. Primary striatal astroglia derived from WT mice showed a stronger 

induction of HSR compared to striatal projection neurons after treatment with the Hsp90 

inhibitor, NVP-HSP990. Treated striatal astroglia showed an 18-fold increase in Hsp70 and 4-

fold increase in Hsp25 mRNA levels (Carnemolla et al. 2015). In contrast, NVP-HSP990 

treated striatal projection neurons only showed an 8-fold increase in Hsp70, 3-fold increase in 

Hsp40, and no change in Hsp25 mRNA levels (Carnemolla et al. 2015). In the vehicle treated 

mice, there were no significant differences in the synthesis of any of the Hsp mRNAs 

investigated (Hsp70, Hsp40, Hsp90 or HSF1), with the exception of Hsp25, which showed a 

7-fold increase in astroglia compared to striatal projection neurons (Carnemolla et al. 2015). 

Together these findings suggest that, in the absence of polyQ-expanded Htt expression, striatal 

astroglia are “pre-loaded” with greater levels of Hsp25 mRNA and are capable of inducing a 

stronger HSR compared to striatal projection neurons. 
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Determining the mechanisms that maintain astroglia in a healthy and neurotrophic state should 

be a priority in future HD research, given that polyQ-expanded Htt expression decreases the 

levels of glutamate transporters and induces a neurotoxic phenotype of astroglia. Indeed, a 

recent study demonstrated that the over-expression of the sHsp, αB-c, in astroglia ameliorates 

the pathologies associated with HD in transgenic mice that express full-length Htt97Q (Oliveira 

et al. 2016). Over-expression of αB-c in astroglia significantly reduced the number of large (>1 

µm) Htt97Q inclusions in the striatum and cortex, and resulted in a 12.5% increase in the number 

of NeuN-positive neurons in the striatum (Oliveira et al. 2016). This provides an elegant 

example of how increasing Hsps in astroglia can ameliorate HD neuropathologies in a non-cell 

autonomous manner and provides support for increased investigation into the HSR in astroglia 

in the context of HD.  

1.5.4 Summary of the HSR in HD 

It has been demonstrated, using a range of cell and animal models of HD, that striatal neurons 

do not sense or respond to polyQ-expanded Htt expression by up-regulating Hsps. Moreover, 

striatal neurons expressing polyQ-expanded Htt have an attenuated capacity to induce an HSR 

after heat shock. This could be due to decreased levels of HSF1 in striatal tissue observed in 

HD models. In addition, the altered chromatin landscape caused by histone H4 hypoacetylation 

at Hsp genes observed in a HD mouse model, may also lead to decreased binding of HSF1 to 

DNA, and down-regulation of Hsp70 and Hsp40. In the absence of polyQ-expanded Htt 

expression, striatal astroglia, compared to striatal projection neurons, have greater levels of 

Hsp25 mRNA and are capable of inducing a stronger HSR. However, the effect of polyQ-

expanded Htt on HSR induction in astroglia remains to be elucidated.  

Previous research has demonstrated that a variety of Hsps can inhibit polyQ-expanded Htt 

protein aggregation. However, the affected neurons in HD appear not to sense the initial stages 
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of pathogenic protein misfolding as a cellular stress and therefore do not activate an HSR. As 

the neurons and surrounding astroglia in the CNS appear to be incapable of activating an HSR 

in the context of HD, therapeutics that can induce Hsp expression in early stages of disease 

may prove beneficial. 

1.6 Amyotrophic lateral sclerosis  

Amyotrophic lateral sclerosis is characterised by a loss of motor neurons in the primary motor 

cortex, corticospinal tracts, brainstem and spinal cord. Only 5-10% of ALS cases are familial 

(fALS) and some of these arise from mutations in one of 13 (or more) genes leading to the 

expression of aberrant aggregation-prone proteins. Mutations in SOD1 (copper/zinc ion-

binding superoxide dismutase), C9ORF72 (chromosome 9 open reading frame 72), FUS (fused 

in sarcoma), TDP-43 (TAR DNA binding protein), CCNF (cyclin F) (Williams et al. 2016), 

OPTN (optineurin), ANG (angiogenin, ribonuclease, RNase A family, 5), UBQLN2 (ubiquitin-

like ubiquilin2), and others are all associated with fALS [recently reviewed by (Chen et al. 

2013, Iguchi et al. 2013)]. The remaining 90-95% of ALS cases are idiopathic and sporadic.  

In ALS, motor neurons are preferentially susceptible to degeneration despite the ubiquitous 

expression of disease-associated mutant proteins in neuronal and non-neuronal cells (Asea and 

Brown 2008). Motor neurons have functional and morphological characteristics that may make 

them particularly vulnerable to toxic protein misfolding and aggregation, neuroinflammation, 

and subsequent degeneration in ALS (Asea and Brown 2008). For example, motor neurons 

have a high metabolic load, high energy demands, long axons, rely on rapid signaling of 

neurotransmitters to other neurons and muscle tissue, and are long-lived due to their terminal 

differentiation. Malfunction of each of these characteristics of motor neurons has been 

associated with ALS pathology (for reviews see (Bruijn et al. 2004, Boillée et al. 2006a, 

Rothstein 2009)).  
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Recent findings have shown that multiple housekeeping and stress-response pathways involved 

in maintaining proteostasis (e.g. the ubiquitin proteasome system and endoplasmic reticulum 

unfolded protein response) are dysregulated in ALS-affected motor neurons, which would 

further exacerbate their degeneration (Kabashi et al. 2004, Asea and Brown 2008, Kabashi et 

al. 2008a, Nishitoh et al. 2008, Cheroni et al. 2009, Ferrucci et al. 2011, Prell et al. 2012, 

Tashiro et al. 2012, Taylor et al. 2016). However, it remains to be established whether affected 

cell-types in the CNS are capable of inducing an HSR as a result of pathogenic protein 

aggregation associated with ALS as a protective response to this chronic stress.   

1.6.1 The HSR in motor neurons  

Motor neurons may have a relatively high threshold for HSR induction compared to 

surrounding non-neuronal cells. Batulan et al. (2003) investigated the endogenous expression 

of HSF1 in motor neurons and their capacity to activate the HSR. In these studies, 

immunohistochemistry of motor neurons in spinal cord cultures demonstrated the presence of 

HSF1, but not the inducible Hsp70 isoform, in these cells. The capacity of motor neurons to 

induce an HSR was assessed following heat shock (42°C for 1 h) by monitoring the stress-

inducible expression of an Hsp70 promoter driven EGFP construct. The lack of EGFP 

fluorescence in motor neurons after heat shock suggested that HSF1 was not activated and thus 

did not bind to the promoter used in this reporter construct (Batulan et al. 2003). Other studies 

have also shown that spinal cord motor neurons in situ fail to transcribe and express Hsp70 

following heat shock (Manzerra and Brown 1992, Brown and Rush 1999). However, it is not 

clear from this work whether HSF1 was (i) not activated and therefore not capable of binding 

DNA and/or (ii) not present at sufficient levels in these cells to induce an HSR.  

To determine which of these possibilities was responsible for these observations, WT HSF1 

(HSF1WT) and a constitutively active mutant of HSF1 (HSF1+) were over-expressed in primary 
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murine motor neurons (Batulan et al. 2003). Simply increasing the level of HSF1WT in cells 

was not sufficient to enhance their capacity to express Hsp70 (Batulan et al. 2003). Conversely, 

over-expression of HSF1+ resulted in an upregulation of Hsp70, Hsp40, and Hsp25 levels in 

96.1 ± 3.4%, 100 ± 0%, and 14.6 ± 7.3% in motor neurons, respectively (Batulan et al. 2003, 

Batulan et al. 2006). Furthermore, expression of HSF1+ in motor neurons expressing 

pathogenic SOD1G93A significantly reduced the formation of inclusions and conferred 

cytoprotection, compared to HSF1WT (Batulan et al. 2006). Together, these findings suggest 

that the attenuated capacity of motor neurons to induce an HSR in the context of heat shock is 

due to their inability to activate HSF1, not insufficient levels of HSF1 in these cells (Figure 

1.4). 

The over expression and aggregation of mutant SOD1 (mSOD1) in mouse models may not be 

sufficient to induce an HSR in motor neurons. Primary murine motor neurons expressing 

mSOD1 demonstrate no change in expression levels of Hsp70, Hsp105, Hsp90, Hsp60, or 

Hsp40 compared to those expressing SOD1WT and non-transgenic control motor neurons 

(Table 1-2). Furthermore, a reduction in Hsp105 levels was observed in spinal cord tissue 

homogenates of SOD1G93A mice (Yamashita et al. 2007). Hsp105 is a chaperone expressed in 

neurons and glia in the CNS and can inhibit the aggregation of mSOD1 in cell-based models 

(Yamashita et al. 2007). Therefore, the decline in Hsp105 expression, combined with the 

inability of rodent motor neurons to upregulate Hsp70, Hsp90, Hsp60, or Hsp40, suggests that 

the HSR is either unable to be activated or is impaired in these models of ALS (Figure 1.4). 

In the absence of disease, the endogenous and constitutive expression of Hsp27 in motor 

neurons of the spinal cord plays an important role in the housekeeping of proteostasis. Hsp27 

is a well characterised molecular chaperone that also has potent anti-apoptotic functions 

(Charette et al. 2000). Hsp27 can inhibit the release of mitochondrial cytochrome c and 

associate with Daxx, thereby inhibiting a motor neuron-specific apoptosis pathway that is 
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mediated by Fas-Ask1-p38 (Raoul et al. 1999, Charette et al. 2000, Raoul et al. 2002, Raoul et 

al. 2005). However, in transgenic mouse models of ALS, Hsp25 levels become dysregulated 

and decline in motor neurons during disease progression (Table 1-2). Studies have shown that 

pre-symptomatic mSOD1 mice have Hsp25 levels comparable to age-matched controls 

(Maatkamp et al. 2004, Strey et al. 2004). However, immediately prior to the onset of disease 

symptoms, Hsp25 levels decline in spinal cord motor neurons as demonstrated by 

immunohistochemistry of spinal cord sections (Maatkamp et al. 2004, Strey et al. 2004). In 

contrast, by the late stages of the disease, both Hsp25 and αB-c are up-regulated in spinal cord 

astroglia, a finding consistent in numerous studies (Vleminckx et al. 2002, Maatkamp et al. 

2004, Strey et al. 2004, Wang et al. 2005, Wang et al. 2008). The decrease in Hsp25 in motor 

neurons during the later stages of ALS in these transgenic mouse models may increase their 

susceptibility to neurodegeneration as a consequence of toxic protein accumulation and other 

ALS-related stresses (Figure 1.4). 

 

 

 

 

 

 

Table 1-2. List of Hsps and whether their expression is up-regulated (↑), down-regulated (↓), or not changed 

(No ∆) in rodent models of ALS at the late-stage of disease compared to age-matched transgenic WT or 

non-transgenic mouse controls. These results are from immunoblot (IB) or immunohistochemical (IHC) staining 

and microscopy of different CNS regions.  

Hsps 
Transgenic disease 

models 
Tissue or cell type References 

HSF1 
TDP-43WT×Q331K IB: ↓ spinal cord tissue homogenates (Chen et al. 2016) 

SOD1G93A IB: ↓ spinal cord tissue homogenates (Mimoto et al. 2012) 
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αB-c (HSPB5) 

SOD1L126Z 
IHC: ↑ spinal cord astroglia 

IHC: ↓ spinal cord oligodendrocytes 
(Wang et al. 2005) 

SOD1G93A IHC: ↑ spinal cord astroglia 
(Vleminckx et al. 

2002, Zinkie et al. 
2013) 

SOD1G37R IHC: ↑ spinal cord astroglia 
(Vleminckx et al. 

2002) 

Hsp22 (HSPB8) SOD1G93A IHC: ↑ spinal cord motor neurons  
(Crippa et al. 2010, 

Marino et al. 2015) 

Hsp25 (HSPB1) 

SOD1G93A 
IHC: ↑ spinal cord astroglia 

IHC: ↓ spinal cord oligodendrocytes 

(Vleminckx et al. 

2002, Batulan et al. 
2003, Maatkamp et 

al. 2004, Strey et al. 

2004) 

SOD1G37R 

IHC: ↑ astroglia in the inferior 

colliculus, cerebellar white matter, brain 

stem, spinal cord 

(Wang et al. 2008) 

SOD1L126Z IHC: ↓ spinal cord motor neurons (Wang et al. 2005) 

SOD1G93A
, SOD1G85R, 

SOD1G37R, SOD1H46R/H48Q 

IHC: ↑ spinal cord astroglia 

IHC: ↑ spinal cord undefined neurons 
(Wang et al. 2003) 

Hsp40 

SOD1G93A IHC: No ∆ spinal cord (Wang et al. 2008) 

SOD1G93A
, SOD1G85R, 

SOD1G37R, SOD1H46R/H48Q 

IB: No ∆ spinal cord tissue 

homogenates 
(Wang et al. 2003) 

TDP-43WT×Q331K 
IB: No ∆ spinal cord tissue 

homogenates 
(Chen et al. 2016) 

Hsp60 

SOD1G93A IHC: No ∆ spinal cord (Wang et al. 2008) 

SOD1G93A
, SOD1G85R, 

SOD1G37R, SOD1H46R/H48Q 

IB: No ∆ spinal cord tissue 

homogenates 
(Wang et al. 2003) 

Hsp70 

SOD1G93A
, SOD1G85R, 

SOD1G37R, SOD1H46R/H48Q 

IB: No ∆ spinal cord tissue 

homogenates 

(Batulan et al. 2003, 

Wang et al. 2003, 

Wang et al. 2005, 
Wang et al. 2008) 

SOD1G93A 
IHC: ↑ “sick-appearing” spinal cord 

motor neurons 
(Vlug et al. 2005) 

SOD1G85R IB: ↑ spinal cord tissue homogenates (Liu et al. 2005) 

Hsp90 

 

SOD1G93A IHC:  No ∆ spinal cord (Wang et al. 2008) 

SOD1G93A
, SOD1G85R, 

SOD1G37R, SOD1H46R/H48Q 

IB: No ∆ spinal cord tissue 

homogenates 
(Wang et al. 2003) 

Hsp105 SOD1G93A IB: ↓ in spinal cord tissue homogenates 
(Yamashita et al. 

2007) 

 

 

With regard to ALS in humans, immunohistochemistry of human motor neurons in cervical 

spinal cord sections obtained at autopsy showed no change in Hsp70 or Hsp27 levels compared 

to age-matched controls (Batulan et al. 2003). The combined evidence suggests that the toxicity 

of mSOD1 in spinal cord motor neurons is not sufficient to elicit the stress-inducible expression 

of Hsps in rodents or humans. In contrast, Hsp70 (but not Hsp27 or αB-c) immunoreactivity 
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was occasionally observed to be higher in neighbouring glial cells in fALS or sporadic ALS 

patients (Batulan et al. 2003). This suggests that astroglia in humans and rodents are capable 

of up-regulating certain Hsps in response to stresses associated with ALS. This further supports 

the hypothesis that motor neurons intrinsically have a high threshold for induction of the HSR 

and also suggests that misfolded mSOD1 can go undetected by this inducible arm of the 

proteostasis network in these cells.  

There is a lack of diversity in the models that have been used in work investigating the HSR in 

association with ALS. Data regarding neuronal and glial Hsp expression in ALS is derived 

primarily from mSOD1 rodent models, with the exception of one study that used the TDP-

43WT×Q331K transgenic mouse model of ALS (Chen et al. 2016). Therefore, it remains to be 

determined whether these findings also apply to other fALS-associated mutations (e.g. FUS). 

This is of particular relevance if each aggregation-prone protein engages a specific set of Hsps, 

as has been previously proposed (Kakkar et al. 2014). Therefore, additional research is required 

in other rodent models of ALS to advance our understanding of the HSR in this disease.  
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Figure 1.4. Proposed mechanism of the HSR and its components in motor neurons and astroglia of mSOD1 

over-expressing models of ALS.  Motor neuron disease initiation and progression is dependent on the molecular 

pathologies developed in motor neurons (e.g. formation of mSOD1 aggregates or JUNQ) and astroglia (e.g. 

secretion of unidentified toxic “factors”). The susceptibility of motor neurons to degeneration is likely due to an 

inability of motor neurons and astroglia to induce a cytoprotective HSR in response to increasing quantities of 

misfolded proteins (e.g. mSOD1) and neuroinflammation. (1 and 2) HSF1 in motor neurons has a relatively high 

threshold for activation and the over-expression of mSOD1 and subsequent molecular pathologies do not activate 

HSF1 nor induce the binding of HSF1 to DNA. (3) There is no detectable basal expression or upregulation of 

Hsps in mSOD1 over-expressing motor neurons, with the exception of (4) Hsp27, which gradually declines with 

disease progression. (5) Astroglia in mSOD1 over-expressing mice have increased amounts of Hsp27 and αB-c 

with disease progression; however, the levels of other Hsps are not changed. (6) There have been few 

investigations regarding HSF1 activation and DNA-binding in astroglia in the context of ALS. Therefore, the 

capacity of mSOD1 over-expressing astroglia to activate HSF1 and induce an HSR remains unknown. (7) There 

is increasing evidence that extracellular vesicles containing Hsps are secreted by astroglia, and these vesicles are 

endocytosed by motor neurons and facilitate transfer of Hsps.  

 

1.6.2 The role of glial cells in ALS  

There is strong evidence that ALS can be characterised as a non-cell autonomous disease 

(Boillée et al. 2006a, Lee et al. 2016). As such, ALS initiation and progression depends on both 

the molecular pathologies developed within motor neurons, and the subsequent pro-

inflammatory activities of surrounding non-neuronal cell populations such as astroglia and 

microglia. For example, transgenic mice expressing SOD1G37R specifically in motor neurons 

in the ventral horn of spinal cords remained healthy for up to 1.5 years of age compared to mice 

that ubiquitously express this mSOD1 isoform, which die at 4 months of age (Wong et al. 1995, 

Pramatarova et al. 2001). Moreover, knock out of SOD1G37R expression in motor and dorsal 

root ganglion neuron progenitors of transgenic mice results in an 18 day delay to disease onset 

and 31 day delay to early disease progression compared to controls (Boillée et al. 2006b). 

Together, these findings demonstrate that mSOD1 expression in motor neurons plays a role in 

early disease initiation. Selective deletion of SOD1G37R expression from glial fibrillary acidic 

protein (GFAP)-positive spinal cord astroglia or cluster of differentiation molecule 11B 

(CD11b)-positive microglia significantly delayed late disease progression resulting in an 

overall extension of survival by 60 and 99 days, respectively (Boillée et al. 2006b, Yamanaka 

et al. 2008). These two studies demonstrate that mSOD1 expression in astroglia and microglia 

plays a significant role in late disease progression and overall survival. This work and the work 
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of many others emphasises the importance of astroglia and microglia in the pathogenic cascade 

associated with ALS [for in-depth reviews examining the non-cell-autonomous nature of ALS 

see (Boillée et al. 2006a, Ilieva et al. 2009, Lee et al. 2016)]. The non-cell-autonomous 

progression of ALS by glial cells has also recently been demonstrated in a mutant TDP-43 

model of ALS (Tong et al. 2013, Huang et al. 2014, Ditsworth et al. 2017), suggesting that the 

non-cell-autonomous progression of ALS is not confined to mSOD1-expressing mouse 

models, but may represent a generic mode of ALS progression. Furthermore, the vulnerability 

of spinal cord motor neurons in ALS may be explained by regional variations in the ability of 

surrounding glia to provide cytoprotective support during disease onset.  

Glia are thought to exert their neurotoxicity in NDs through the activation of inflammatory 

pathways that propagate from the site of onset in the CNS and manifest as chronic 

neuroinflammation. At the molecular level, neuroinflammation is driven by the transcription 

factor nuclear factor-κB (NF-κB). In the absence of stress, the NF-κB-mediated inflammatory 

pathway is maintained in an inhibitory complex with IκBα. Previous work has suggested that 

cellular stress, for example the expression and aggregation of mSOD1, causes Iκ kinase to 

phosphorylate IκBα that signals for its polyubiquitination by ubiquitin ligases (e.g., 

Skp1/Cullin/F-box protein FWD1), which tags IκBα for degradation at the proteasome (Chen 

et al. 1995, Hatakeyama et al. 1999, Israël 2010, Meissner et al. 2010, Roberts et al. 2013). NF-

κB released from this inhibitory complex becomes activated, and translocates into the nucleus 

to induce the transcription of pro-inflammatory (e.g., TNF-α and IL-1β) or anti-inflammatory 

genes (e.g., IL-13) (Tak and Firestein 2001, Israël 2010).  

The spectrum of inflammatory mediators that are up-regulated as a consequence of NF-κB 

activation are cell-type dependent. For example, mSOD1 expressing, reactive spinal cord 

astroglia have been shown to release interferon-γ (IFNγ), transforming growth factor-β 

(TGFβ), nerve growth factor (NGF) and nitric oxide (NO) (Pehar et al. 2004, Aebischer et al. 
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2011, Phatnani et al. 2013). Furthermore, mSOD1 expressing microglia have been shown to 

release anti-inflammatory cytokines and neurotrophins in early disease and the pro-

inflammatory mediators tumour necrosis factor-α (TNFα), interleukin-1β (IL-1β) and NO in 

late disease (Weydt et al. 2004, Xiao et al. 2007, Meissner et al. 2010). In these previous 

studies, activated astroglia and microglia expressing mSOD1 led to increased motor neuron 

toxicity and reduced motor neuron viability in co-culture experiments (Pehar et al. 2004, 

Aebischer et al. 2011, Phatnani et al. 2013). The microglia examined in these studies were 

derived from cortical preparations. However, regional variations in inflammatory pathway 

activation may exist. Thus, it is necessary to investigate inflammatory responses in spinal cord 

glia in research that is focused on spinal cord motor neurons. A lower threshold for activation 

and a stronger inflammatory response in spinal cord glia could sensitise motor neurons to 

degeneration over neuronal populations in other regions of the CNS. Therefore, future research 

should investigate whether regional differences in the ability of glia to activate the 

inflammatory pathway can be linked to the degeneration of neurons in discrete population of 

the CNS. 

The ubiquitous expression of mutant ALS-associated proteins in the CNS may not alone 

facilitate the transition of astroglia from a neurotrophic to neurotoxic phenotype in ALS. Co-

culture with A1 astroglia induces the rapid death of a range of neurons, including spinal cord 

α-motor neurons (Liddelow et al. 2017). Interestingly, there was a significant increase in the 

proportion of A1 astroglia in the motor cortex of patients with ALS (40% of ALS astroglia 

were A1 compared to 15% in controls) (Liddelow et al. 2017). Likewise, there was a 60-fold 

increase in A1-related transcripts in the motor cortex of ALS patients compared to controls 

(Liddelow et al. 2017). The mechanism by which these A1 astroglia induce toxicity was 

proposed to be through the secretion of a ‘toxic factor’ (Liddelow et al. 2017). Other studies 

have also suggested that mSOD1-expressing astroglia release a soluble ‘toxic factor’, which 
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significantly reduces the viability of motor neurons in co-culture (Di Giorgio et al. 2007, Nagai 

et al. 2007, Bilsland et al. 2008, Cassina et al. 2008). The identity of this neurotoxic factor is 

currently unknown and additional research is required to determine its mode of action. In any 

case, it is important to consider cytoprotective mechanisms that maintain the neurotrophic 

functions of glia in ALS, such as the HSR, which leads to Hsp expression.  

1.6.3 The HSR in astroglia 

It is generally regarded that astroglia can activate an HSR in response to stress, including whole 

animal hyperthermia (Nishimura et al. 1991, Manzerra and Brown 1992, Manzerra et al. 1997, 

Krueger et al. 1999). In the context of ALS, astroglia have higher levels of the sHsps, αB-c and 

Hsp25, compared to WT controls at the end-stage of disease, but not Hsp90, Hsp70, Hsp60 or 

Hsp40 (Table 1-2, Figure 1.4). Interestingly, these findings suggest that the over-expression of 

unstable and misfolded mSOD1 species at the onset and early-stage of ALS fails to activate 

the HSR in the CNS. Chronic neuroinflammation in the CNS may upregulate these sHsps at 

the end-stage of disease in rodent models of ALS. 

There is a scarcity of published work investigating HSF1-activation and HSR induction in 

astroglia at the molecular level using biochemical techniques (Figure 1.4). However, the 

discord between sHsps being up-regulated and other Hsps not being affected in astroglia in the 

context of ALS suggests that there are additional layers of regulation of the HSR in these cells 

that are either HSF1-mediated or post-translational. In recent work, Zheng et al. (2016) 

hypothesised that the phosphorylation of HSF1 at serine and threonine residues serves to fine-

tune HSF1 transcription at promoter regions, rather than act as an on/off switch. Thus, HSF1 

phosphorylation could serve to regulate the kinetics and magnitude of the HSR in a cell-type 

dependent manner. Additional unidentified mechanisms of HSF1 regulation, including those 

that are cell-type specific, could explain the complete absence of HSR induction in motor 
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neurons compared to astroglia in mSOD1-expressing transgenic mice. In fact, the HSF1-

mediated HSR in the different cell-types that comprise the CNS is likely to be much more 

complex than our current models of HSR induction and attenuation (Figure 1.2), which are 

based primarily on findings from Saccharomyces cerevisiae, Drosophila  melanogaster, cell-

lines or studies using recombinant human HSF1 in solution (Peteranderl and Nelson 1992, 

Rabindran et al. 1993, Westwood and Wu 1993, Neudegger et al. 2016). Future research should 

elucidate the mechanisms of HSR induction in astroglia, with a focus on investigating astroglia 

derived from affected and not affected regions of the CNS (e.g., spinal cord compared to 

cortical glia). 

Upregulation of cytoprotective Hsps in astroglia could maintain astroglia in a healthy 

neurotrophic state to support motor neuronal viability and prevent conversion of astroglia to a 

neurotoxic (A1) phenotype. One mechanism by which astroglia may provide cytoprotection to 

motor neurons is through the exchange of extracellular vesicles containing Hsps  (Frühbeis et 

al. 2013). Extracellular vesicles derived from chick spinal cord primary astroglial cultures, 

following heat shock, contain Hsp70 and Hsc70 (Taylor et al. 2007). In another study 

investigating glial-neuronal interactions, T98G glioma cells were shown to secrete Hsp70 into 

the culture medium and LA-N-5 neuroblastoma cells took up this Hsp70 (Guzhova et al. 2001). 

The Hsp70 uptake increased the stress tolerance of the LA-N-5 cells to heat shock and 

staurosporine-induced apoptosis (Guzhova et al. 2001). The mechanisms of astroglial 

exocytosis and neuronal endocytosis used to traffic Hsps are also yet to be elucidated. The non-

cell-autonomous mechanism(s) by which astroglia provide products of the HSR to neurons 

could be exploited to increase Hsp levels in motor neurons. This strategy could enhance the 

stress tolerance of motor neurons and decrease degeneration in the spinal cord in ALS (Figure 

1.4). 
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1.6.4 Summary of the HSR in ALS 

Spinal cord motor neurons from primary cell or animal models of ALS are unable to activate 

HSF1 and hence lack stress-induced expression of Hsps. The endogenous levels of Hsp27 in 

motor neurons decline with disease progression. Motor neurons have an inherently high 

threshold for the activation of the HSR and the expression and accumulation of mSOD1 in the 

cell is not sufficient to activate the HSR. In contrast, spinal cord astroglia have elevated levels 

of αB-c and Hsp25 (rodent) or Hsp70 (human) at the end-stage of disease. However, the precise 

mechanisms by which these Hsps are up-regulated are unknown. Overall, there is a distinct 

lack of research into the HSR in spinal cord astroglia and its potential role in ALS.  

Due to the non-cell-autonomous nature of ALS, future research should focus on maintaining 

affected spinal cord astroglia in a neurotrophic state to support motor neuron viability. 

Furthermore, investigation of Hsp70 (and other Hsp) transfer between astroglia and motor 

neurons could represent an exciting new mechanism to target for the development of 

therapeutics that target the proteostasis network in ALS. 

1.7 Studying the therapeutic effects of increasing HSR components  

Plaques and inclusion bodies associated with NDs are co-localised with various components 

of the proteostasis network, which may represent an irreversible sequestration, and subsequent 

loss of function, of these vital housekeeping components (Muchowski and Wacker 2005). The 

sequestration of these chaperones, in conjunction with the possibility that toxic misfolded 

proteins do not induce an HSR in the CNS, are likely to be important molecular mechanisms 

that lead to neurodegeneration in these diseases. The absence of a stress-induced upregulation 

of Hsps in early disease allows the formation of toxic protein species, which precede a cascade 

of cellular dysfunctions in NDs. Therefore, in the absence of an HSR in affected neurons and 
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surrounding glia in the CNS, boosting the HSR pharmacologically represents a promising 

therapeutic intervention for the treatment of these diseases at an early stage.  

Investigations into the therapeutic benefit of pharmacological activation of the HSR in the 

context of NDs are currently in progress. There are two classes of therapeutics under 

investigation, each targets different aspects of the HSR pathway. One class of therapeutics 

targets the HSF1 inhibitory complex composed of Hsp90, co-chaperone p23 and immunophilin 

FK506-binding protein 5. Since, Hsp90 activities are ATP-dependent, this complex can be 

targeted by small molecules that compete with ATP for binding to Hsp90. Radicicol, NVP-

HSP990, geldanamycin and geldanamycin-derived 17-allylaminogeldanamycin are Hsp90 

inhibitors that act in this way and are currently under investigation for the treatment of NDs 

(Sittler et al. 2001, Hay et al. 2004, Labbadia et al. 2011, Ortega et al. 2014). In addition, the 

interaction between HSF1 and TRiC/CCT, which inhibits HSF1 activation, can be inhibited 

with the compound HSF1A in vitro (Neef et al. 2014). An important limiting factor of the 

Hsp90-inhibiting compounds is that they are cytotoxic at low concentrations and therefore, not 

strong candidates to pursue for clinical trials. The other class of therapeutics that targets the 

HSR pathway activate HSF1 and/or up-regulate downstream products of the HSR 

(predominantly via unknown mechanisms). These include celastrol, arimoclomol, withaferin 

A, acetyl-L-carnitine and pyrrolidine dithiocarbamate (DeMeester et al. 1998, Abdul et al. 

2006, Khan et al. 2012, Kalmar et al. 2014, Sharma et al. 2015b). Thus far, arimoclomol is the 

most promising HSR-mediating therapeutic. Administration of arimoclomol to mouse models 

of ALS (10 mg/kg/day), spinal and bulbar muscular atrophy (120 mg/kg/day) and inclusion 

body myositis (120 mg/kg/day) ameliorated neuropathologies associated with each disease, 

and arimoclomol has progressed to Phase II/III human clinical trials (Kieran et al. 2004, Kalmar 

et al. 2008, Malik et al. 2013, Ahmed et al. 2016).  
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A significant amount of work has investigated the effects of over-expressing individual Hsps 

or activating an HSF1-mediated HSR in rodent models of NDs [for comprehensive reviews see 

(Muchowski and Wacker 2005, Leak 2014, Duncan et al. 2015, Pratt et al. 2015, Bose and Cho 

2017)]. Over-expression of individual chaperones in mSOD1 mouse models of ALS has 

resulted in modest effects with regard to a reduction in the amount of insoluble protein and 

increased motor neuron survival (Table 1-3) (Liu et al. 2005, Gifondorwa et al. 2007, Krishnan 

et al. 2008, Sharp et al. 2008, Novoselov et al. 2013, Watanabe et al. 2014). However, this does 

not correlate with an increase in overall survival of the double transgenic animals (Table 1-3). 

Conversely, upregulation of the HSR by treatment with withaferin A, celastrol or arimoclomol 

results in an increase in the number of surviving motor neurons and the lifespan of mSOD1 

expressing mice (Kieran et al. 2004, Kiaei et al. 2005, Lin et al. 2013, Patel et al. 2014). This 

same trend was observed in mouse models of HD, whereby over-expression of HSJ1a and 

Hsp70 has no effect on overall survival but over-expression of an active mutant of HSF1 

extended survival by 15 days (Table 1-4) (Fujimoto et al. 2005). Therefore, increasing the 

expression of a broad range of stress-related proteins appears to be more efficacious in reducing 

protein aggregate load, preventing neurodegeneration and increasing lifespan of mouse models 

of NDs compared to upregulation of individual chaperones. The exceptions to this are 

DNAJB1, DNAJB6 and polyQ binding peptide (QBP)-Hsc70 binding motif which, when over-

expressed, reduced insoluble Htt and extended survival by 17, 21 and 32 days, respectively 

(Bauer et al. 2010, Popiel et al. 2012, Gillis et al. 2013, Kakkar et al. 2016). These findings 

illustrate how specific sets of Hsps may be more efficacious against aggregating proteins 

associated with HD, thus, ongoing investigations that evaluate the activities of a range of Hsps 

are warranted.  
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Table 1-3. The effect of the over-expression of Hsps and upregulation of the HSR on the molecular pathologies developed in rodent models of ALS.  

Double transgenic (Tg) mice were bred for the over-expression of an Hsp and a SOD1 mutant associated with ALS. Alternatively, mice that over-express mutant SOD1 were treated with a 

therapeutic compound for the activation of the HSR. The fold increase in Hsp levels (and, if reported, the tissue-type in which this occurs), number of extended days of life, percent increase (↑) 

or decrease (↓) in spinal cord motor neurons, and percent ↑ or ↓ in the levels of inclusions is reported for each study. 

Transgenic model/ 

Therapeutic compound 
ALS model Increase in Hsp in Tg mouse Extended lifespan 

% ↑/↓ in surviving 

motor neurons 

% ↑/↓ in levels of 

inclusions 
References 

Hsp27 Tg 

SOD1G93A 40-fold ↑spinal cord  

25-fold ↑ cortex, cerebellum, 

hippocampus 

Expressed in MN + GFAP+ve 

astroglia 

No ∆ (prolonged 4.2 

days) 

- No ∆  (Krishnan et al. 

2008) 

SOD1G93A - No ∆ (died 6 days 

sooner) 

24% ↑ No ∆ (Sharp et al. 

2008) 

HSJ1a Tg SOD1G93A 7-fold ↑ No ∆ 61% ↑ No ∆ (Novoselov et al. 

2013) 

Hsp70 Tg 

SOD1G93A 10-fold ↑  No ∆ (prolonged 1.4 

days) 

- - (Liu et al. 2005) 

SOD1G85R 10-fold ↑ spinal cord No ∆ - - 

SOD1G37R 10-fold ↑ No ∆ - - 

Hsp70 administered 

exogenously 

SOD1G93A rhHsp70 injected 3x weekly 

(20ug)- detected in muscle not 

CNS 

9 days 12.5% ↑ - (Gifondorwa et 

al. 2007) 

HSF1 Tg SOD1H46R/H48Q 3-fold ↑ No ∆ - 34% ↓ (Lin et al. 2013) 

SIRT1 Tg SOD1G93A 3-fold ↑ 15 days - 40% ↓ (Watanabe et al. 
2014) 

Withaferin A 

SOD1G93A 2.6-fold ↑ Hsp25 

2.2-fold ↑ Hsp70 

Phosphorylated HSF1 

8 days 30% ↑  39% ↓ (Patel et al. 
2014) 

SOD1G37R - 18 days - - 

Celastrol SOD1G93A - 16 days 30% ↑ - (Kiaei et al. 

2005) 

Arimoclomol 

SOD1G93A 3-fold ↑ Hsp70 

2.5-fold ↑ Hsp90 

Phosphorylated HSF1  

28 days 74% ↑ - (Kieran et al. 

2004) 
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Table 1-4. The effect of the over-expression of Hsps and upregulation of the HSR on the molecular pathologies developed in rodent models of HD.

Double transgenic (Tg) mice were bred for the over-expression of an Hsp and polyQ-expanded Htt associated with HD. Alternatively, HSF1 and HSF2 genes were knocked-out (KO) of HD 

mouse models. Lentiviral vectors for the expression of QBP1-Hsc70 binding motif and DNAJB1 were injected directly into the striatum of R6/2 mice. In one case, mice that over-express polyQ-

expanded Htt were treated with NVP-HSP990, a therapeutic compound for the activation of the HSR. The fold increase in Hsp levels (and, if reported, the tissue-type in which this occurs), 

number of extended days of life, percent increase (↑) or decrease (↓) in spinal cord motor neurons, and percent ↑ or ↓ in the  levels of inclusions is reported for each study. 

Transgenic model/ 

Therapeutic compound 
HD model 

Increase in Hsp in Tg 

mouse 
Extended lifespan 

% ↑/↓ in surviving 

neurons 

% ↑/↓ in levels of 

inclusions 
References 

αB-c Tg (astroglia only) BACHD - - 12.5% ↑ 50% ↓ (Oliveira et al. 2016) 

Hsp27 Tg R6/2 12-fold ↑ - - No ∆ (Zourlidou et al. 
2007) 

Hsp70 Tg 

R6/2 Rat Hsp70 - - No ∆ (Hay et al. 2004) 

R6/2 5-15-fold ↑ human 

Hsp70 

No ∆ No ∆ No ∆ (Hansson et al. 2003) 

rAAV-QBP1-Hsc70 binding 

motif 

R6/2 Injected into the 

striatum 

32 days - 90.8% ↓ (Bauer et al. 2010)  
 

rAAV-DNAJB1 
R6/2 Injected into the 

striatum 

17 days - 39.2% ↓ (Popiel et al. 2012) 

DNAJB6 Tg 

R6/2 Brain-specific 

upregulation (nestin 

promoter) 

21 days - 33% ↓ (Kakkar et al. 2016) 

HSJa Tg 
R6/2 Brain specific 

upregulation 

No ∆ No ∆  35% ↓ (Labbadia et al. 2012) 

Hsp104 

N171-82Q HD "Strongly" expressed in 

the brain, heart 

kidneys, testis 

- - No ∆  

(Vacher et al. 2005) 

HSF1Active Tg 
R6/2 Expressed in skeletal 

muscle, heart and testes  

15 days No ∆ 79% ↓ (Fujimoto et al. 2005) 

NVP-HSP990 treatment 

R6/2 2.7-fold ↑ Hsp70 

3.8-fold ↑ Hsp25 

1.6-fold ↑ Hsp40 

No ∆ - 20% ↓ (Labbadia et al. 2011) 

HSF1 KO 
R6/2 - 105 day decrease in 

lifespan 

- 15% ↑ (Hayashida et al. 

2010) 

HSF2 KO 
R6/2 - 91 day decrease in 

lifespan 

- 20% ↑ (Shinkawa et al. 

2011) 
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1.7.1 Studying the activities of Hsps in cells 

Determining which of the HSR components are the most efficacious in preventing protein 

aggregation and subsequent neurotoxicity is an important step in elucidating targets for the 

development of therapeutics that ameliorate NDs. Previous work has demonstrated that Hsps 

can prevent the disease-associated aggregation of proteins and the toxicity associated with this 

process in cells. For example, Ormsby et al. (2013) showed, by flow cytometric pulse shape 

analysis, that Hsp40 inhibited the aggregation of pathogenic polyglutamine-expanded Htt. In 

contrast, whilst Hsp70 reduced cell death in this model, it had no effect on inclusion body 

formation (Ormsby et al. 2013). However, the relative co-transfection efficiencies and levels 

of the Hsp in cells cannot be easily determined when the expressed Hsps are not fluorescently 

tagged. In particular, this confounds efforts to compare the effect of different Hsps on cellular 

functions. Vos et al. (2010) performed a systematic comparison of the chaperone efficacy of 

human sHsp family members in inhibiting polyglutamine-expanded Htt in cells, in which 

immunoblotting was performed to determine the relative expression levels of each sHsp in 

HEK293 cells (each sHsp had a C-terminal V5-tag to enable detection with the same anti-V5-

antibody) (Vos et al. 2010). In this work, the expression levels of HspB7 and HspB9 were 

significantly lower than the expression levels of the other sHsps investigated. However, 

immunoblotting did not reveal whether the differences in expression levels were attributable 

to a lower rate of expression, a lower transfection efficiency of the HspB7 and HspB9-encoding 

constructs compared to the other constructs used, or higher turn-over rate of HspB7 and HspB9 

in these cells (Vos et al. 2010). Moreover, such techniques do not provide any information 

regarding the levels of the expressed protein in individual cells. Thus, it is advantageous to be 

able to account for transfection efficiencies and the levels of Hsps in cell-based assays, 

particularly when the aim is to compare the activities of different Hsps.  
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The chaperone activities and diverse range of cellular roles of Hsps are only partially 

understood. This is the consequence of their dynamic (in some cases, polydisperse and 

oligomeric) structure and transient interactions with client proteins and co-chaperones 

(Treweek et al. 2015, Balchin et al. 2016). The functions of Hsps have historically been 

investigated by fusing their N- or C-termini with fluorescent proteins. However, fusion of 

fluorescent proteins to Hsps is likely to interfere with their dynamic structures, protein 

interactions, and thus, function. In the case of the sHsps, for example Hsp27, whose monomeric 

molecular weight is 27 kDa, fusion of a fluorescent protein (e.g. green fluorescent protein; 25 

kDa) would double its molecular weight. Indeed, recombinant Hsp27 that has been C-

terminally tagged with enhanced yellow fluorescent protein demonstrates an altered ability to 

form large oligomers (a conformation necessary for sHsp function) and increased chaperone 

activity (Datskevich and Gusev 2014). Therefore, to elucidate the diverse roles of a range of 

Hsps in cell-based assays, new approaches for the expression of Hsps and a fluorescent reporter 

protein that negate the need for N- or C-terminal fusion are important to develop in future 

research. 

1.7.2 Quantifying inclusion body formation in cell-based models of NDs 

The role of Hsps in inhibiting protein aggregation associated with NDs in cell-based models is 

an intensely investigated area of research. Despite this, there is still a scarcity of techniques 

that can rapidly and reproducibly quantify inclusion bodies formed from a range of different 

proteins. Interestingly, there is no consistency in the reporting of the effect of over-expressing 

Hsps or drug treatment on protein inclusion formation in the transgenic animal models of ALS 

and HD in Table 1-3 and Table 1-4. Measurement of inclusion body load in the tissues of these 

transgenic mice is important due to the strong correlation between inclusion body formation, 

cellular dysfunction and degeneration in NDs.  



Chapter 1 – Introduction 

41 

 

Detecting and quantifying inclusion bodies has traditionally been performed by fluorescence 

microscopy, immunoblot and filter trap analysis of soluble and insoluble protein fractions 

Fluorescence microscopy enables the visualisation and localisation of fluorescently-tagged 

protein aggregates in the cell, however, it is limited in terms of high-throughput and 

quantitative analysis. Recent advances in high-content image screening and self-learning 

algorithms have addressed these limitations and significantly facilitated the temporal and 

spatial resolution of fluorescently-tagged proteins within individual cells (Daub et al. 2009). 

Furthermore, the automation of this process has eliminated the subjectivity and bias typically 

associated with image analysis (Danuser 2011). Despite these computational advancements, 

high content image screening is still plagued by several pitfalls; these include an inability to 

distinguish individual cells and aggregates when in clumps and relatively poor performance on 

images with high background noise (Sommer and Gerlich 2013). In addition, access to this 

type of image processing is limited as a consequence of the need for specialised instruments, 

training on complicated data-mining software or code-writing capabilities (Daub et al. 2009, 

De Vos et al. 2010, Sommer and Gerlich 2013).  

Immunoblotting of SDS-soluble and SDS-insoluble fractions of whole cell lysates is a 

commonly used method for determining the chaperone activities of Hsps in the context of 

protein aggregation associated with NDs (Vos et al. 2010, Gillis et al. 2013). However, the 

shortcomings of this approach include that it is qualitative, low throughput, and transfection 

efficiencies and protein expression levels cannot be taken into account. In an attempt to address 

these shortcomings, Ramdzan et al. (2013) developed a flow cytometric technique based on 

the differences in pulse shapes of cells with and without inclusion bodies called PulSA (pulse 

shape analysis). However, PulSA was only able to accurately quantify the proportions of cells 

with inclusion bodies formed from Htt but is not as amenable to the quantification of cells with 

SOD1 or TDP-43 inclusions, suggesting that this technique is primarily amenable to the 
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physical properties of cells with Htt inclusions (Ramdzan et al. 2013). Therefore, future 

techniques should be developed to rapidly quantify inclusion bodies formed from a range of 

proteins, take into account differences in transfection efficiencies across samples, with the 

capacity for high-throughput analysis of samples. 

1.8 Summary and aims 

Regulation of the HSR and its downstream products are of particular relevance to the cells that 

comprise the CNS, where protein inclusion formation and inflammation associated with NDs 

occurs. Evidence from cell lines and rodent models of NDs, and human post mortem tissues, 

suggests that protein aggregation and inflammation are undetected by the HSR in affected 

neurons and astroglia. However, further research is warranted to identify the role of the HSR 

in responding to protein aggregation and inflammation, and whether its impairment contributes 

to neuronal vulnerability in NDs, therefore, the objectives of this PhD project were to: 

1. Generate bicistronic constructs for the expression of Hsps to study their intracellular 

activities in cells without the need for N- or C-terminal fusion to a fluorescent reporter 

protein.  

2. Develop a novel method for the rapid and high throughput quantification of inclusions 

in cells to overcome the limitations of the current methodologies. 

3. Assess whether differentiated neuron-like cells can induce the HSR, and determine 

whether intra- and extracellular protein aggregates associated with NDs can induce an 

HSR in a neuron-like cell line.  

4. Compare the inflammatory response and HSR in cortical and spinal cord primary mixed 

glial cells to establish a link between regional variations in glial support and 

neurodegeneration in the spinal cord in ALS.  
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 The general methods used in this research are outlined in this chapter. Methods specifically 

pertaining to work presented in Chapters 3 – 6 are provided in the relevant chapters. 

2.1  Materials 

All reagents used for this work were obtained from Sigma-Aldrich (St Louis, MO, USA) or 

Amresco (Solon, OH, USA) unless otherwise stated. HaltTM Protease and Phosphatase Inhibitor 

Cocktail (100 ×) and all restriction enzymes were acquired from Thermo Fisher Scientific 

(Scoresby, VIC, Australia). The transfection reagent Lipofectamine LTX/PLUS reagent, 

0.025% trypsin-EDTA, Dulbecco’s Modified Eagle Medium/Ham’s F12 media (DMEM/F12), 

and L-glutamine (100 ×) were purchased from Invitrogen (Carlsbad, CA, USA). Foetal calf 

serum (FCS) was obtained from Bovogen Biologicals (Keilor, VIC, Australia).  

2.2 Plasmids 

Lists of plasmids appear in each of the relevant chapters in this thesis.  

2.3 Antibodies 

Lists of antibodies and their dilutions appear in each of the relevant chapters in this thesis.  

2.4 Molecular cloning, construct verification and storage 

2.4.1 Molecular cloning 

Details of the methods undertaken for the generation of the constructs used in this thesis appear 

in the relevant chapters.  

2.4.2 Agarose gel electrophoresis 

DNA samples were prepared for agarose gel electrophoresis by mixing the sample with an 

appropriate amount of loading buffer (final concentrations: 30% (v/v) glycerol, 0.25% (w/v) 

bromophenol blue in H2O). The molecular weight markers, Hyperladder I (200 – 10037 bp) or 
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Hyperladder II (50-2000 bp) were run on each gel. DNA samples were electrophoresed using 

0.8 or 1% (w/v) TAE agarose gels. Gels were submerged in 1 × TAE buffer in a MiniSub Cell 

GT electrophoresis tank (Bio-Rad) and electrophoresis was performed at 85 V until the 

bromophenol blue dye front had migrated to the end of the agarose gel. Gels were stained in a 

0.005% (w/v) ethidium bromide solution for 15 min and destained in dH2O for 5 min. Ethidium 

bromide stained DNA bands were visualised and images were captured by a 0.5 s exposure to 

UV light using a Gel Logic 2200 Pro Imaging System (Carestream Health, Rochester, NY, 

USA). 

2.4.3 Preparation of chemically competent Escherichia coli 

Chemically competent DH5α E. coli were prepared by inoculating 10 mL of lysogeny broth 

[LB; 5% (w/v) yeast, 10% (w/v) NaCl, 10% (w/v) tryptone, pH 7.4] with a single colony. The 

culture was incubated overnight at 37°C on an orbital shaker at 180 rpm. The following day, 

the cells were centrifuged (5 min/ 5,000 × g) and washed in ice-cold 100 mM CaCl2. The cells 

were centrifuged again (5 min/ 5,000 × g) and washed in ice-cold 100 mM CaCl2 with 15% 

(v/v) glycerol and snap frozen in liquid nitrogen for storage at -80°C. 

2.4.4 Transforming E. coli 

To transform cells, plasmid DNA was mixed with 100 μL of chemically competent DH5α E. 

coli and incubated on ice for 1 h. Cells were then heat shocked at 42°C for 30 s. LB was added 

to the transformation mixture and incubated at 37˚C for 1 h on an orbital shaker (180 rpm). 

Transformation cultures were then plated onto LB agar media (LB with 15% (w/v) agar) 

supplemented with ampicillin (100 μg/mL) or kanamycin (50 μg/mL) and incubated at 37˚C 

overnight.  

Successfully transformed E. coli colonies were screened for the gene of interest by PCR using 

their respective cloning primers. One colony that was positive for the gene insert was chosen 
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and the plasmid was extracted using the Wizard® Plus SV Miniprep DNA Purification System 

according to the manufacturer’s instructions. The purity (A260/280) and concentration (A260) 

of plasmid DNA recovered from DH5α E. coli was assessed using a NanoDrop 2000c 

Spectrophotometer (Thermo Fisher Scientific). 

2.4.5 Construct verification by sequencing 

Extracted and purified cloned constructs were prepared for sequencing using the BigDye® 

Terminator v3.1 Cycle Sequencing Kit according to the manufacturer’s instructions. The 10 

μL reaction mix contained 1 × BigDye® buffer, 1.6 μM primer, 1 × BigDye® Ready Reaction 

Premix, and an appropriate concentration of plasmid DNA. PCR was performed using a 

Mastercycler ProS (Eppendorf) and consisted of 35 cycles (denaturation at 96°C for 10 s, 

annealing at 50°C for 5 s, and extension at 60˚C for 4 min). DNA was precipitated by 

incubation with 100% ethanol, 125 mM EDTA (pH 8.0) and 3 M sodium acetate for 2 h at 

room temperature (RT). Precipitated DNA was washed with ice-cold 70% (v/v) ethanol (30 

min/ 21 000 × g/ 4°C) and dried. Constructs were sequenced using a Hitachi 3130xl Genetic 

Analyser (Applied Biosystems, Mulgrave, Australia) by Ms. Margaret Phillips (University of 

Wollongong, Australia). 

2.4.6 Generation of glycerol stocks of transformed E. coli 

Plasmids were stored as glycerol stocks at -80°C. Briefly, 5 mL of LB supplemented with 

ampicillin (100 µg/mL) or kanamycin (50 µg/mL), was inoculated with a single colony of 

DH5α E. coli transformed with the construct. This was incubated overnight at 37°C on an 

orbital shaker (180 rpm) and 1 mL of culture was mixed with 1 mL of sterile glycerol in a 

cryovial for storage at -80°C.  
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2.5 Bacterial culture and plasmid extraction for mammalian cell 

transfections 

Transfection-quality purified plasmid DNA was extracted from DH5α E. coli containing the 

plasmid of interest using the PureYield™ Plasmid Midiprep System, according to the 

manufacturer’s instructions. Briefly, 100 mL of LB supplemented with either ampicillin (100 

µg/mL) or kanamycin (50 µg/mL) and DH5α E. coli transformed with the plasmid of interest 

was incubated overnight at 37°C on an orbital shaker (180 rpm). The cells were pelleted by 

centrifugation (10 min/ 5,000 × g), resuspended in Cell Resuspension solution and lysed in 

Cell Lysis solution. Neutralisation solution was added to the cell lysate and incubated for 3 min 

at RT. The flocculant was removed by passing the cell lysate through the PureYield Clearing 

column (3 min/ 1,500 × g), and the cleared lysate was applied to a PureYield Binding column, 

incubated for 1 min and eluted by centrifugation (3 min/ 1,500 × g). 

2.6 Cell culture 

The murine neuroblastoma cell line, Neuro-2a, and human embryonic kidney cell line, 

HEK293, were both obtained from the American Type Culture Collection (Manassas, VA, 

USA). Neuro-2a cells were used in this PhD research because they have a neuronal origin, are 

able to be transfected to relatively high efficiencies using standard lipid-based protocols (see 

Figure 3.1), and they can be differentiated into neuron-like cells (Tremblay et al. 2010). Neuro-

2a, HEK293 and the HSE:EGFP stable cell lines (see section 5.2.6) were cultured in DMEM/F-

12 supplemented with 2.5 mM L-glutamine and 10% FCS (10% FCS-DMEM/F-12) at 37°C 

under 5% CO2/95% air in a Heracell 150i CO2 incubator (Thermo Fisher Scientific). Cells were 

passaged every 2 days or once they had reached 80% confluency. Details regarding the 

transfection of established cells lines are explained in the relevant sections of this thesis.  
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2.7 Immunoblotting 

2.7.1 Cellular protein extraction and protein quantification 

In some experiments, following transfection, cells were harvested, washed twice with PBS (5 

min/ 300 × g/ RT) and total cellular protein was extracted by lysis with SDS extraction buffer 

[2% (w/v) SDS in 0.5 M Tris-HCl, pH 6.8, supplemented with 1 × Halt protease and 

phosphatase inhibitors] and heating at 95˚C for 5 min. Whole cell lysates were centrifuged (5 

min/ 20,000 × g) to pellet the insoluble protein.  

 Bicinchoninic acid assays were performed to determine the protein concentrations of the 

soluble cell extracts using a standard 96-well plate format as described elsewhere (Redinbaugh 

and Turley 1986). Protein concentrations were adjusted with PBS (pH 7.4) so that equal 

quantities of total protein were loaded onto SDS-PAGE gels for subsequent immunoblotting. 

2.7.2 SDS-PAGE 

Protein samples were prepared in an appropriate volume of 3 × loading buffer [final 

concentrations: 2% (w/v) SDS, 0.5 M Tris-HCl, 25% (w/v) glycerol, 0.01% (w/v) bromophenol 

blue, 5% (v/v) β-mercaptoethanol]. Reduced samples were denatured by heating at 95°C for 5 

min. Precision Plus Protein™ dual colour molecular weight standards (10-250 kDa; Bio-Rad) 

were run on each gel. SDS-PAGE was conducted using a 12% (v/v) polyacrylamide resolving 

gel overlaid with a 4% (v/v) polyacrylamide stacking gel following standard procedures 

(Laemmli 1970) using a Mini-Protean Tetra cell system (Bio-Rad). Samples were 

electrophoresed at 150 V until the bromophenol blue dye front had migrated to the bottom of 

the gel. SDS-PAGE gels were stained with Coomassie blue staining solution and destained in 

destaining solution.  
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2.7.3 Immunoblotting and detection 

SDS protein extracts were electroblotted onto an ImmunoBlot™ polyvinylidene difluoride 

membrane (PVDF; Bio-Rad) using a standard technique (Towbin et al. 1979). Briefly, protein 

transfer to the PVDF membrane was performed in ice-cold immunoblotting transfer buffer 

(0.192 M glycine, 25 mM Tris, 20% (v/v) methanol, pH 8.6) at 100 V for 90 min. Membranes 

were blocked with 5% (w/v) non-fat milk in Tris-buffered saline (TBS; 50 mM Tris and 150 

mM NaCl, pH 7.5) supplemented with 0.05% (v/v) Tween-20 (TBS-T) for 1 h at RT. 

Membranes were incubated at 4˚C overnight with 5% (w/v) non-fat dry milk in TBS-T and 

primary antibodies. The blots were washed four times for 10 min with TBS-T, incubated in 5% 

(w/v) non-fat dry milk in TBS-T with the corresponding horseradish peroxidase (HRP)-

conjugated secondary antibody for 1 h at RT, and washed again in TBS-T four times for 10 

min. The labelled proteins were detected using SuperSignal® West Pico Chemiluminescent 

Substrate or SuperSignal® West Dura Extended Duration Chemiluminescent Substrate 

according to the manufacturer’s instructions (Thermo Fisher Scientific). The membrane was 

exposed to Amersham Hyperfilm ECL (GE Healthcare Life Sciences) and developed according 

to a standard technique or imaged using the Amersham GelImager600 (GE Healthcare Life 

Sciences). 

2.8 Immunocytochemistry 

2.8.1 Fixing, permeabilisation, and immunolabelling 

Cells were fixed in 4% (w/v) paraformaldehyde for 15 min either in suspension for flow 

cytometry or in a monolayer on a coverslip for epifluorescence and confocal microscopy. Cells 

were washed twice in PBS (pH 7.4) and then permeabilised and blocked in 5% (v/v) normal 

goat or donkey serum (or BSA) and 0.1% (v/v) TritonX-100 in PBS (PBS-T) for 1 h at RT. 

Cells were then incubated with primary antibodies diluted in 5% (v/v) normal goat or donkey 
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serum or BSA in PBS-T for 16 h at 4°C. The cells were washed three times in PBS for 5 min, 

incubated with secondary antibodies for 1 h at room temperature, and washed three times with 

PBS for 5 min. Cells destined for epifluorescence or confocal microscopy were counterstained 

with DAPI or Hoescht 33342 (where indicated), 1:1000 dilution in PBS for 10 min at room 

temperature and washed three times in PBS for 5 mins. Coverslips were mounted onto 26 × 76 

mm glass slides (Thermo Fisher Scientific) using Citifluor™ Anti-Fadent Mounting Solutions 

(ProSciTech) for epifluorescence or confocal microscopy. 

2.8.2 Microscopy  

The slides were analysed using a Leica TCS SP5 confocal microscope using the 63× oil-

immersion objective lens (Leica Microsystems, Wetzlar, Germany). Fluorescence was excited 

at 488 nm, 561 nm and 633 nm by argon, DPS 561 and He633 lasers, respectively. Fluorescent 

emissions from fluorophore-conjugated secondary antibodies were acquired by sequential 

scanning using the Leica Application Suite – Advanced Fluorescence (LAS-AF) software 

(version 3, Leica Microsystems, Wetzlar, Germany). 

2.9 Flow cytometry 

Flow cytometry was performed using an LSR Fortessa X-20 cell analyser equipped with 405 

nm, 488 nm, 561 nm and 640 nm lasers (BD Biosciences). A minimum of 20,000 events per 

sample were collected at a high flow rate. Forward scatter was collected using a linear scale 

and side scatter in a log scale. Fluorescent emissions were collected as area (log scale), pulse 

height (log scale), and pulse width (linear scale) for each channel. The acquisition parameters 

(i.e. excitation laser and filter) for the fluorescence emissions of each fluorophore or fluorescent 

protein analysed in this research are listed in Table 2-1. 
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Table 2-1. Table of fluorophores and fluorescent proteins and the lasers and filters used to excite and collect 

their respective fluorescent emission. 

Fluorophore/ Fluorescent protein Laser (nm) Filter (nm) 

Cerulean 405 450/50 

GFP 

EGFP 

tGFP 

DyLight 488 

488 525/50 

mCherry 

tdTomato 

561 586/15 

DyLight 650 

RedDot1 

RedDot2 

640 670/30 

Spectral compensation, gating and data analysis of events acquired by flow cytometry was 

performed using Flow Jo software (Tree Star). 

2.9.1 Pulse shape analysis (PulSA) 

PulSA was performed as previously described (Ramdzan et al. 2013). Briefly, area, height and 

width fluorescent emissions for the fluorescently-tagged protein were collected using the 

excitation lasers and bandpass filters outlined in Table 2-1. Plotting fluorescence height against 

width allows (in some cases) the identification of a population of cells with inclusions in the 

upper left portion of the cytogram.  

2.10 Statistics 

Results shown are the mean ± S.E.M. of three independent experiments unless otherwise 

indicated. Evaluation of differences in means was determined by a student’s t-test, a one-way 

analysis of variance (ANOVA) or two-way ANOVA for multiple comparisons. The F-statistic 

from the ANOVA test and its associated degrees of freedom (between groups and within 

groups, respectively) are reported in parentheses. The P-value from the ANOVA test is also 

stated. Post hoc testing of differences between means was done using Dunnett’s, Tukey’s or 

Bonferroni’s test, where appropriate, using GraphPad Prism 5 (GraphPad Software, Inc., La 

Jolla, CA, USA). 
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Portions of this chapter have been previously published in the following work: 

R. San Gil, T. Berg, and H. Ecroyd. Using bicistronic constructs to evaluate the chaperone 

activities of heat shock proteins in cells. Scientific Reports. 2017; 7: 2387. 

Author contributions: RSG designed and performed experiments and analysed the data. TB 

contributed to the construct generation and validation experiments. HE developed the original 

idea to use bicistronic constructs to study Hsps, designed experiments, oversaw their 

implementation, and analysed the data. RSG wrote the manuscript and generated the figures; 

and all authors edited the manuscript for submission. 
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3.1 Introduction 

The functions of many proteins have been studied by tagging them to a fluorescent protein. 

Hsps are dynamic (and often oligomeric) proteins that interact with various co-factors and 

client proteins. For example, some sHsps, such as αB-c and Hsp27, form large and polydisperse 

homo- and hetero-oligomers with other sHsps, and undergo dynamic subunit exchange, 

features that are thought to be fundamental to their chaperone activity (Haslbeck et al. 2005, 

Houck and Clark 2010). There is evidence to show that the addition of a fluorescent tag can 

compromise Hsp activity (Datskevich et al. 2012, Datskevich and Gusev 2014, Datskevich et 

al. 2015). Since fluorescently labelled Hsps can show aberrant structure and function compared 

to the non-tagged protein, an alternative technique is needed for studying Hsp function in cells. 

There is a clear need to develop strategies to evaluate and compare Hsp functions in cells that 

take into account differences in transfection efficiencies, and avoid the use of bulky fluorescent 

proteins to label them. With this in mind, bicistronic vectors were exploited to develop a suite 

of mammalian expression constructs for the correlated expression of non-labelled Hsps and a 

fluorescent reporter protein (e.g. enhanced green fluorescent protein, EGFP, or mCherry). The 

Hsp-encoding constructs generate bicistronic mRNA with an internal ribosomal entry site 

(IRES) between the multiple cloning site and the fluorescent reporter gene (Jespersen et al. 

1999). Translation of this mRNA results in the expression of two separate proteins, the Hsp of 

interest and the fluorescent reporter.  

Using these Hsp-encoding bicistronic constructs, the capacity of a range of Hsps (Hsp90, 

Hsp70, Hsp40, Hsp27, and αB-c) to inhibit protein aggregation in a cell-based model was 

evaluated. The development of these bicistronic constructs provides a useful new tool to 

evaluate both the role of Hsps in the proteostasis network and their capacity to modulate a 

range of key cellular processes. This strategy also has applications beyond the field of 
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proteostasis, for example, the study of proteins in cells in which labeling with a fluorescent 

protein is not a viable option. 
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3.2 Methods 

3.2.1 Antibodies 

Dilutions and concentrations used for immunoblotting (IB) and immunocytochemistry (ICC) 

are included in parentheses. Mouse monoclonal anti-Hsp40 (ab78437; IB 1:5000, ICC  

2 mg/mL), anti-Hsp90 (ab13492; IB 1:5000, ICC 1 mg/mL), anti-Hsp27 (ab2790; IB 1:2500, 

ICC 2 mg/mL), anti-αB-c (ab13496; IB 1:5000, ICC 1 mg/mL), anti-mCherry (ab125096; IB 

1:2000) and IgG1-isotype control (ab91353; ICC 2 mg/mL) primary antibodies, and goat anti-

mouse IgG DyLight 488 (ab96871; ICC 1:200) and goat anti-mouse IgG DyLight 650 

(ab96874; ICC 1:200) conjugated secondary antibodies were obtained from Abcam 

(Cambridge, MA, USA). Mouse monoclonal anti-Hsp70 primary antibody (ADI-SPA-810-F; 

IB 1:1000, ICC 1 mg/mL) was from Enzo Life Sciences (Farmingdale, NY, USA). Mouse 

monoclonal anti-α-tubulin primary antibody (T8203; IB 1:5000) and rabbit polyclonal anti-

mouse IgG-HRP conjugated secondary antibody (SAB3701084; IB 1:5000) were obtained 

from Sigma Aldrich.  

3.2.2 Plasmids and cloning of Hsp-encoding bicistronic constructs 

The pIRES2-EGFP plasmid was obtained from Clontech (Palo Alto, CA, USA). A series of 

constructs were generated from the pIRES2-EGFP plasmid that transcribes bicistronic mRNA 

consisting of an IRES flanked by an upstream Hsp and downstream fluorescent reporter. The 

mCherry gene (GenBank AY678264) was synthesised by GenScript with flanking 5′ BstXI and 

3′ NotI restriction sites to allow replacement of the EGFP in pIRES2-EGFP with mCherry to 

generate pIRES2-mCherry. Primers were designed to amplify genes encoding Hsps (with 

flanking restriction sites) from existing plasmid constructs for sub-cloning upstream of the 

IRES site of the pIRES2 plasmids; αB-c (CRYAB; GenBank NM_001885) with NheI/SalI, 

HSP27 (HSPB1; GenBank BT019888.1) with BglII/SalI, HSP70 (HSPA1A; GenBank 
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AK291295.1; gifted by Prof Sophie Jackson, Cambridge University, UK) with NheI/BamHI. 

Genes encoding HSP40 (DNAJ1; GenBank NM_001539.2) with NheI/BamHI sites, and HSP90 

(HSP90AA1; GenBank NM_001017963.2) with SalI/NotI sites, were synthesised by 

GenScript, prior to their digestion from the supplied pUC57 constructs and sub-cloning into 

pIRES2-mCherry. In addition to the Hsp-encoding bicistronic constructs, a plasmid was 

constructed with flanking BglII/EcoRI sites to encode for EGFPinv (Olshina et al. 2010), a non-

fluorescent Y66L mutant of GFP, which was used in place of a Hsp in a bicistronic construct 

and acted as a chaperone-negative control. All the constructs synthesised in this work were 

verified by sequencing using a Hitachi 3130xl Genetic Analyser (Applied Biosystems, 

Mulgrave, Australia).  

Mammalian expression constructs containing sequences encoding WT and the 

conformationally destabilised double mutant of firefly luciferase-EGFP (FlucWT-EGFP, 

pcDNA4-TO-myc-hisA-FlucWT; FlucDM-EGFP, pcDNA4-TO-myc-hisA-Fluc R188Q/R261Q 

respectively) were kind gifts from Prof Mark Wilson (University of Wollongong, Australia). 

3.2.3 Neuro-2a cell culture and transfection 

Neuro-2a cells were cultured as described in Section 2.6. 

For transfections, 7.5 × 104 cells/mL were seeded (unless otherwise stated) into a 6-well plate 

and cultured in 2 mL of 10% FCS DMEM/F-12 overnight. These cells were transiently 

transfected with the bicistronic vectors using Lipofectamine LTX/PLUS reagent. Cells were 

transfected with DNA:lipid complexes (2 μg/well of DNA, 6 μL/well of Lipofectamine LTX 

and 2 μL/well PLUS reagent) and incubated for 48 h at 37˚C under 5% CO2/95% air. The cells 

were harvested with trypsin 48 h post-transfection, washed twice with PBS (pH 7.4) and either 

fixed in 4% (w/v) paraformaldehyde in PBS at room temperature (RT) for 30 min, or live 

transfected cells were purified by fluorescence-activated cell-sorting for subsequent analyses. 
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To confirm that cells in the inclusion population (iPop), which were resolved by PulSA, did 

contain inclusions, cells were transfected to express FlucDM-EGFP and fixed in 1% (w/v) PFA 

in PBS (pH 7.4) for 30 min on ice. Samples were washed twice in PBS (5 min/ 300 × g) and 

resuspended in FACS buffer. Cells were sorted on a FACSAriaII equipped with a 488-nm laser 

(BD Biosciences, San Jose, CA, USA) at the MWAC BRIL Flow Cytometry Facility, 

University of New South Wales (Sydney, Australia).  

3.2.4 Immunocytochemistry and confocal microscopy  

A 12-well plate containing sterile 19 mm coverslips (ProSciTech, Thuringowa, Australia) was 

seeded with 4.0 × 104 cells/well and cultured in 10% FCS-DMEM/F-12 overnight at 37˚C under 

5% CO2/95% air. Cells were transfected with 1 µg/well of pIRES2-EGFP-αB-c DNA and 1.5 

μLLipofectamine LTX with 0.5 μL PLUS reagent, and incubated for 48 h at 37˚C under 5% 

CO2/95% air. Cell culture media was removed 48 h post-transfection and coverslips were 

washed twice with PBS (pH 7.4). Cells were fixed, permeabilised, immunolabelled and 

mounted for microscopy as described in Chapter 2, section 2.8.1. 

3.2.5 Cell preparation for sorting  

To purify mCherry+ve cells for subsequent immunoblotting, cells transfected with the Hsp-

encoding bicistronic constructs were harvested with trypsin 48 h post-transfection. Samples 

were washed twice in PBS (pH 7.4; 5 min/ 300 × g) and resuspended in fluorescence-activated 

cell sorting (FACS) buffer (25mM HEPES, 1 mM EDTA, 0.5% w/v bovine serum albumin in 

PBS, pH 7.0). Cell clumps were removed by straining through a 40 µm nylon mesh before 

analysis on an S3e Cell Sorter equipped with a 561-nm laser (Bio-Rad Laboratories, Hercules, 

CA, USA). mCherry+ve cells were sorted such that 300,000 cells were recovered.  
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3.2.6 Immunoblotting 

FACS-purified populations of mCherry+ve cells were collected (10 min/ 1000 × g) and 

subsequently immunoblotted for Hsp, mCherry and α-tubulin expression in samples transfected 

with each of the Hsp-encoding bicistronic constructs. Whole cell lysates were prepared as 

described in section 2.7.1 for separation by SDS-PAGE (section 2.7.2). Proteins resolved by 

SDS-PAGE were subsequently immunoblotted (section 2.7.3). 

3.2.7 Immunolabelling of Hsps in transfected Neuro-2a cells for flow 

cytometry 

Cells were immunolabelled as described in section 2.8.1. Immunolabelled cells were 

resuspended in an appropriate volume of PBS for flow cytometry, section 2.9. 

3.2.8 Image J single cell analysis  

Fixed and immunolabelled cells were imaged by confocal microscopy and the fluorescent 

intensities of individual cells were analysed using Image J to determine the relative levels of 

the Hsp and fluorescent reporter protein. Images were converted into greyscale, 8-bit image 

and a threshold of 10 was applied. Images were further processed to remove speckles 

(despeckle tool) and separate cell clumps to identify individual cells (watershed tool). This 

sequence of processing events defines the cell outlines of individual cells. The same original 

image is opened again and converted into a greyscale, 32-bit image and the fluorescence 

intensity of single cells was measured (analyse particle tool; cell size, 100 – infinity; circularity, 

0-1). This sequence of processing events was repeated for images taken in the green and red 

channel. To determine whether the level of fluorescent reporter expression (in this case EGFP) 

correlated with Hsp expression, a bivariate blot of EGFP and DyLight 650 mean fluorescence 

intensity was used.  
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3.2.9 Cell-based model of protein aggregation: Mutant firefly luciferase 

(FlucDM-EGFP) 

A 6-well plate was seeded with 2.0 × 106 Neuro-2a cells/well and maintained in 10% FCS-

DMEM/F-12 overnight at 37˚C under 5% CO2/95% air. Cells were co-transfected with the 

FlucDM-EGFP encoding constructs (1.25 µg) and one of the Hsp-encoding (or EGFPinv) 

pIRES2-mCherry constructs (0.25 µg), such that cells were transfected with a 5:1 (FlucDM-

EGFP:Hsp) ratio of each construct. Each DNA construct was incubated in separate tubes with 

Lipofectamine LTX/PLUS reagent according to the manufacturer’s instructions. The 

DNA:lipid complexes were sequentially applied to the cells. Cells were harvested with trypsin 

48 h post-transfection, washed twice in ice-cold PBS (5 min/ 300 × g/ 4°C) and resuspended 

in 500 μL ice-cold PBS for analysis by flow cytometry.    

Some cells were left untransfected or only transfected with FlucDM-EGFP- or EGFPinv encoding 

constructs. These samples were used to set gates and to determine the spectral overlap that 

occurs between mCherry and DyLight 488 fluorescence emissions in this experiment using the 

compensation matrix in Flow Jo (version 10.0.8, Tree Star, Ashland, OR, USA).  The spectral 

overlap was negligible (0.0028% spectral overlap) in these experiments.   

The relative EGFP fluorescence was used to represent FlucDM levels in the cell. The data 

presented was analysed using equation 3.1: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝐺𝐹𝑃 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 =
𝐸𝐺𝐹𝑃 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑚𝑒𝑑𝑖𝑎𝑛 𝑜𝑓 𝐻𝑠𝑝 𝑠𝑎𝑚𝑝𝑙𝑒

𝐸𝐺𝐹𝑃 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑚𝑒𝑑𝑖𝑎𝑛 𝑜𝑓 𝐸𝐺𝐹𝑃𝑖𝑛𝑣 𝑠𝑎𝑚𝑝𝑙𝑒 
  (3.1) 

The percent of cells in the iPop gate in each sample was normalised to the relative EGFP 

fluorescence in that sample. In this way, differences in the relative levels of FlucDM-EGFP 

expression were taken into account and data was analysed using equation 3.2:  
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% 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑖𝑃𝑜𝑝 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑡𝑜 𝑚𝐹𝑙𝑢𝑐 𝑙𝑒𝑣𝑒𝑙𝑠 =
% 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑖𝑃𝑜𝑝 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑥

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝐺𝐹𝑃 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑥
  (3.2) 

The data presented in Figure 3.8 is presented as a fold change compared to the average result 

for the EGFPinv negative control sample across all three independent repeats of the experiment 

using equation 3.3: 

𝐹𝑜𝑙𝑑 ∆ (% 𝑐𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) =
% 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑖𝑃𝑜𝑝 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑡𝑜 𝑚𝐹𝑙𝑢𝑐 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑥

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 % 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑖𝑃𝑜𝑝 𝑖𝑛 𝐸𝐺𝐹𝑃𝑖𝑛𝑣 (𝑛=3)
           (3.3) 

This method of normalising data maintains the standard error in the EGFPinv control samples 

such that the dataset is normally distributed and satisfies the criteria of a one-way ANOVA for 

statistical analysis. 

3.2.10 Flow cytometry  

See section 2.9 and 2.9.1 for methods relating to standard flow cytometry and PulSA of cells. 

3.2.11 Statistics 

See section 2.10. With respect to binning of mCherry fluorescence into 16 bins of equal relative 

fluorescence intensity (40 RFU), bins containing less than 100 cells were excluded from 

subsequent analysis.  
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3.3 Results 

3.3.1 Validation of correlated Hsp and fluorescent reporter expression from 

bicistronic constructs 

A new approach was developed to study the ability of Hsps to prevent protein aggregation in 

live cells that avoided some of the limitations of previous work (i.e. tagging Hsps with 

fluorescent proteins which can affect structure, dynamics and function; inability to take into 

account differences in co-transfection efficiencies between plasmids; lack of information 

regarding the expression levels of the Hsps in individual cells). An experimental set-up where 

the Hsp and a fluorescent reporter protein are expressed from two separate plasmids is one 

possible approach. Figure 3.1 shows that cells co-transfected to express mCherry and EGFP 

have correlated expression of both proteins. However, to simplify the experimental design, the 

use of bicistronic vectors was considered for the simultaneous expression of an Hsp and 

fluorescent reporter from a single construct. Since both proteins are translated from the same 

mRNA transcript, the transcription of which is driven by a single promoter, this approach has 

the potential to overcome the need to transfect cells with an additional plasmid. 

 

Figure 3.1. Co-transfection of cells with two constructs as an alternative approach to using bicistronic 

constructs. Neuro-2a cells were either (a) untransfected or transfected with (b) pIRES2-EGFPinv-EGFP or (c) 

pIRES2-EGFPinv-mCherry, or (d) co-transfected by mixing the two constructs together with transfection reagent. 

The co-transfected cells (54.9%) showed a high correlation between EGFP and mCherry expression (e.g. cells 

with high expression levels of EGFP also show high mCherry fluorescence). 
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Immunoblot analysis was performed to confirm the over-expression of the Hsp of interest and 

fluorescent reporter (in this case mCherry) in Neuro-2a cells transfected with one of the Hsp-

encoding pIRES2-mCherry constructs. Immunoblot analysis of cells transfected with each of 

the pIRES2-mCherry constructs encoding Hsp40, Hsp70, Hsp90, Hsp27 and αB-c showed that 

the Hsp and mCherry were expressed in these cells (Figure 3.2). With the exception of Hsp40 

and Hsp90, no endogenous Hsp expression was detected in untransfected Neuro-2a lysates 

(Figure 3.2).  

 

Figure 3.2. Immunoblot analysis of Hsp and mCherry expression in Neuro-2a cells transfected with one of 

the Hsp-encoding pIRES2-mCherry bicistronic constructs. Neuro-2a cells transfected with one of the Hsp-

encoding bicistronic constructs were sorted by FACS such that a population of mCherry+ve cells were purified and 

whole cell lysates, equivalent to 100,000 cells, were loaded into each well. The membranes were probed for α-

tubulin (50 kDa), mCherry (29 kDa) and Hsp40, Hsp70, Hsp90, Hsp27, and αB-c. Protein samples analysed were 

(1) positive control sample consisting of either 10 µg of heat-shocked HeLa cell lysate (42°C, 2 h with a 37°C, 3 

h recovery period) or 5 ng purified recombinant αB-c for blots probing for αB-c, (2) whole cell lysates from cells 

transfected with the corresponding Hsp-encoding bicistronic construct, and (3) untransfected cells.  

 

The correlated expression of the non-labeled Hsp and fluorescent reporter was tested in cells 

transfected with the bicistronic constructs, since this would enable the fluorescence intensity 

of the fluorescent protein to be used as a reporter of intracellular Hsp levels. Neuro-2a cells 

were transfected with an Hsp-encoding bicistronic construct and intracellular Hsps were 

immunolabelled with specific primary and DyLight 488 (or in the case of the pIRES2-EGFP-

Hsp constructs DyLight 650)-conjugated secondary antibodies and subsequently analysed by 

flow cytometry and confocal microscopy (Figure 3.3).  
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To exclude cellular debris and cell clumps from the flow cytometric analysis, a polygonal gate 

was used to identify viable cells based on a plot of forward and side scatter (Figure 3.3a). 

Quadrant gating based on the untransfected and unlabeled sample (i.e. DyLight 488-ve: 

mCherry-ve) was used to establish background fluorescence (Figure 3.3b). Low levels of 

DyLight 488 fluorescence were observed in untransfected cells immunolabelled for αB-c, 

indicating that these cells express low levels of endogenous αB-c (Figure 3.3c). Samples 

incubated with an isotype (IgG) species-matched control primary antibody exhibited no 

DyLight 488 fluorescence, confirming no non-specific binding had occurred in the labeling 

process (Figure 3.3d). Cells transfected with the pIRES2-mCherry-αB-c construct were 

positive for both DyLight 488 and mCherry fluorescence and there was a strong correlation in 

the expression of these two proteins (Figure 3.3e). Likewise, levels of Hsp27 and Hsp70 

correlated well with levels of mCherry fluorescence in transfected cells (Figure 3.4). Whilst 

the levels of Hsp40 and Hsp90 and fluorescent reporter were correlated in cells, this correlation 

was weaker than for the other Hsps tested (Figure 3.4). This may be due to Hsp40 and Hsp90 

both being endogenously expressed in Neuro-2a cells, whereas Hsp27, αB-c and Hsp70 are not 

expressed at levels detectable by immunoblotting in untransfected Neuro-2a cells (see Figure 

3.2 and Figure 3.4a). Similarly, confocal microscopy of Neuro-2a transfected with pIRES2-

EGFP-αB-c also demonstrated a strong correlation between the expression of αB-c and EGFP 

reporter protein (Figure 3.3f-i). Confocal microscopy also showed that αB-c and EGFP were 

not fused because EGFP was localized in the nucleus and cytoplasm, whereas αB-c was only 

observed in the cytoplasm. 
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Figure 3.3. Validating the correlated expression of an Hsp and fluorescent reporter protein in transfected 

Neuro-2a cells. (a)-(e) Flow cytometric analysis of αB-c and mCherry protein expression in pIRES2-mCherry- 

αB-c transfected Neuro-2a cells. Data are presented as pseudo-colour plots where blue depicts – low, green – 

medium and red – high frequency of cells. Outliers are shown as black dots. (a) The untransfected sample was 

used to set gates for the viable cell population to exclude cellular debris and cell clumps. (b) Quadrant gating of 

DyLight 488 and mCherry fluorescence was based on untransfected and unlabeled cells. (c) Untransfected cells 

were immunolabelled with anti-αB-c and DyLight 488-conjugated secondary antibodies. Cells transfected with 

pIRES2-mCherry-αB-c were immunolabelled with (d) species-matched IgG isotype control antibody to determine 

background staining and (e) anti-αB-c and DyLight 488 conjugated secondary antibodies. (f)-(i) 

Immunofluorescence microscopy to analyse the expression of αB-c and EGFP following transfection of Neuro-

2a cells with pIRES2-EGFP-αB-c. Intracellular αB-c was immunolabelled using anti-αB-c primary and anti-

mouse IgG DyLight 650 conjugated secondary antibodies. Coverslips were mounted onto glass slides and 

emissions from (f) EGFP and (g) DyLight 650 were acquired. (h) The overlay of EGFP and DyLight 650 emissions 

is also presented. Insets show magnification of the cell identified by the arrow. Scale bar = 50 µm. (i) EGFP and 

DyLight 650 fluorescence levels of individual cells based on the confocal data. 
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Figure 3.4. Flow cytometric verification of the correlated expression of mCherry and each of the Hsps in 

individual cells following transfection of cells with each of the Hsp-encoding bicistronic constructs. Cellular 

debris and cell clumps were excluded based on forward and side scatter (see Figure 3.3a) such that subsequent 

analysis was only performed on viable cells. Quadrant gating of DyLight 488 and mCherry fluorescence was 

based on untransfected and unlabelled cells (see Figure 3.3b). (a) Untransfected cells were immunolabelled with 

anti-Hsp40/Hsp70/Hsp90/Hsp27/αB-c primary (1°) antibody and DyLight 488 conjugated secondary antibody. 

(b) Cells were transfected with each of the Hsp-encoding bicistronic constructs and immunolabelled with species-

matched IgG control to account for background primary antibody staining. (c) Cells were transfected with each 

of the Hsp-encoding bicistronic constructs and subsequently immunolabelled with the respective anti-

Hsp40/Hsp70/Hsp90/Hsp27/αB-c primary antibody and DyLight 488 conjugated secondary antibody. Note the 

scale across the cytograms in this figure varies between panels. 
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3.3.2   Cell-based FlucDM-EGFP aggregation assay 

To assess the relative ability of each Hsp to prevent the aggregation of proteins into inclusions 

in cells, a conformationally destabilised form of firefly luciferase, C-terminally tagged with 

EGFP (R188Q/R261Q; FlucDM-EGFP), was used as an aggregation-prone protein (Gupta et al. 

2011b). This isoform of firefly luciferase has previously been shown to form cytosolic 

inclusion bodies in HeLa cells when cultured at 37°C (Gupta et al. 2011b). Importantly, in 

these co-transfection experiments, the FlucDM-EGFP-encoding plasmid and the Hsp-encoding 

IRES plasmid were added separately to cells (i.e. each DNA:lipid complex was made up 

separately and then added to the cells, instead of mixing the two plasmids together prior to 

making the DNA:lipid complexes). This is because when the plasmids are first mixed and then 

DNA:lipid complexes are made and applied to cells there is a very strong correlation in the 

expression of proteins from both plasmids (Figure 3.1d) such that the majority of cells that 

express high levels of FlucDM-EGFP also express high levels of the Hsp. Making separate 

DNA:lipid complexes for both plasmids and then adding these to cells resulted in a greater 

range in the relative expression of proteins from both plasmids in the population (i.e. a range 

of levels of Hsp expression at a given level of FlucDM-EGFP expression; Figure 3.5). In this 

way, cells were randomly either singly transfected, co-transfected, or untransfected, and co-

transfected cells have low, medium and high levels of a given Hsp. 
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Figure 3.5. Co-transfections in Neuro-2a cells for the FlucDM-EGFP cell-based model of protein 

aggregation. With regard to analyses involving mCherry binning, we attempted to overcome the likelihood that 

cells expressing high levels of Hsp also express high levels of FlucDM by preparing the constructs separately for 

transfection and applying them to the cells sequentially. In this way, cells were randomly either, singly transfected, 

co-transfected, or untransfected. Whilst this methodology for the co-transfections still resulted in a weak 

correlation between Hsp and FlucDM expression, it resulted in a greater range in the expression levels of both 

proteins compared to the method involving mixing the plasmids prior to making the DNA:lipid complexes (see 

Figure 3.1). Representative cytograms are shown of Neuro-2a cells that were either (a) untransfected, or co-

transfected to express (b) EGFPinv with mCherry and FlucDM-EGFP and (c) αB-c with mCherry and FlucDM-

EGFP. Quadrant gating was based on the untransfected sample and the proportion of cells in each quadrant is 

shown.  

 

Neuro-2a cells were co-transfected with one of the Hsp-encoding bicistronic constructs and the 

FlucDM-EGFP-encoding construct, and the cells incubated for 48 h prior to analysis by flow 

cytometry. Cellular debris and cell clumps were excluded from subsequent analyses using 

forward and side scatter signals (as in Figure 3.3a). The untransfected sample was used as an 

EGFP-ve and mCherry-ve population to identify EGFP+ve and mCherry+ve cells (Figure 3.6a-b). 

Sub-populations of cells with FlucDM-EGFP inclusion bodies (iPop) were detected using flow 

cytometry-based PulSA. PulSA can resolve populations of cells with fluorescent inclusions 

when this leads to a change in the fluorescent pulse-shape of the cell (reduced fluorescent pulse 

width and increased fluorescent pulse height) compared to cells lacking inclusions. It was 

confirmed by cell sorting and imaging that a higher proportion of cells in the iPop contained 

FlucDM-EGFP inclusions compared to those in the non-inclusion population (niPop), which did 

not contain inclusions (Figure 3.7). Cells with inclusions were defined by bright fluorescent 

EGFP puncta and cells without inclusions were identified by their diffuse distribution of EGFP. 



Chapter 3 – Bicistronic constructs to study Hsps in cells 

68 

 

Analysing cells via PulSA demonstrated that only a minor (2%) proportion of cells expressing 

the stable FlucWT-EGFP isoform contained inclusions (Figure 3.6c), whereas the proportion of 

cells containing inclusions increased (to > 10%) when they expressed FlucDM-EGFP (Figure 

3.6d). 

 

 

Figure 3.6. Gating strategy used to examine the effect of Hsp over-expression on FlucDM-EGFP inclusion 

body formation in cells. (a)-(d) Gating strategy employed to analyse flow cytometric data from Neuro-2a cells 

co-transfected to express FlucDM-EGFP and one of the Hsps (or a control protein, EGFPinv) with a mCherry 

reporter. Untransfected cells were used to set gates for (a) EGFP+ve and (b) mCherry+ve cells. Representative 

samples co-transfected with the pIRES2-mCherry-αB-c and FlucDM-EGFP constructs are shown in the histogram 

overlays with the untransfected sample in (a) and (b). Cells expressing FlucWT-EGFP (c) were used to set the iPop 

gate and (d) the population of viable, EGFP+ve and mCherry+ve cells with FlucDM-EGFP inclusions (iPop) was 

resolved by PulSA using plots of EGFP fluorescence height versus width. 
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Figure 3.7. Fluorescence activated cell sorted iPop and niPop populations. Neuro-2a cells were transfected to 

express either EGFP alone or FlucDM-EGFP, fixed 48-hours post-transfection and sorted for fluorescence 

microscopy. (a) PulSA of cells expressing EGFP alone (left) and FlucDM-EGFP (right). Cells expressing EGFP 

alone were used to set the iPop polygonal gate. (b) Representative images are shown of the sorted iPop, niPop and 

the mixed cell population prior to FACS. Left – right: brightfield images, EGFP fluorescence, the overlay and a 

zoomed region of interest denoted by the red dashed square. Scale bar = 50 µm and 20 µm in the zoomed images.  
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To assess the impact Hsps had on the proportion of cells with inclusions, three methods were 

employed to analyse the data (Figure 3.8). First, only cells expressing FlucDM-EGFP were taken 

into account (Figure 3.8a and c), a strategy that is indicative of the type of data analysis that is 

performed in assays where the Hsp is not fluorescently labeled. This approach demonstrated 

that there was no significant effect of over-expressing different Hsps on the proportion of cells 

with FlucDM-EGFP inclusions [F (6, 14) = 1.631, P = 0.2109]. There was a small reduction in 

the proportion of cells with FlucDM-EGFP inclusions that were co-transfected to express Hsp40, 

Hsp70 or Hsp40 + Hsp70, compared to those cells co-transfected to express EGFPinv, however, 

post hoc comparisons using Dunnett’s test showed that these differences were not statistically 

significant. In contrast, expression of Hsp90, Hsp27 or αB-c had a negligible effect on the 

proportion of cells with FlucDM-EGFP inclusions (Figure 3.8c). When an alternative analysis 

strategy that takes into account differences in co-transfection efficiencies between the Hsp-

encoding constructs was applied (i.e. analysis of EGFP+ve and mCherry+ve cells; Figure 3.8b 

and d), one-way ANOVA indicated that there is a significant effect of Hsp expression on 

FlucDM-EGFP inclusion formation [F (6, 12) = 12.43, P = 0.0002]. There was a significant 

increase in the fold change of cells with FlucDM-EGFP inclusions in samples co-expressing 

Hsp90, compared to those co-expressing EGFPinv. The expression of Hsp40, Hsp70, or Hsp40 

+ Hsp70 resulted in a small (but not statistically significant) decrease in the proportion of cells 

with FlucDM-EGFP inclusions, compared to those expressing EGFPinv. Expression of Hsp27 or 

αB-c had a negligible effect on the proportion of cells with inclusions.  

Previous studies have demonstrated that high levels of expression of aggregation-prone 

proteins are strongly correlated with an increased propensity for inclusion body formation 

(Arrasate et al. 2004, Ormsby et al. 2013, Ramdzan et al. 2013). Therefore, differences in the 

levels of FlucDM-EGFP expressed in cells upon co-transfection with the Hsp-encoding 

constructs were examined (Figure 3.8e). One-way ANOVA analysis demonstrated that the 
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median EGFP fluorescence intensity varied significantly between samples co-expressing 

different Hsps [F (6,12) = 10.72, P = 0.0003]. Co-transfection with the Hsp40 or Hsp90 

bicistronic constructs resulted in a significant increase in the levels of FlucDM-EGFP in co-

transfected cells compared to those co-transfected to express EGFPinv. Therefore, higher levels 

of FlucDM-EGFP in the Hsp40 and Hsp90 samples could result in higher levels of aggregation 

in these cells thus, obscuring the effects of the expression of Hsps. Indeed, analysis of cells co-

transfected to express Hsp90 and FlucDM-EGFP show a significant increase in the proportion 

of cells with inclusions (Figure 3.8d) and this correlates with a significantly higher expression 

of FlucDM-EGFP in this sample (Figure 3.8e).   

These differences in the relative levels of FlucDM-EGFP expression were taken into account 

when analysing the aggregation-propensity of FlucDM in cells by normalising the percent of 

cells with inclusions with FlucDM levels (i.e., EGFP median fluorescence intensity; equation 

3.2; Figure 3.8f). There was a significant effect of Hsp expression on the population of cells 

with FlucDM-EGFP inclusions [F (6,12) = 7.406, P = 0.0017]. The expression of Hsp40, Hsp70 

or Hsp40+Hsp70 significantly reduced the population of cells with FlucDM-EGFP inclusions 

compared to the cells expressing EGFPinv. Whilst the expression of Hsp90, Hsp27 or αB-c 

reduced the population of cells with FlucDM-EGFP inclusion bodies, this was not statistically 

significant. 

We found that the raw percent of cells with inclusions varied between biological replicates 

(Appendix B). This could be the result of numerous factors, for example, cell passage number 

and cell density. Another factor that could lead to variability is that the instability of mFluc-

EGFP, which leads to its formation of inclusion bodies, is highly dependent on temperature 

(Gupta et al. 2011a). Therefore, any temperature fluctuations throughout the post-transfection 

incubation period could influence inclusion body formation across three experiments. Despite 
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the differences in the raw percent of cells in the iPop gate, the trends across the Hsp expressing 

samples remained constant between experiments. Therefore, the data in Figure 3.8 is expressed 

as a fold change rather than a raw percent to better reflect the chaperone activities of the Hsps 

in this assay. 

 
Figure 3.8. Using Hsp-encoding bicistronic constructs to examine the effect of Hsp over-expression on 

FlucDM-EGFP inclusion body formation in cells. (a) The percent of EGFP+ve cells of the viable cell population. 

(b) The percent of co-transfected cells (ie. EGFP+ve and mCherry+ve) of the viable cell population. (c)-(f) show a 
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comparison of three strategies used to analyse the proportion of cells containing FlucDM-EGFP inclusion bodies 

in the iPop. (c) The proportion of cells with FlucDM-EGFP inclusions when only viable and EGFP+ve cells were 

taken into account. (d) The proportion of cells with FlucDM-EGFP inclusions when viable and co-transfected cells 

(i.e. EGFP+ve and mCherry+ve) were analysed. (e) The average relative EGFP fluorescence in cells as a measure 

of FlucDM-EGFP expression levels. (f) The proportion of cells with FlucDM-EGFP inclusions normalised to the 

levels of FlucDM-EGFP in cells (based on relative EGFP fluorescence levels). In all graphs, data are reported as 

the fold difference relative to the chaperone-negative control, EGFPinv. Data presented are the means + SEM of 

three independent replicates. Differences between the means were assessed using a one-way ANOVA followed 

by a Dunnett’s post-hoc test, where P < 0.05 (*), P < 0.01 (**) and P < 0.001 (***). 

3.3.3 Hsp70 and Hsp70+Hsp40 inhibit protein aggregation in a concentration-

dependent manner 

The correlation between the levels of Hsps and the fluorescent reporter in cells was exploited 

in order to investigate the effect of increasing Hsp levels on the proportion of cells with FlucDM-

EGFP inclusions. To do so, cells co-expressing an Hsp (or EGFPinv control) and FlucDM-EGFP, 

were sub-divided into “bins” of equal width (40 RFU) based on the level of mCherry 

fluorescence (the Hsp reporter; Figure 3.9a). Pulse shape analysis was then used to determine 

the proportion of cells with inclusions in each of these bins. The relative FlucDM-EGFP 

expression levels (i.e. the EGFP fluorescent median) in each bin was used to normalize for the 

relative levels of the aggregation-prone protein to determine the proportion of cells in the iPop 

of each respective mCherry bin (Figure 3.9b). For cells co-transfected to express Hsp70 and 

FlucDM, increasing levels of Hsp70 resulted in a significant decrease in the proportion of cells 

with FlucDM-EGFP inclusions compared to cells expressing EGFPinv (Figure 3.9c-d). Similarly, 

increasing levels of Hsp40+Hsp70 resulted in a significant reduction in the proportion of cells 

with FlucDM-EGFP inclusions, relative to cells expressing EGFPinv (Figure 3.9e). This indicates 

that these Hsps work in a concentration-dependent manner. Conversely, increasing 

concentrations of αB-c and Hsp27 had no effect on the proportion of cells with FlucDM-EGFP 

inclusions (Figure 3.9f-g). Cells expressing Hsp40 and Hsp90 were excluded from this type of 

analysis due to the weaker correlation observed between levels of the Hsp and the reporter 

protein (see Figure 3.4).  
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Figure 3.9. Use of bicistronic constructs to determine the effect of increasing Hsp levels on the formation of 

FlucDM-EGFP inclusion bodies in cells. (a) Gating strategy used to determine the fraction of cells with inclusion 

bodies as a function of mCherry (Hsp) expression. The frequency histogram of mCherry fluorescence was 

subdivided into 16 bins of equal mCherry RFU (40 RFU), where bin 1 represents the lowest, and bin 16 the highest 

level of mCherry expression. Pulse shape analysis was used to obtain (b) the proportion of cells with inclusions 

in each mCherry bin. (c) The frequency histogram overlay shows the relative reduction in the number of cells 

with inclusions with increasing mCherry reporter protein, using the mCherry binning strategy. Neuro-2a co-

transfected to express Hsp70 with mCherry and FlucDM-EGFP are shown in these representative plots. (d) - (g) 

Fold change in cells with inclusions as a function of mCherry fluorescence (normalised to FlucDM-EGFP levels) 

when transfected with EGFPinv and (d) Hsp70, (e) Hsp40 + Hsp70, (f) αB-c, and (g) Hsp27-encoding bicistronic 

constructs. Mean ± SEM of three independent replicates. Statistically significant differences between the means 

of cells expressing EGFPinv and Hsp were assessed at each mCherry bin using a student’s t-test where P < 0.05 

(*). mCherry bins with less than 100 events were excluded from subsequent analysis. 
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3.4 Discussion 

The dynamic and complex nature of the interactions Hsps have with themselves and their client 

proteins presents a barrier to studying them in cells using fluorescent tags. To overcome this, 

a suite of Hsp-encoding bicistronic constructs for the correlated expression of a non-tagged 

Hsp and a fluorescent reporter protein were developed. These bicistronic constructs can be used 

to study and compare the cytoprotective functions and chaperone abilities of Hsps in the 

physiologically relevant context of the cell. 

Before using these bicistronic constructs to evaluate the function of Hsps in cell-based assays, 

it was established that the Hsp and fluorescent reporter were expressed in a correlated manner. 

A strong correlation between the Hsps and fluorescent reporter protein was observed in cells 

transfected with αB-c, Hsp27 or Hsp70-encoding bicistronic constructs, which corresponded 

to Hsps that were found not to be endogenously expressed in Neuro-2a cells (as determined by 

immunoblotting of cell lysates). The correlation between the levels of Hsp40 or Hsp90 and the 

fluorescent reporter protein were not as strong. It is not currently clear why this is the case. It 

is possible that the endogenous expression of Hsp90 and Hsp40 observed in Neuro-2a, 

combined with over-expression from the bicistronic construct, may promote a higher turn-over 

of these Hsps in these cells. Interestingly, the level of the mCherry reporter from the Hsp40-

encoding IRES vector was also significantly lower than observed from the other Hsp-encoding 

constructs (Figure 3.4) suggesting that there are differences in the levels of transcription and 

translation from these constructs, which is dependent on the genes being expressed. Whatever 

the reason, through using the bicistronic constructs and monitoring for differences in 

transfection efficiency, expression levels and correlations in expression between the Hsp and 

fluorescent reporter, these differences were able to be taken into consideration in downstream 

analyses. Together, these data emphasise the importance of validating the correlated expression 
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of proteins expressed from bicistronic constructs, since relative levels may vary significantly 

between constructs.  

In previous studies that have expressed Hsps without a fluorescent tag in cells, differences in 

transfection and co-transfection efficiencies between samples could not easily be taken into 

account in downstream analyses. In contrast, the use of Hsp-encoding bicistronic constructs 

enables transfection efficiencies to be determined and accounted for between samples. The 

analyses presented in this study, which investigated the effect of Hsp expression on the number 

of cells with protein inclusions, highlight how differences in transfection efficiency between 

constructs can affect interpretation of the data. Moreover, the Hsp-encoding bicistronic 

constructs can simultaneously quantify transfection efficiencies and the relative levels of Hsps 

in live cells by measuring the levels of fluorescence using techniques such as flow cytometry. 

The fluorescent reporter also provides the option of purifying the transfected cell population 

by fluorescence-activated cell sorting for subsequent biochemical analyses (i.e. immunoblot, 

filter-trap, or generation of stable cell lines). 

Three different approaches were compared to investigate the effect Hsps have on the formation 

of intracellular inclusions, namely analyses that take into account (i) only cells expressing 

FlucDM-EGFP (Figure 3.8c); (ii) only co-transfected cells (Figure 3.8d); and (iii) only co-

transfected cells and the levels of FlucDM in those cells (Figure 3.8e-f). The latter approach 

enables assessment of the chaperone efficacy of each Hsp, taking into account the amount of 

the aggregation-prone protein (in this case FlucDM-EGFP) expressed in cells. This is 

advantageous as there is a strong correlation between the amount of protein expressed in a cell 

and its propensity to form inclusions (Arrasate et al. 2004, Ormsby et al. 2013, Ramdzan et al. 

2013, Ciryam et al. 2015). Moreover, in this work, FlucDM-EGFP expression levels were 

influenced by the level of expression from the co-transfected bicistronic construct, whereby 

reduced expression from one construct resulted in the elevated expression of protein from the 
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co-transfected construct. For example, lower relative levels of expression from the Hsp40- and 

Hsp90-encoding constructs resulted in significantly higher levels of FlucDM in cells (Figure 

3.8e). This could be reflective of the relative stability of bicistronic mRNA, such that some 

mRNA are degraded more readily (in this case Hsp40 and Hsp90), which facilitates increased 

translation of the co-transfected plasmid (in this case FlucDM). Thus, differences in the levels 

of FlucDM-EGFP expression were taken into account in the comparative analyses between 

samples. 

By taking into account the level of FlucDM in cells co-transfected to express Hsps, the data 

show that the expression of Hsp70 and/or Hsp40 significantly reduced the proportion of cells 

with FlucDM-EGFP inclusions (Figure 3.8f). Whilst the over-expression of Hsps may influence 

the levels of aggregation-prone proteins in cells (e.g. via promoting their degradation) a 

decrease in FlucDM-EGFP levels compared to the EGFPinv control in any of the Hsp-expressing 

samples was not observed (Figure 3.8e). Therefore, the reductions observed in the proportion 

of cells with FlucDM-EGFP inclusions can be attributed to Hsps stabilising FlucDM to prevent 

its aggregation, rather than stimulating the degradation of FlucDM. Our findings extend on 

previous studies that demonstrated the ability of Hsp40 and Hsp70 to refold and resolubilise 

heat denatured firefly luciferase in simple solution-based assays (Minami et al. 1996, Ballinger 

et al. 1999, Cashikar et al. 2005). Furthermore, studies investigating the aggregation of 

pathogenic proteins such as polyglutamine-expanded huntingtin (Ormsby et al. 2013), human 

androgen receptor (Howarth et al. 2009), α-synuclein (Klucken et al. 2004), and TAR DNA 

binding protein-43 (Chen et al. 2016), showed that over-expression of Hsp40 or Hsp70 (and 

other proteins in these subfamilies) inhibited inclusion formation of each of these client 

proteins.  

Hsp40 acts to inhibit protein aggregation by binding misfolded proteins to maintain them in a 

folding-competent state, delivering the misfolded protein to Hsp70 for active refolding (Chen 
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et al. 2016). In addition to actively re-folding misfolded proteins, Hsp70 can interact with 

components of the ubiquitin-proteasome system or autophagy to degrade aggregation-prone 

proteins (Rosser et al. 2007, Gamerdinger et al. 2011). Therefore, it would be of great interest 

to re-evaluate the chaperone activities, particularly the anti-aggregation and cytoprotective 

roles, of Hsp40 and Hsp70 in the context of disease-associated aggregating proteins using the 

bicistronic expression constructs developed for this work. Furthermore, the data show that 

increasing levels of Hsp70 or Hsp40+Hsp70 in cells results in a concentration-dependent 

decrease in the proportion of cells with FlucDM-EGFP inclusions. These findings support the 

concept of boosting the activity or amount of Hsps in cells as a therapeutic approach to inhibit 

protein aggregation associated with neurodegenerative diseases (Kilpatrick et al. 2013, Kalmar 

et al. 2014, Chen et al. 2016).  

Interestingly, whilst the sHsps, Hsp27 and αB-c, have been shown to inhibit the aggregation of 

client proteins and promote re-folding of heat denatured firefly luciferase in solution-based 

assays, often at sub-stoichiometric levels (Ito et al. 2001, Lee et al. 2006, Bryantsev et al. 2007, 

Ecroyd et al. 2007, Kulig and Ecroyd 2012), they did not significantly reduce the proportion 

of cells with FlucDM-based inclusions in this study. A possible reason for this is that these sHsps 

do not interact with this particular client protein in the cellular context. It is well-known that 

the sHsps show some specificity with regard to client proteins with which they can interact. 

For example, over-expression of Hsp27 had no effect on inclusion body formation of the 

huntingtin exon 1 fragment (Firdaus et al. 2006), but its over-expression significantly reduced 

the aggregation of α-synuclein (Outeiro et al. 2006, Cox and Ecroyd 2017). Furthermore, the 

molecular mechanism by which αB-c inhibits the aggregation of client proteins can vary 

depending on the stability of the precursor to aggregation (Kulig and Ecroyd 2012). The 

complexity of sHsp chaperone activity combined with the substantial evidence showing co-

localisation between sHsps and protein aggregates in post-mortem brains with ND, indicates 
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that further research is required to establish the roles sHsps play in NDs with regard to 

cytoprotection and inhibition of protein aggregation in cells (Gai et al. 1999, Gordon 2003, 

Dabir et al. 2004, Pountney et al. 2005, Iwahashi et al. 2006). Bicistronic constructs such as 

those used here should be useful in such studies.  

Studies of Hsp cellular function have typically relied on over-expressing non-labelled Hsps, a 

strategy generally adopted to minimise any possible adverse effects of tagging a fluorescent 

protein to these dynamic proteins. In this work, Hsp-encoding bicistronic constructs that 

provide the correlated expression of a non-labelled Hsp and fluorescent reporter protein were 

developed and validated. This strategy enables differences in transfection efficiencies and Hsp 

expression levels (down to the level of individual cells) to be taken into account when 

performing cell-based assays to investigate and compare the functions of Hsps. This approach 

can be used in future work to investigate the ability of a range of Hsps to mitigate the underlying 

molecular mechanisms that characterise a range of neurodegenerative diseases. Moreover, this 

approach can also be applied to study other proteins whose structure and function are perturbed 

by fluorescent protein tagging. 
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4.1 Introduction 

There is a strong correlation between inclusion body formation, impairment of the proteostasis 

network, (in some cases) mislocalisation of proteins into subcellular compartments, and 

subsequent neuron-specific cell death, which results in the onset of NDs (Hipp et al. 2014). 

Therefore, research in this field would greatly benefit from the development of sensitive, high-

throughput techniques for the quantification of inclusion bodies and protein trafficking in cell-

based models of ND-like protein aggregation. Such techniques would be invaluable in 

evaluating the capacity of the proteostasis network to mitigate protein misfolding and in 

elucidating the effects of novel therapeutics on the quantity, population distributions, relative 

sizes of inclusion bodies, and subcellular localisation of pathogenic proteins in cells.  

In a recent development, inclusion bodies formed by the aggregation of polyQ-expanded Htt 

were detected using a novel, high-throughput flow cytometry-based, pulse shape analysis 

(PulSA) (Ramdzan et al. 2013). Pulse shape analysis provides quantitative information on 

shifts in fluorescently-tagged aggregation-prone proteins from a diffuse cytosolic distribution 

into punctate or dispersed aggregates by tracking the formation of inclusion bodies based on 

differences in their fluorescent pulse shapes (Ramdzan et al. 2013). Cells containing Htt 

inclusion bodies have a reduced pulse width and increased pulse height compared to cells with 

diffuse protein. Thus, cells can be separated into two populations, those with and without 

inclusions, by gates on a plot of pulse height versus pulse width (Ramdzan et al. 2013). This 

method of quantitating the so-called inclusion population (iPop) can reproducibly report on the 

formation of inclusion bodies within whole cells, specifically in cells over-expressing polyQ-

expanded Htt (Bersuker et al. 2013, Ormsby et al. 2013) and an aggregation-prone mutant of 

firefly luciferase (section 3.3.2). However, over expression of ND-associated proteins, such as 

SOD1 and TDP-43, cannot be reliably distinguished using PulSA (our unpublished data). Thus, 

although PulSA is a powerful technique for high-throughput tracking of some protein 
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aggregates, it lacks the sensitivity required to accurately detect a wide range of protein 

aggregates that are associated with NDs.  

Aggregates formed in heat shocked yeast cell cultures are able to be quantified by flow 

cytometry of cell lysates (Shiber et al. 2014). Therefore, the objective of this study was to 

develop a method to quantify the formation of aggregates in mammalian cell-based models of 

ND-associated protein aggregation. Herein, the use of FloIT (flow cytometric quantification of 

inclusions and trafficking) is described, a sensitive technique for the quantification of inclusion 

bodies in cells over-expressing aggregation-prone proteins, Htt, SOD1, TDP-43, or firefly 

luciferase. This technique offers the following advantages over existing methods to quantify 

inclusion formation: (i) the number of inclusion bodies in each sample can be normalised to 

the number of nuclei (stained with a nuclear dye) for quantitative comparisons across samples, 

(ii) sensitive detection of inclusion bodies that cannot be distinguished by microscopy or 

PulSA, (iii) the ability to determine the range and average size of aggregates (through the use 

of sizing bead standards), (iv) non-biased, (v) monitor protein trafficking between subcellular 

compartments, and (vi) FloIT is compatible with standard flow cytometry instrumentation.  
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4.2 Methods 

4.2.1 Plasmids and cloning 

The human M337V mutant of TDP-43 was cloned into pCMV6-AC-GFP (Origene) to generate 

a mutant of TDP-43 C-terminally tagged with turbo GFP (TDP-43M337V-tGFP) (Farrawell et 

al. 2015). HA-NFAT1(4-460)-GFP was a gift from Anjana Rao (Addgene plasmid #11107). 

Huntingtin protein-encoding constructs, pT-Rex-Htt46Q-Tc1-mCherry and pT-Rex-Htt25Q-Tc1-

mCherry, were gifts from Dr Danny Hatters (University of Melbourne, Australia) (Ramdzan et 

al. 2013). pEGFP-SOD1WT, pEGFP-SOD1A4V, pEGFP-SOD1G93A were gifts from Dr Brad 

Turner (The Florey Institute of Neuroscience and Mental Health, Australia) (Turner et al. 

2005). SOD1-tdTomato constructs were created by replacing the GFP sequences in the SOD1-

GFP plasmids with tdTomato (Genscript) (Farrawell et al. 2015). The expression vector 

pCMV6-AC-GFP containing FUS was obtained from Origene and site directed mutagenesis 

was performed by Genscript to create an R495X mutant (Farrawell et al. 2015). Plasmids 

containing sequences encoding EGFP-tagged firefly luciferase WT (pcDNA4-TO-myc-hisA-

EGFP-FlucWT) and a temperature-sensitive double mutant (R188Q, R261Q; DM; pcDNA4-

TO-myc-hisA-EGFP-FlucDM) were kind gifts of Prof Mark Wilson (University of 

Wollongong). 

4.2.2 Tissue culture, transfections and treatments 

See section 2.6 for details regarding the cell culture of Neuro-2a and HEK293 cells.  

Cells were transfected 24 h after plating using Lipofectamine LTX/PLUS (Life Technologies) 

according to the manufacturer’s instructions. Briefly, 1 µg plasmid DNA, 1 µL PLUS and 3 

µL lipofectamine LTX, per well of a 12-well plate, was used to transfect cells. In some 

experiments, cells transfected to express WT and mutant SOD1, Htt, TDP-43 and Fluc proteins 

were analysed by flow cytometry 48 h post-transfection.  



Chapter 4 – Rapid flow cytometric analysis of inclusions and protein trafficking 

84 

 

In experiments investigating TDP-43 translocation from the nucleus, Neuro-2a cells were 

transfected to express TDP-43M337V-tGFP and 48 h post-transfection were treated with 0 or 10 

µg/mL MG132. Treatment with MG132, as previously described (Walker et al. 2013), inhibits 

proteasomal function and subsequently induces the cytoplasmic accumulation and aggregation 

of mutant TDP-43. The percent of TDP-43M337V-tGFP-positive nuclei were quantified by FloIT 

after 0, 2, 5, 10 and 16 h of MG132 treatment. A second model of nucleo-cytoplasmic shuttling, 

independent of protein aggregation, was also investigated by FloIT. In these experiments, FloIT 

was used to investigate the well-characterised translocation of nuclear factor of activated T-

cells (NFAT-EGFP), from the nucleus to the cytoplasm following induction of calcium 

dyshomeostasis in HEK293 cells (Jia et al. 2014, Vihma et al. 2016). HEK293 cells were 

transfected to express NFAT-EGFP and 48 h post-transfection, cells were treated with 0, 0.25, 

and 1 µM ionomycin (a calcium ionophore used to induce calcium dyshomeostasis) for 30 min. 

The percent of NFAT-EGFP-positive nuclei was quantified by FloIT at each dose of 

ionomycin. For imaging of whole cells, the cells were grown directly in an 8 well µSlide (Ibidi), 

and following treatment were fixed with 4% (w/v) PFA in PBS for 15 min at RT, permeabilised 

by incubation with 0.5% (v/v) TritonX-100 in PBS supplemented with RedDot2 (1:1000) for 

20 min at RT and then imaged by confocal microscopy. 

4.2.3 Flow cytometry  

Flow cytometry was used to analyse the transfection efficiency of intact cells in each sample 

prior to analysis by FloIT. Flow cytometric analysis of whole cells was performed as described 

in section 2.9.  

4.2.3.1 Flow cytometric quantification of inclusions and trafficking 

(FloIT)  

Cells to be analysed were grown and transfected in 24-well plates. After the indicated 

treatments, the cells were harvested using 0.025% (v/v) trypsin/EDTA (Life Technologies), 
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then diluted with 1% FCS (v/v) DMEM/F12 and centrifuged (5 min/ 300 × g/ RT), washed in 

PBS and resuspended in 500 µL of PBS. An aliquot of the cell suspension (150 µL) was taken 

and the transfection efficiency (γ) determined using untransfected cells as a negative control 

sample. Flow cytometry was performed using a BD Biosciences LSR Fortessa X-20 analytical 

flow cytometer; excitation wavelengths and emission collection windows were, respectively, 

EGFP and tGFP (488 nm, 525/50 nm) and mCherry and tdTomato (561 nm, 586/15 nm). The 

remaining 350 µL of cell suspension was centrifuged as above and resuspended in lysis buffer, 

comprised of PBS containing 0.5% (v/v) TritonX-100 and 1 × Halt protease and phosphatase 

inhibitors. Except in control samples used to set gates, RedDot2 (Biotium) was diluted 1:1000 

into lysis buffer prior to adding to cells. After a 2 min incubation at RT to lyse cells, the lysate 

was analysed by flow cytometry measuring forward and side scatter, together with RedDot2 

fluorescence (640 nm excitation, 670/30 nm collection) and EGFP/tGFP and/or 

mCherry/tdTomato fluorescence as above. The FSC threshold was set to 200 (minimum 

possible) to minimize exclusion of small inclusions from the analyses. Acquisitions were 

performed with all axes set to log10, and 100,000 events were acquired in all cases.  Unless 

otherwise indicated, voltages of 418 (FSC), 199 (SSC), 410 (E/tGFP), 538 (RedDot2) and 412 

(mCherry/tdTomato) were used in all experiments. Nuclei were identified and counted based 

on RedDot2 fluorescence and FSC and then excluded from further analysis. The remaining 

particles were analysed for the presence of inclusions based on fluorescence and FSC and 

compared to untransfected or vector only controls. Analysis of all events was performed using 

Flow Jo (version 10.0.8, Tree Star, Ashland OR, USA). The number of inclusions in each 

sample was normalised to the number of nuclei in the same sample using equation 4.1:  

𝑖 = 100 (
𝑛𝑖

𝑦.𝑛𝑛𝑢𝑐
)          (4.1) 
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where i represents the number of inclusions per 100 nuclei, ni is the number of inclusions 

detected, y is the transfection efficiency, and nnuc is the number of nuclei counted. The 

transfection efficiency of Neuro-2a cells in these studies ranged from 75-85%. 

4.2.3.2 Pulse shape analysis (PulSA) 

See section 2.9.1. 

4.2.4 Fluorescence activated sorting of inclusions and nuclei 

Neuro-2a cells grown in 24-well plates were transfected to express TDP-43M337V-tGFP, treated 

with 10 µg/mL MG132 for 16 h, harvested and lysed as described above. The lysate was passed 

through a 40 µm nylon mesh and analysed on an S3e Cell Sorter (Bio-Rad Laboratories) 

equipped with 488 nm and 561 nm lasers. Nuclei were collected based on FSC area and SSC 

area instead of RedDot2 (since the S3e cytometer used lacked a 640 nm laser); the accuracy of 

this gate was separately confirmed using propidium iodide (1 µg/mL, excitation 488 nm, 

emission 586/25 nm). Inclusions were collected based on FSC area and GFP-fluorescence area 

(excitation 488 nm, emission 525/30 nm). Particles were collected in 5 mL FACS tubes 

containing 50 µL of PBS for subsequent imaging by confocal microscopy.  

4.2.5 Confocal microscopy and manual counting of inclusion bodies 

Confocal microscopy of cells and cell lysates was performed as described in section 2.8.2. 

Manual counting of inclusions was performed by counting the number of inclusions present in 

three sets of images from a randomly selected field of view to count inclusions in ~100 

transfected cells. 

4.2.6 Statistics 

See section 2.10.  
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4.3 Results 

4.3.1  Developing FloIT for the quantification of inclusion bodies 

To initially develop the FloIT technique, cultured Neuro-2a cells were transfected to express 

SOD1G93A, C-terminally tagged with EGFP (SOD1G93A-EGFP). The cells were lysed in 0.5% 

(v/v) TritonX-100 in PBS, supplemented with RedDot2 nuclear stain, for flow cytometric 

analysis. Nuclei were identified and quantified using FSC and RedDot2 fluorescence (cell 

lysates not stained with RedDot2 were used as a negative control to set the gates; Figure 4.1a-

b). To detect small fluorescent inclusion bodies, the sensitivity of the flow cytometer was 

increased by decreasing the threshold of detection to 200 (the lowest possible setting). Lysates 

from Neuro-2a cells transfected with the empty vector (pEGFP-N1 for the expression of EGFP 

only) were used as an inclusion body-negative control to set the square gate on plots of FSC 

and EGFP fluorescence (Figure 4.1c). Therefore, fluorescent SOD1G93A inclusion bodies in the 

cell lysates could be resolved and subsequently quantified on plots of FSC and EGFP 

fluorescence (Figure 4.1d). The remainder of the lysate was comprised of non-fluorescent 

cellular debris that was gated out of the analysis and not further characterised. 
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Figure 4.1. FloIT detects inclusion bodies formed by fluorescently-tagged aggregation-prone proteins. 

Neuro-2a cells were transfected to express EGFP alone or SOD1G93A-EGFP, 48 h post-transfection cells were 

lysed with 0.5% (v/v) TritonX-100 in PBS and analysed by flow cytometry. (a) Neuro-2a lysates without a nuclear 

dye and (b) lysates incubated with RedDot2 (1:1000) nuclear dye on plots of FSC and RedDot2 fluorescence. (c) 

Lysates of cells transfected to express EGFP (a non-aggregating control protein) were used to apply a square gate 

to resolve fluorescent inclusions on plots of FSC and EGFP fluorescence. (d) Lysates of cells transfected to 

express SOD1G93A-EGFP, an aggregation-prone mutant. The number of events acquired in the inclusion square 

gate is reported.  

 

To confirm that the events that were resolved by adopting this approach were indeed nuclei 

and inclusion bodies, Neuro-2a cells transfected to express TDP-43M337V-tGFP were treated 

with MG132 to induce cytoplasmic aggregation and lysed. RedDot2-positive nuclei and tGFP-

positive protein inclusions were sorted using the same flow cytometric parameters on a 

fluorescence activated cell sorter (FACS) and imaged by confocal microscopy. Representative 
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micrographs are shown of a RedDot2-positive nucleus and tGFP+ve TDP-43M337V particles 

(Figure 4.2). Therefore, the parameters used on the flow cytometer were able to resolve nuclei 

and fluorescent protein aggregates.   

 

Figure 4.2. Fluorescence activated sorting of nuclei and inclusions from Neuro-2a lysates. Neuro-2a cells 

were transfected to express TDP-43M337V-tGFP, treated for 16 h with 10 µg/mL MG132, and lysed before analysis 

by flow cytometry. Inclusions and nuclei were collected using a cell sorter and subsequently imaged by confocal 

microscopy. Left-right: RedDot2 or tGFP emissions, brightfield, and overlay images. Top-bottom: Images of a 

nucleus and two representative images of TDP-43M337V-tGFP inclusions. The insets at the bottom left of the 

inclusion images represent a 3× zoom of the area indicated by the small red box at the upper right. Scale bar = 10 

µm. Results shown are representative of two independent experiments.  

 

One of the shortcomings of a previously published flow cytometric method for the 

quantification of cells with inclusion bodies (PulSA) was its inability to be applied to a range 

of aggregation-prone proteins. Therefore, to demonstrate that FloIT can quantify inclusion 

bodies formed from different proteins, this initial work was extended to encompass a variety 

of protein aggregation models including SOD1WT, SOD1A4V, Htt25Q and polyQ-expanded 

Htt46Q, aggregation prone mutant of TDP-43M337V, and FlucWT and FlucDM. In comparison to 
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PulSA, FloIT was able to quantify inclusions in all cases as is demonstrated in the 

representative PulSA and FloIT cytograms for each protein in Figure 4.3. 

 

Figure 4.3. Example flow cytometry gates for PulSA (cells with inclusions gated) and FloIT (inclusions from 

cell lysates gated) for each protein used in this study. Neuro-2a cells were transfected to express SOD1WT, 

SOD1A4V, SOD1G93A, TDP-43M337V, Htt25Q, Htt46Q, FlucWT or FlucDM. Cells transfected with the empty vector to 

express (diffuse) GFP or mCherry were used as controls to set the PulSA and FloIT gates. Numbers on the PulSA 

plots denote the percentage of cells in the inclusion population (iPop), whereas numbers on the FloIT plots denote 

the actual number of events within the gates. 
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In practice, PulSA is limited to detecting fluorescent inclusions that endow the host cells with, 

relative to cells lacking inclusions, a reduced fluorescence pulse width and increased 

fluorescence pulse height. These requirements are met by cells expressing polyQ-expanded Htt 

and to some extent FlucDM (Figure 4.3 and Figure 4.4a). However, Neuro-2a cells transfected 

to express SOD1A4V and SOD1G93A demonstrated an increased pulse width and no change or 

slight increase in pulse height relative to empty vector control (Figure 4.4b). Furthermore, 

Neuro-2a cells transfected to express FlucDM demonstrated no change in pulse width and a 

decrease in pulse height (Figure 4.4c). Therefore, not all cells containing protein inclusions 

conform to the decreased pulse width and increased pulse height paradigm required for 

identification by PulSA. In fact, the pulse shapes of cells containing inclusions were dependent 

on the protein being expressed. These findings explain why PulSA cannot detect inclusions in 

cells formed from a range of proteins, whereas FloIT is a more broadly applicable technique 

for the quantification of inclusion bodies in cell-based models of protein aggregation. 
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Figure 4.4 Pulse width and height profiles of cells over-expressing a range of aggregation-prone proteins. 

Overlay frequency histograms of fluorescence pulse width (left panels) and pulse height (right panels) of cells 

expressing WT and aggregation-prone mutants of Htt, SOD1 and Fluc (10,000 events acquired in all cases). Cells 

transfected with vector alone to express diffuse GFP or mCherry were used as controls. (a) Cells expressing Htt46Q 

demonstrated a reduced pulse width and increased pulse height compared to the vector alone control. (b) Cells 

expressing SOD1A4V or SOD1G93A showed an increased pulse width and height compared to the vector control. 

Lastly, (c) relative to the vector control, cells expressing FlucWT or FlucDM showed little change in pulse width but 

showed a decreased pulse height. Insets present a summary of the median fluorescence pulse width and height 

data. All experiments were performed in Neuro-2a cells; values are mean triplicate measurements + SEM. 

Differences between the means were assessed using a one-way ANOVA followed by a Dunnet’s post-hoc 

comparison to vector control, using an alpha level of 0.5, where P < 0.05 (*), P < 0.005 (**), and P < 0.0001 

(***). 
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To calculate the average number of inclusions per transfected cell in the population analysed, 

the number of inclusions acquired was divided by the transfection efficiency multiplied by the 

corresponding number of nuclei counted (equation 4.1, where the fraction of transfected cells 

was separately quantified by flow cytometry of whole cells). FloIT was able to quantify 60 ± 

5 and 70 ± 3.5 inclusions per 100 transfected nuclei in cells transfected to express SOD1A4V 

and SOD1G93A, respectively (Figure 4.5a). However, PulSA detected 0.7 – 1.26% of cells with 

SOD1A4V or SOD1G93A inclusions (Figure 4.5b). These data again demonstrate that FloIT can 

quantify inclusion bodies formed from a range of aggregation-prone proteins, whereas PulSA 

cannot. 

With regard to Htt46Q and FlucDM, FloIT quantified 43 ± 5.4 and 84 ± 1.0 inclusions per 100 

transfected cells, respectively (Figure 4.5c). These findings in Htt46Q and FlucDM lysates were 

compared to manual counts of inclusion bodies in micrographs from epifluorescence 

microscopy and there were no significant differences in the means suggesting that FloIT can 

accurately quantify the number of inclusions in these samples (Figure 4.5c). A similar 

comparison was performed using Neuro-2a cells transfected to express TDP-43M337V and 

treated with MG132 over 16 h to enhance nuclear efflux and cytoplasmic aggregation of the 

protein (Figure 4.5d). FloIT detected 26 ± 0.5 inclusions per 100 transfected cells at 0 h, and 

more than 90 ± 4.8 inclusions per 100 transfected cells after 16 h of MG132 treatment. After 

10 h and 16 h of MG132 treatment, FloIT detected a significantly greater number of TDP-

43M337V inclusions compared to manual counting [F (1, 20) = 28.71, P < 0.0001]. Several 

factors are likely to account for these differences, for example, multiple inclusions that align 

in the Z-axis are not distinguishable when counting inclusions in a 2D image and FloIT may 

detect very small inclusions that are not resolved by fluorescence microscopy.  

 



Chapter 4 – Rapid flow cytometric analysis of inclusions and protein trafficking 

94 

 

 
Figure 4.5. FloIT is a sensitive and unbiased method for the detection of inclusion bodies formed from a 

range of proteins. Neuro-2a cells were transfected to express SOD1WT, SOD1A4V, SOD1G93A, TDP-43M337V, 

Htt25Q, Htt46Q, FlucWT or FlucDM. Cells transfected with vector alone to express (diffuse) GFP or mCherry were 

used as non-aggregation prone negative controls. (a) The number of inclusions detected by FloIT of cell lysates 

normalised to 100 transfected cells. (b) The percent of cells in the iPop resolved by PulSA of whole cells. (c) A 

comparison of the number of inclusions per 100 transfected cells quantified by FloIT or by manual counting of 

confocal microscopy images. Representative data is shown for cells transfected to express Htt46Q-mCherry and 

FlucDM-EGFP. (d) The number of TDP-43M337V-tGFP inclusions per 100 transfected cells at time points after 

treatment with 10 µg/mL MG132 quantified by FloIT compared to manual counts. Data are the means ± SEM of 

two or three independent experiments. Differences between the means were determined using a two-way ANOVA 

followed by Bonferroni’s post-hoc test where P < 0.001 (**) and P < 0.0001 (***).  

 

4.3.2 Protein inclusions remain insoluble in FloIT lysis buffer 

Mammalian cell inclusions, which are comprised of extensively misfolded proteins, are well 

known to be highly resistant to detergents. Therefore, it was confirmed that incubation with 

0.5% (v/v) TritonX-100 rapidly lysed cells but left inclusions intact (Figure 4.6a). 

Representative images from a time-lapse of cell lysis are shown of Neuro-2a cells transfected 

to express SOD1G93A. The release of soluble SOD1G93A from the newly lysed cell is visible at 

30 s while the inclusions remained unchanged for at least 10 min. When lysates were produced 
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at a density of approximately 150,000 cells/mL, lysates from cells expressing Htt46Q, SOD1G93A 

and TDP-43M337V, gave the same FloIT results when analysed up to 3 h post-lysis (Figure 4.6b). 

Therefore, under the experimental conditions used to conduct FloIT, protein inclusions remain 

insoluble in the lysis buffer and FloIT analyses can be performed up to several hours post-lysis 

without detectable changes in the samples.  
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Figure 4.6. Protein inclusions remain insoluble in lysis buffer and FloIT analyses can be performed up to 

several hours post-lysis. Neuro-2a cells were transfected to express Htt46Q-mCherry, SOD1G93A-EGFP, or TDP-

43M337V-tGFP and lysed 48 h post-transfection. (a) Images were taken of cells expressing SOD1G93A-EGFP at time 

intervals between 0-600 s by confocal microscopy. Scale bar represents 5 µm. (b) Time course of the percent 

change in the number of inclusions quantified by FloIT. Transfected Neuro-2a cells were lysed and kept on ice 

for the duration of the experiment and mixed briefly prior to flow cytometric analysis. Data are plotted as the 

percent of the time 0 data and are the means ± SEM of triplicate measurements of the samples. Data are 

representative of two independent experiments.  
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4.3.3 Using FSC calibration microspheres to determine protein inclusion size 

To further exploit the data generated by FloIT, a series of microspheres of known diameters 

were used to calibrate the FSC signal at the gain setting used for FloIT. Over the size range 

tested (0.56-14.3 µm diameter), the FSC signal showed a linear dependence upon the size of 

the microspheres, however the ability to use FSC to resolve between the two smallest beads 

(0.56 and 0.79 µm diameter) is limited (Figure 4.7a-b). This is expected because, using standard 

flow cytometry instrumentation, the relationship between FSC and size becomes non-linear for 

particles of diameter less than the wavelength of the excitation laser (generally 488 nm) (Sharpe 

and Wulff 2005). The data presented in Figure 4.7c for mCherry (vector alone), Htt25Q and 

Htt46Q, clearly illustrates that FloIT can resolve a broad range of sizes of inclusions, including 

some less than 500 nm in diameter. Htt46Q inclusions mostly fall in the range of 0.5-10 µm in 

diameter. However, owing to the technical limitations discussed above, it is not possible to 

determine the absolute size of these smallest particles using the flow cytometry instrument used 

here.  
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Figure 4.7. FSC calibration microspheres can be used to estimate the sizes of protein inclusions in FloIT 

analyses. (a) FSC histograms of each of the beads (diameters indicated in the key). (b) Over the size range tested, 

FSC and bead size displays a linear relationship (r2=0.99). (c) Pseudocolour plots of analyses of mCherry 

fluorescence versus FSC for lysates prepared from Neuro-2a cells transfected to express mCherry, Htt25Q and 

Htt46Q. A range of sizes of inclusions can be resolved, however the absolute sizes of those with diameters less than 

~0.5 µm cannot be determined using standard flow cytometers. Results shown are representative of three 

independent experiments. 

 

4.3.4 FloIT can resolve inclusions of different sizes and two-colour inclusions 

As further evidence of the versatility of FloIT, on the basis of FSC and SSC signals (i.e. 

physical parameters of inclusion bodies in cell lysates), this technique can resolve populations 

of inclusions formed from different proteins (Figure 4.8a). This type of analysis clusters WT 

and mutant TDP-43, SOD1 and Fluc fluorescent particles together. However, Htt46Q has a 

higher relative FSC indicating that it forms larger inclusion bodies compared to the other 

aggregation-prone proteins. Htt25Q particles also demonstrated a relatively high FSC, but also 



Chapter 4 – Rapid flow cytometric analysis of inclusions and protein trafficking 

99 

 

showed the highest SSC. Further investigation into the nature of these Htt25Q particles is 

warranted, since this protein is non-pathogenic and has not previously been reported to form 

aggregates.  

On the basis of fluorescence, FloIT can resolve and enumerate inclusions formed from different 

proteins tagged with two different fluorescent proteins in the same cells. Representative plots 

are shown for Neuro-2a cells co-transfected to express two aggregation-prone proteins, 

FUSR495X and Htt46Q (Figure 4.8b). Previous research investigating the co-expression of these 

two proteins demonstrated that they can co-aggregate in NSC34 cells (Farrawell et al. 2015). 

Analysis of these cell lysates by FloIT was able to replicate and support these findings in 

Neuro-2a, whereby events in the top right quadrant of Figure 4.8b represent inclusion bodies 

comprised of both FUSR495X and Htt46Q. Figure 4.8c shows representative cytograms for 

untransfected, and singly transfected controls that were used to set the quadrant gating.  
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Figure 4.8. FloIT can resolve different types of inclusion bodies. (a) FloIT can resolve inclusion bodies formed 

by different proteins based on their FSC and SSC. Data shown are means ± SEM of triplicate measurements and 

are representative of two or three independent repeats. (b) Inclusions containing two different proteins can be 

detected by FloIT. Data shown are from Neuro-2a cells transfected to co-express FUSR495X-EGFP and Htt46Q-

mCherry. Dual colour inclusions containing both fusion proteins are indicated by the red square. (c) Controls for 

the data shown in (b) left-right: Neuro-2a cells were either left untransfected or transfected to express Htt46Q-

mCherry or FUSR495X-EGFP alone. Each result shown is representative of two or more independent experiments.  

 

4.3.5 FloIT can quantify nuclear flux of fluorescently tagged proteins 

FloIT can also be used to measure the trafficking of fluorescently labelled molecules from one 

cell compartment to another, providing at least one of these compartments remains intact 

following cell lysis. Two different nuclear trafficking models were used to demonstrate the 

feasibility of this application. Firstly, the efflux of TDP-43M337V from the nucleus of transfected 

Neuro-2a cells induced by MG132 treatment was measured as a time dependent decrease in 

the proportion of fluorescent nuclei. Approximately 50.7 ± 1.4% of nuclei had tGFP 

fluorescence at 0 h and this decreased to 31.5 ± 3.8% after 16 h (Figure 4.9a). Thus, FloIT was 
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able to successfully detect and quantify the MG132-induced efflux of TDP-43M337V from the 

nucleus to the cytoplasm. 

In a second trafficking model independent of protein aggregation, FloIT was used to measure 

the movement of a transcription factor, NFAT-EGFP, into the nucleus in response to Ca2+ 

dyshomeostasis induced by ionomycin (a Ca2+ ionophore). In this experiment, transfected 

HEK293 cells expressing NFAT were treated with ionomycin and analysed by FloIT. This 

showed treatment with ionomycin increased the fraction of fluorescent nuclei from 7.6 ± 2.1 

% (0 µM ) to 58.5 ± 2.6% (1 µM; Figure 4.9b). This movement of NFAT into the nuclei after 

ionomycin treatment was confirmed by confocal microscopy (Figure 4.9c).  

 

Figure 4.9. FloIT can quantify nuclear flux of fluorescently tagged proteins. (a) Time-dependent efflux of 

TDP-43M337V-tGFP from the nuclei of Neuro-2a cells treated with 10 µg/mL MG132. Data is shown as the percent 

change in tGFP-fluorescing nuclei (at t=0, the percent value represents the transfection efficiency). (b) Dose-

dependent influx of NFAT-EGFP into ionomycin treated HEK293 cell nuclei. Data is shown as the percent NFAT-

EGFP-positive nuclei at the indicated doses. (c) Confocal microscopy images of NFAT-EGFP-expressing 

HEK293 cells with and without 1 µM ionomycin treatment. Scale bar = 10 µm. Values are means ± SEM of 

triplicate measurements and each result is representative of two or three independent experiments.   
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4.4 Discussion 

This chapter outlines the development of FloIT, a novel technique that uses standard flow 

cytometry systems and reagents to quantitatively enumerate and evaluate the physical 

characteristics of protein inclusions, and protein trafficking. FloIT offers great potential to 

significantly expand the range and quality of data acquired in the many ongoing studies of 

proteostasis and neurodegeneration in which inclusions and protein mislocalisation are a focus. 

The ability of FloIT to discriminate between inclusions formed by a range of different proteins, 

and by two different proteins in the same cell may find a variety of applications in research. 

FloIT also provides a platform suitable for medium or high throughput drug screening, to 

identify small molecules that inhibit the mislocalisation of protein to subcellular compartments, 

and inhibit the formation of or enhance the clearance of protein inclusions in cells. 

By using multiple fluorescent labels, FloIT could be used to track and quantify dynamic 

interactions between different proteins and cells over time. For example, multi-colour FloIT 

can be used to investigate the mechanism of the prion-like propagation of protein aggregates 

in cell-based models of NDs (Jucker and Walker 2013, Hanspal et al. 2017). Recent research 

using FloIT showed that the internalisation of SOD1G93A aggregates (that were applied 

extracellularly to NSC-34 cells) promoted the intracellular aggregation of TDP-43WT 

(Zeineddine et al. 2017a). Extending on this finding, the same group used two-colour FloIT to 

show that the cell to cell transfer of an aggregation-prone mutant TDP-43G294A-EGFP co-

aggregated with, and increased the aggregation of TDP-43WT-tdTomato in NSC-34 cells 

(Zeineddine et al. 2017b). Therefore, multi-colour FloIT can be used as a novel approach to 

monitor the prion like spread of aggregates formed from disease-associated proteins from one 

cell to another. FloIT can also be used to monitor the incorporation of WT proteins into 

inclusions formed from mutant aggregation-prone proteins. 
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FloIT can be used as a platform for the medium-high throughput drug screening of compound 

libraries that modulate components of the proteostasis network, such as HSF1, the master 

transcriptional regulator of the HSR. In addition to quantifying changes in the number of 

inclusions, FloIT can also quantify the effect that these compounds might have on the physical 

properties of the inclusions (i.e. size – FSC, granularity – SSC). In this way, FloIT offers 

several advantages over other traditional qualitative methods such as filter trap assays, but the 

basic principle behind these two techniques (i.e. analysing the insoluble fraction of cell lysates) 

is the same.  

The applications of FloIT have the potential to be extended to quantify inclusion bodies in brain 

and spinal cord lysates derived from transgenic mouse models of NDs, and post-mortem patient 

samples. This can be achieved by using SDS in the lysis buffer, in place of TritonX-100, to 

digest tissues, which are structurally complex compared to cells in culture. The number of 

inclusions could then be normalised to total protein content rather than the number of nuclei 

across each sample. Furthermore, fluorescent dyes that stain amyloid fibrils, such as Thioflavin 

T (Xue et al. 2017) and tetraphenylethene maleimide (TPE-MI) (Chen et al. 2017), or 

antibodies specific to a protein of interest directly conjugated to a fluorophore could be used. 

By using antibodies, inclusions can be identified based on the type of protein of which they are 

comprised. Alternatively, antibody labelling could be used to identify other proteins that are 

recruited to the inclusion body, such as chaperones or ubiquitin.  

An analysis of studies investigating the effect of different Hsps and upregulation of the HSR 

in rodent models of ALS and HD highlighted that there is no standard reporting on the 

development or inhibition of inclusion bodies (see section 1.7, Table 1-3 and Table 1-4). 

Indeed, in some cases the effect of molecular chaperone upregulation on insoluble protein 

content is not reported, despite the strong correlation between inclusion body formation and 

neurodegeneration. This makes the efficacy of different Hsps or drugs that induce the HSR (or 
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indeed, therapeutic modulation of any mechanism of proteostasis) difficult to compare across 

multiple studies and decades of research. Therefore, further development of FloIT for its use 

in CNS tissues would represent an important step towards standardising the quantification of 

inclusion bodies before and after therapeutic intervention in transgenic mouse models of NDs. 

Figure 4.2 shows that fluorescent aggregates and nuclei can be sorted by FACS. Therefore, it 

follows that inclusions comprised of fluorescently-tagged proteins, or fluorescent antibody-

labelled inclusions can be purified by FACS from cells or tissues and subjected to proteomics 

analysis to determine their composition. Inclusions isolated from cell-based models or tissues 

from rodent models of NDs can be used to identify: (i) what types of proteins are incorporated 

into inclusion bodies formed from a range of disease-causing proteins (ii) how proteostasis 

modulating compounds influence the types of proteins recruited into inclusion bodies, and (iii) 

how the protein composition of inclusions changes over the time course of the disease in the 

animal.  

With regard to the characterisation of the physical properties of the inclusions, using a standard 

flow cytometer, FloIT is able to resolve inclusions within 0.5 – 15 µm in diameter. Future 

research could investigate methods by which the sensitivity of FloIT can be enhanced to detect 

smaller aggregates that precede the formation of inclusions. For example, the LSR Fortessa X-

20 cell analyser used in this research can be upgraded from a 50 mW 488 nm laser to a 100-

300 mW 488 nm laser to increase the sensitivity for small particle detection. A recent study 

reported a sensitive flow cytometric method for the quantification of physical properties of 

viral particles (Gaudin and Barteneva 2015). The following modifications were made to their 

FACSAriaII special order cell sorter, 300 mW 488 nm laser, digital focusing system, and 

advanced optics using a FSC-photomultiplier tube. Fluorescent latex beads between 40 – 100 

nm in diameter were able to be detected (Gaudin and Barteneva 2015). Therefore, FloIT can 

be performed using a standard flow cytometer, and future research could investigate enhancing 
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the sensitivity of the cytometer to detect oligomers or small aggregates that precede inclusion 

body formation. 

FloIT can be used to study the transport of proteins into cell nuclei, or other cell organelles or 

structures that can be released intact from cells and are sufficiently large to be resolved by flow 

cytometry. For example, hypotonic extraction or specific detergents that selectively 

permeabilise the plasma membrane can be used an alternative approach to study protein 

trafficking into other intracellular organelles, such as mitochondria (0.5-10 µm in size). In fact, 

the mislocalisation of proteins into mitochondria is an established molecular pathology 

associated with several NDs and represents an important area of future research (Kwong et al. 

2006).  For example, the mitochondrial mislocalisation of SOD1, Htt, α-synuclein, and many 

other ND-associated proteins have been implicated in the loss of Ca2+ uptake, enhanced 

reactive oxygen species production, apoptosome activation and/or the loss of ATP synthesis 

(Kwong et al. 2006, Petrasch-Parwez et al. 2007, Devi et al. 2008, Tafuri et al. 2015).  More 

recently, the mitochondrial mislocalisation of mutant TDP-43 (in TDP-43A315T transgenic 

mice) has been strongly correlated with the degeneration of cortical and motor neurons in vivo, 

by reducing the expression and activity of complex I in the electron transport chain (Wang et 

al. 2016). Inhibition of TDP-43A315T import into the mitochondria by treating mice with a 

peptide (PM1; which mimics and competes for binding to mitochondria with the TDP-43 

mitochondrial import signal) reversed neurodegeneration and other ALS-associated disease 

pathologies in these mice (Wang et al. 2016). Therefore, inhibiting the mislocalisation of 

disease-associated proteins to mitochondria is a promising avenue of research. Future research 

could employ FloIT to examine the translocation of a range of disease-associated proteins into 

mitochondria. Furthermore, FloIT can be used in a medium-high throughput platform to screen 

the ability of novel compounds to inhibit mitochondrial mislocalisation and inclusion body 

formation in cell-based models of NDs.  
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To summarise, FloIT is a simple and powerful technique for the rapid quantification of 

inclusion bodies and nuclear trafficking. The present study demonstrated several applications 

of FloIT, including its use in cell-based models of ND-associated protein aggregation (with 

one and two fluorophores), and the translocation of two different proteins (TDP-43 and NFAT) 

out of and into the nucleus. FloIT has the potential to be further developed, for example to 

investigate protein mislocalisation or translocation to mitochondria in cell-based models of 

NDs. Furthermore, FloIT could also be used to analyse CNS tissues from transgenic mice 

models of NDs to standardise the quantification of inclusion bodies before and after therapeutic 

intervention or with and without transgene expression. These additional applications of FloIT 

are likely to find a very wide range of uses in cell biology, biochemistry and biomedical 

research. 
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5.1 Introduction 

The downstream products of HSR activation, such as Hsps, have been shown to have anti-

aggregation and cytoprotective activities in cells. Therefore, the upregulation of Hsp expression 

in response to ND-associated pathologies, such as protein aggregation (intra- or extracellular) 

would be beneficial to the cell. However, a systematic review of studies involving rodent 

models of HD and ALS indicated that there is an absence of an HSR in disease-affected CNS 

tissues, as determined by immunocytochemistry, liquid chromatography-mass spectrometry, 

and immunoblot analysis of Hsp levels (see Tables 1.1 and 1.2). The absence of an upregulated 

expression of Hsps in the CNS prompts the question of whether cells in the CNS respond to 

chronic protein aggregation associated with NDs by inducing an HSR?  

One hypothesis is that neurons have an attenuated capacity to induce an HSR in response to 

cellular stress relative to other cell types in the CNS (e.g. astroglia). This hypothesis originates 

from seminal studies that have investigated the HSR in vivo in response to whole organism 

hyperthermia; these showed that Hsp70 induction occurs in astroglia, but not in neurons 

(Manzerra and Brown 1992, Pavlik et al. 2003, Pavlik and Aneja 2007). Likewise, cultured 

astroglia elicit faster and higher levels of Hsp70 expression after heat shock (45°C/30 min) 

compared to cultured cortical neurons (Nishimura et al. 1991, Nishimura and Dwyer 1996). 

Furthermore, studies that have differentiated a range of neuroblastoma and other cell-lines into 

“neuron-like” cells have shown that differentiation is correlated with a decline in the capacity 

of these cells to induce an HSR (Dwyer et al. 1996, Hatayama et al. 1997, Oza et al. 2008, 

Yang et al. 2008).  

An alternate explanation for the absence of the HSR in the CNS in mouse models of NDs is 

that inclusion body formation is insufficient to activate the HSR. This aspect has received 

relatively less attention. One study demonstrated that the expression of pathogenic, polyQ-

expanded Htt was unable to induce an HSR in HEK293 cells (Bersuker et al. 2013). Since Htt 
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forms terminal protein inclusions, termed IPODs, it may be that the formation of this particular 

type of inclusion enables it to bypass components of the proteostasis network (Kaganovich et 

al. 2008). Thus, findings investigating whether inclusions formed by Htt induce an HSR may 

not be relevant to the formation of aggregates by other disease-associated proteins (such as 

SOD1), since these are thought to form JUNQ inclusions that do interact with components of 

the proteostasis network (Matsumoto et al. 2006, Kaganovich et al. 2008, Polling et al. 2014, 

Farrawell et al. 2015). More research is required to establish whether disease-associated protein 

aggregates induce an HSR in cells, thus leading to an increase in the expression of Hsps that 

can prevent further aggregation. Of particular importance is whether induction of the HSR 

differs depending on the type of inclusions that forms in cells.  

There is a growing body of literature, using both cell-based and rodent models of HD, ALS, 

and Parkinson’s disease, that demonstrates that protein aggregates can move between cells via 

a prion-like propagation mechanism [for reviews see (Jucker and Walker 2013, Zeineddine and 

Yerbury 2015, Hanspal et al. 2017, Victoria and Zurzolo 2017)]. It has been postulated that 

this involves the release of misfolded protein seeds from a “donor” cell (i.e. through cell death 

or exocytosis) and the uptake of seeds by an “acceptor” cell. These seeds have been shown to 

recruit endogenous WT proteins into pathogenic aggregates (Jucker and Walker 2013). Several 

mechanisms of seed uptake have been proposed. For example, with respect to SOD1G93A and 

α-synuclein aggregates, there is evidence that the uptake of extracellular aggregates by cells 

occurs via Rac1-mediated macropinocytosis (Zeineddine et al. 2015). These internalised 

aggregates are able to rupture macropinosomes to gain entry into the cytosol to seed further 

aggregation (Zeineddine et al. 2015). 

When applied extracellularly, aggregates comprised of ND-associated proteins are taken up 

into neuron-like cells such as Neuro-2a, NSC-34 and SH-SY5Y cells. For example, it takes 60 

min for SOD1H46R aggregates to be taken up by Neuro-2a cells (Munch et al. 2011) and 8 h for 
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α-synuclein aggregates to be taken up by SH-SY5Y cells (Lee et al. 2008). Most research has 

focused on the role of the extracellular arm of the proteostasis network with regard to 

interacting with and preventing cytotoxic protein aggregation in the extracellular space (Wyatt 

et al. 2013). However, relatively few studies have investigated whether the internalisation of 

extracellular protein aggregates into the cytosol triggers an HSR in cells. 

Assessment of the induction of the HSR in cells and tissues has typically involved qualitative 

and low throughput techniques, including immunoblotting to assess the levels of Hsp70 and 

hyperphosphorylated HSF1 in cells. In an attempt to quantify the HSR, reporter constructs 

composed of a firefly luciferase reporter gene downstream of a Hsp promoter (most commonly 

the hspa1a promoter) have been used, whereby addition of luciferin (substrate of firefly 

luciferase) emits chemiluminescence that can be quantified within cells. More recently, 

Bersuker et al. (2013) generated stable U2OS and HEK293 cell lines containing fluorescent 

reporters of the HSR, whereby EGFP is downstream of a hspa1a promoter sequence fragment. 

The advantage of using fluorescent reporters of the HSR over firefly luciferase reporters is that 

fluorescence facilitates both quantitative single cell (e.g. flow cytometry or microscopy) and 

bulk cell (e.g. fluorescence plate reader) analyses. Furthermore, the HSR is a dynamic pathway 

that demonstrates cell- and stress-type dependent changes with regard to the kinetics and 

magnitude of induction. Therefore, investigating the time-resolved changes in HSR induction 

in single cells is an additional advantage of using fluorescent reporters of the HSR. 

To investigate possible reasons for the absence of an HSR in the affected CNS tissues of rodent 

models of HD and ALS, the objectives of the work described in this chapter were to (i) 

investigate the effect of neuronal differentiation on the induction of the HSR in the context of 

classical inducers of the HSR, and (ii) evaluate the effect of intra- and extracellular protein 

aggregation on the HSR. To do so, Neuro-2a and HEK293 cell lines were stably transfected to 

express a fluorescent reporter under the control of a promoter comprised of 8 putative HSEs 
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(Appendix A). These stable cell lines were then used to quantitatively assess the kinetics and 

magnitude of HSR induction after differentiation or exposure to intra- and extracellular protein 

aggregates.  
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5.2 Materials and methods 

Celastrol was from AdooQ Biosciences (Irvine, CA, USA). Purified recombinant stocks of α-

synuclein, α-synuclein seeds, and SOD1G93A were kind gifts from Dr Luke McAlary and Dr 

Dezerae Cox, respectively (University of Wollongong, Australia).   

5.2.1 Antibodies 

Dilutions used for immunoblotting (IB) and immunocytochemistry (ICC) are included in 

parentheses. Rabbit monoclonal anti-tyrosine hydroxylase (ab75875; IB 1:2500 ICC 1:100), 

rat monoclonal anti-HSF1 (ab81279, IB 1:1000) and mouse monoclonal anti-βIII-tubulin 

(ab78078; ICC 1:1000) primary antibodies, and goat anti-mouse IgG DyLight 650 (ab96874; 

ICC 1:500), goat anti-rabbit IgG DyLight 488 (ab96895; ICC 1:500), and goat anti-rat IgG-

HRP (ab6734; IB 1:5000) secondary antibodies were obtained from Abcam (Cambridge, MA, 

USA). Goat anti-rabbit IgG-HRP (A9044; 1:5000) secondary antibody was obtained from 

Sigma Aldrich.  

5.2.2 Plasmids 

To generate Neuro-2a and HEK293 cell lines that stably express mCherry constitutively and 

stress-inducible EGFP downstream of a minimal Hsp70 promoter (minHsp70p) the following 

two constructs were generated; pCMV-mCherry and pminHsp70p-EGFP. With respect to 

pCMV-mCherry, the EGFP gene was excised from pEGFP-N1 (Clontech) with flanking 

EcoRI/BsrGI sites and replaced with the mCherry gene. Regarding pminHsp70p-EGFP, a 

minimal Hsp70 promoter upstream of an EGFP gene was excised with flanking Acc651/BamHI 

sites (kind gift of Dr Frank Coullidad and Dr Chrit Moonen, University of Bordeaux, France) 

and subcloned into Acc651/BamHI digested pGL4.4 (Thermo Fisher Scientific) containing a 

hygromycin resistance gene (Appendix A).  
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The constructs coding for the expression of cerulean-tagged huntingtin exon 1 fragment (Htt) 

with a non-pathogenic (i.e. 25 polyglutamines; pT-Rex-Cerulean-Htt25Q) or pathogenic (i.e. 72 

polyglutamines; pT-Rex-Cerulean-Htt72Q) were kind gifts from Assoc Prof Danny Hatters 

(University of Melbourne, Australia). Constructs for the expression of cerulean-tagged 

SOD1WT, SOD1G93A, WT firefly luciferase (FlucWT) and a double mutant (R188Q/R261Q) 

form of Fluc (FlucDM) were also generated. To do so, the cerulean gene was PCR amplified 

from pT-Rex-Htt72Q using forward: 5′-catggatccaccggtcgccaccatggtgagca-3′ and reverse: 5′-

caggattcttacttgtacagctc-3′ primers with flanking BamHI/BsrGI restriction sites to replace the 

EGFP gene in pEGFP-N1-SOD1WT and pEGFP-N1-SOD1G93A (these constructs were kind 

gifts of Dr Justin Yerbury, University of Wollongong). The cerulean gene was PCR amplified 

from pT-Rex-Htt72Q using forward 5′-catgggatccaccggccggtcgccaccatggtgagc-3′ and reverse: 

5′-caggattcttacttgtacagctc-3′ primers with flanking BamHI/BsrGI restriction sites to replace the 

EGFP gene in pcDNA4-TO-myc-hisA-EGFP-FlucWT and pcDNA4-TO-myc-hisA-EGFP-

FlucDM (these constructs were kind gifts of Prof Mark Wilson, University of Wollongong). 

All the constructs generated and used in this work were verified by sequencing using a 

Hitachi 3130xl Genetic Analyser (Applied Biosystems, Mulgrave, Australia). The primers 

used to sequence each construct are listed in   
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Table 5-1. 
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Table 5-1. List of primers used to sequence each of the constructs generated in this work.  

Plasmid sequenced Primer sequence 

pCMV-mCherry Forward: 5′-cgcaaatggggcggtaggcgtg-3′ 

Reverse: 5′-caggattcttacttgtacagctc-3′ 
pminHsp70p-EGFP Forward: 5′-tgcaggtgccagaacatttc-3′ 

Reverse: 5′-caggattcttacttgtacagctc-3′ 
pT-Rex-Cerulean-Htt25Q 

pT-Rex-Cerulean-Htt72Q 
Forward: 5′-cgcaaatgggcggtaggcgtg-3′ 

Reverse: 5′-ctctacaaatgtggtatggc-3′ 
pCerulean-N1-SOD1WT  

pCerulean-N1-SOD1G93A 
Forward: 5′-cgcaaatggggcggtaggcgtg-3′ 

Middle: 5′-cttgcggccgcctagaagaagtcgtgctgc-3′ 

Reverse: 5′-ctctacaaatgtggtatggc-3′ 
pcDNA4-TO-myc-hisA-Cerulean-FlucWT 

pcDNA4-TO-myc-hisA-Cerulean-FlucDM 
Forward: 5′-cgcaaatggggcggtaggcgtg-3′ 

Reverse: 5′-tagaaggcacagtcgagg-3′ 

5.2.3 Generation of SOD1G93A and α-synuclein aggregates 

5.2.3.1 Thioflavin T-based aggregation assays 

The formation of SOD1G93A aggregates was monitored by an in situ thioflavin T (ThT) binding 

assay that has previously been described (McAlary et al. 2016). Briefly, 100 µM purified 

SOD1G93A was incubated with 20 mM DTT, 5 mM EDTA and 10 µM ThT in PBS (pH 7.4) at 

37°C. The reaction mixtures were loaded into a clear-bottomed 384-well plate (Greiner, 

Germany) and covered with adhesive film. The plate was incubated in a PolarStar Omega Plate 

Reader (BMG Labtechnologies, Australia) at 37°C for 30 min prior to commencement of the 

PolarStar protocol. The plate underwent double orbital shaking at 300 rpm for 300 s at the start 

of a 900 s cycle for at least 200 cycles. The ThT fluorescence was measured by excitation at 

450 nm and its emission read at 480 nm using the bottom optic of the plate reader.  

The formation of α-synuclein fibrils was determined by an end-point ThT assay as previously 

described (Buell et al. 2014). Briefly, α-synuclein seeds were produced by incubating 150 µM 

α-synuclein in 50 mM phosphate buffer (pH 7.4), for 48 h at 40°C under maximal stirring with 

a magnetic stirrer (WiseStir MSH-20A, Witeg, Wertheim, Germany). The seed fibrils were 

fragmented by sonication using a microtip probe sonicator (Branson 250 Digital Sonifer, 

Branson Ultrasonics, CT, USA), using 30% amplification and 75% cycles. The fibrils were 
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flash frozen in liquid N2 and stored at -80°C until required. To produce mature fibrils, 100 µM 

of monomeric α-synuclein was incubated with 1% (w/w) α-synuclein seeds in 50 mM 

phosphate buffer (pH 7.4) at 37°C for 72 h. A 5 µL aliquot of the α-synuclein fibrils was then 

loaded into a black clear-bottomed 384-well plate with 25 µL 50 mM phosphate buffer and 10 

µM ThT. The ThT fluorescence was measured by excited at 450 nm and its emission read at 

480 nm using the bottom optic of the plate reader.  

5.2.3.2 Transmission electron microscopy of SOD1G93A and α-synuclein 

Transmission electron microscopy (TEM) was employed to visualise the SOD1G93A and  

α-synuclein aggregates used to treat the cells (Section 5.2.7.2). An 8 µL aliquot of the 

aggregated protein was applied onto an ultrathin carbon film coated 400 mesh copper TEM 

grid (ProSciTech, Australia). Samples were then diluted with 2 µL of 0.22 µm filtered milli-Q 

H2O and left for 3 min. Grids were dried with lint-free paper by wicking away the H2O from 

the side. Grids were washed with 10 µL of milli-Q H2O, dried again, and 10 µL of 1% (w/v) 

phosphotungstic acid, the contrast reagent, was added and grids left to incubate for 1 min. The 

phosphotungstic acid was wicked away and the grids were washed twice with 10 µL of milli-

Q H2O. Grids were air dried and imaged at the Australian Institute of Innovative Materials 

(University of Wollongong) using a JEOL JEM-2011 TEM (JEOL, Japan). Images were 

processed using Digital Micrograph (Gatan, USA).  

5.2.4 Cell culture of Neuro-2a and HEK293 

See section 2.6. 

5.2.5 Neuro-2a differentiation 

The protocol used for the differentiation of Neuro-2a cells into neuron-like cells has previously 

been described (Tremblay et al. 2010). Briefly, Neuro-2a cells were seeded at a density of 

75,000 cells/mL into 96-well plates. After 24 h, the media was replaced with either 0.1% FCS 
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DMEM/F12 or 0.1% FCS DMEM/F12 supplemented with 1 mM dibutyryl cyclic adenosine 

monophosphate (dbcAMP) to induce differentiation. Neuro-2a were incubated in the absence 

or presence of dbcAMP in reduced serum media for 72 h with a media change after 48 h to 

refresh dbcAMP levels. Differentiation was assessed by examining expression levels of 

tyrosine hydroxylase and neurite length. 

5.2.6 Generation and maintenance of Neuro-2a and HEK293 stable cell lines 

Stable cell lines for the constitutive expression of mCherry and stress-inducible expression of 

EGFP were generated in Neuro-2a and HEK293 cell lines. Thus, activation of the HSR after 

treatment with a stressor could be monitored in cells in real time using EGFP as a fluorescent 

reporter. Neuro-2a cells were used as a neuron-like cell line, which are capable of 

differentiation. HEK293 cells were used as a non-neuronal, positive control, since previous 

studies have generated and validated the use of a similar fluorescent stable cell line to report 

on the induction of the HSR (Bersuker et al. 2013). 

Neuro-2a and HEK293 were first transfected with VspI linearised pCMV-mCherry and 

transfected cells were grown under selective pressure (300 µg/mL and 400 µg/mL G418, 

respectively) for 7 days. Monoclonal mCherry-expressing Neuro-2a and HEK293 cell lines 

were generated by limiting dilution and subsequent monoclonal expansion. Monoclonal 

mCherry-expressing Neuro-2a and HEK293 cell lines were transfected with NotI linearised 

pminHsp70p-EGFP and transfected cells were grown under selective pressure (300 µg/mL or 

400 µg/mL G418, and 100 µg/mL hygromycin) for 7 days.  

To obtain a polyclonal Neuro-2a or HEK293 cell population with stress-inducible EGFP 

expression, cells were heat shocked (42°C/ 2 h with recovery at 37°C/ 6 h), harvested by 

trypsinisation, washed twice in PBS, and resuspended in FACS buffer, 1 mM EDTA, 25 mM 

HEPES and 0.5% (w/v) BSA in PBS. These cells were then purified using an S3e Cell Sorter 
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(Bio-Rad, USA) equipped with 488 nm and 561 nm lasers. For both the Neuro-2a and HEK293 

cell lines, mCherry+ve EGFP+ve cells were sorted and collected for sub-culture. These EGFP 

HSR reporter cell lines are referred to in this work as Neuro-2a (HSE:EGFP) and HEK293 

(HSE:EGFP). 

Neuro-2a (HSE:EGFP) and HEK293 (HSE:EGFP) cell lines were maintained under the same 

conditions as the parental cell lines. Constant selection pressure was achieved by 

supplementing the media used to culture Neuro-2a (HSE:EGFP) with 300 µg/mL G418 and 

100 µg/mL hygromycin, and HEK293 (HSE:EGFP) with 400 µg/mL G418 and 100 µg/mL 

hygromycin. 

5.2.7 Cell stress treatments 

5.2.7.1 Heat shock and cadmium chloride (CdCl2) assays 

Heat shock and CdCl2 were used as classical inducers of the HSR to assess the capacity of 

Neuro-2a and HEK293 cell lines to induce an HSR. Neuro-2a (HSE:EGFP) and HEK293 

(HSE:EGFP) cells were seeded at a density of 200,000 cells/mL into 12-well plates. Optimal 

concentrations of CdCl2 and celastrol were determined in dose response assays, whereby cells 

were either treated with log and ½ log concentrations of CdCl2 (0-100 µM) or celastrol  

(0 – 1 µM) for 24 h. In addition, cells were heat shocked (42°C/ 2 h) and recovered at different 

time points of recovery at 37°C. After treatment, Neuro-2a (HSE:EGFP) and HEK293 

(HSE:EGFP) were imaged every 2 h for 24 h using an IncuCyte Live Cell Analysis System 

(Essen BioScience, USA) to optimise the CdCl2, celastrol and heat shock treatments, where 

mCherry and EGFP fluorescence intensities were analysed over the time-course of the 

experiments. The optimal treatment concentrations and times were determined to be 33 µM/  

6 h or 10 µM/ 24 h for CdCl2, 0.75 µM/ 24 h for celastrol and heat shock at 42°C/ 2 h with 

recovery at 37°C.  
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To assess the differential effects of these treatments on the HSR in Neuro-2a (HSE:EGFP) and 

HEK293 (HSE:EGFP) cell lines, the time taken to reach half of the EGFP maximum intensity 

was analysed as a means to assess the kinetics of HSR induction with each treatment. In 

addition, analysis of the EGFP intensity after 24 h of treatment represented the magnitude of 

HSR induction after treatment with different stresses.  

5.2.7.2 Extracellular aggregation stress assays 

Pathogenic protein aggregates were applied extracellularly to Neuro-2a (HSE:EGFP) cells and 

activation of the HSR was assessed. Prior to treatment of cells, soluble non-aggregated α-

synuclein and SOD1G93A were centrifuged (14,000 × g/ 30 min/ 4°C) to remove any oligomeric 

seeds that may have spontaneously formed. Aggregated SOD1G93A was pelleted (14,000 × g/ 

30 min/ 4°C) and resuspended in fresh PBS to eliminate possible cytotoxicity of DTT and 

EDTA in the assay.  

Neuro-2a (HSE:EGFP) cells were seeded at a density of 100,000 cells/mL in a 96-well plate 

and cultured overnight in 10% FCS DMEM/F12. The following day, cells were either treated 

with buffer alone (50 mM phosphate buffer for α-synuclein or PBS for SOD1G93A) or soluble 

or aggregated α-synuclein or SOD1G93A (1 µM and 10 µM) diluted in serum-free DMEM/F12. 

Some cells in each plate were treated with 10 µM CdCl2 as a positive control for HSR induction.  

5.2.7.3 Intracellular protein aggregation stress assays 

To assess the effect of intracellular protein aggregates on the HSR, Neuro-2a (HSE:EGFP) 

cells were transfected with cerulean-tagged WT and aggregation-prone mutant proteins. Cells 

were seeded at a density of 100,000 cells/mL in 12-well plates and cultured in 1 mL of 10% 

FCS DMEM/F12 media overnight. Cells were transfected with DNA:lipid complexes  

(1 µg DNA, 1 µL PLUS reagent, and 3 µL Lipofectamine LTX per well) for the expression of 

cerulean-tagged SOD1WT, SOD1G93A, Htt25Q, Htt72Q, FlucWT, or FlucDM. Cells were washed 
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twice with PBS (pH 7.4) 48 h post-transfection, harvested mechanically by aspiration on ice, 

and resuspended in 500 µL ice-cold PBS for analysis of intact cells or cell lysates by flow 

cytometry.  

Parental Neuro-2a were either untransfected, or singly transfected to express EGFP, mCherry 

or cerulean fluorescent proteins. These samples were used to set gates for the flow cytometric 

analysis and to determine the spectral overlap that occurs between these three fluorophores so 

that spectral compensation could be applied prior to analysis. All analyses of the flow 

cytometry data were performed using FlowJo (version 10.0.8, Tree Star, OR, USA).  

5.2.8 IncuCyte Zoom imaging and image analysis  

5.2.8.1 Image analysis of total image fluorescence intensity 

Time-resolved fluorescence intensity data from Neuro-2a (HSE:EGFP) and HEK293 

(HSE:EGFP) cells were acquired using an IncuCyte Live Cell Analysis System. Phase contrast 

and fluorescent images were acquired at 2 h intervals with the 10× or 20× objective. The 

fluorescence intensity of mCherry and stress-inducible EGFP were quantified using the basic 

analyser algorithm (Table 5-2) from a minimum of 9 images per well at each time point. 

Spectral overlap from the mCherry (3%) channel was removed from the EGFP channel in these 

images.  

 

 

 

Table 5-2. Cell mask parameters for the analysis of relative fluorescence intensities of EGFP and mCherry 

using the IncuCyte Zoom basic analyser. 

Cell-line Fluorescent 

protein 

Channel Exposure 

(ms) 

Background 

correction 

Edge 

sensitivity 

Data 

presentation 

Neuro-2a 
EGFP Green 400 Top-hat (50 µm, 2 

GCU) 

-15 GCU × µm2/ 

image 
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mCherry Red 800 Adaptive (2 RCU) 0 RCU × µm2/ 

image 

HEK293 

EGFP Green 400 Top-hat (80 µm, 2 

GCU) 

-6 GCU × µm2/ 

image 

mCherry Red 800 Adaptive (2 RCU) -21 RCU × µm2/ 

image 

 

The mean EGFP relative fluorescence intensity (RFU) was normalised by dividing the EGFP 

RFU by the mCherry RFU at each time point to account for relative changes in cell density 

over time (equation 5.1). The normalised EGFP data is presented as the mean fold change (∆) 

in the EGFP/ mCherry ratio (± SEM) of three independent repeats as described by equation 

5.2, where EGFPTx represents the EGFP RFU at any time and EGFPT0 represents the EGFP 

RFU at time = 0 h. 

(
𝐸𝐺𝐹𝑃 (𝑅𝐹𝑈)

𝑚𝐶ℎ𝑒𝑟𝑟𝑦 (𝑅𝐹𝑈)
) = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐸𝐺𝐹𝑃      (equation 5.1) 

(
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐸𝐺𝐹𝑃𝑇𝑥 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐸𝐺𝐹𝑃𝑇0
) = 𝐹𝑜𝑙𝑑 ∆ 𝐸𝐺𝐹𝑃       (equation 5.2) 

5.2.8.2 Image analysis of single cell fluorescent intensities 

Differentiated and non-differentiated Neuro-2a cells were immunolabelled for βIII-tubulin and 

tyrosine hydroxylase and the neurite length and intensity of tyrosine hydroxylase staining was 

analysed from confocal images. Total neurite length in each image was analysed using the 

Neurite Tracer macros in Image J with the following parameters (threshold for neurons: 40, 

threshold for nuclei: 5, minimum size of nuclei: 500, maximum size of nuclei: 3500). The total 

neurite length in each image was normalised to the number of nuclei in that image and 

expressed as a fold change compared to the sample not treated with dbcAMP, according to 

equations 5.3 and 5.4: 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑒𝑢𝑟𝑖𝑡𝑒 𝑙𝑒𝑛𝑔𝑡ℎ

# 𝑁𝑢𝑐𝑙𝑒𝑖
=  𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑛𝑒𝑢𝑟𝑖𝑡𝑒 𝑙𝑒𝑛𝑔𝑡ℎ    (equation 5.3) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑛𝑒𝑢𝑟𝑖𝑡𝑒 𝑙𝑒𝑛𝑔𝑡ℎ

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑛𝑒𝑢𝑟𝑖𝑡𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑛𝑜𝑛−𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
= 𝐹𝑜𝑙𝑑 ∆ 𝑛𝑒𝑢𝑟𝑖𝑡𝑒 𝑙𝑒𝑛𝑔𝑡ℎ   (equation 5.4) 
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The fluorescence intensity of tyrosine hydroxylase (DyLight 488) immunolabelled cells was 

analysed using CellProfiler 2.2.0 (Broad Institute of Harvard and MIT, USA), using the 

parameters outlined in Table 5-3 and the following custom-made sequence of processing 

events: 

 

Neuro-2a (HSE:EGFP) were either left untransfected or transfected to express Htt72Q and 

FlucDM, and imaged on a Leica SP5 confocal microscope at 37˚C under 5% CO2/ 95% air. Each 

well was imaged at 8 regions of interest at 1 h intervals for up to 60 h. The images obtained 

were analysed using CellProfiler 2.2.0 using the following custom-made sequence of image 

processing events: 

 

The mask parameters used for the identification of “Cells” and “Inclusions” are outlined in 

Table 5-3. These parameters were optimised to separate cell clumps and identify individual 

cells and inclusions. The tertiary objects identified, “Cells – Inclusions”, were applied as a 

primary measure to eliminate the spectral overlap of the cerulean fluorescence signal at the site 

of inclusions into the EGFP fluorescence signal. Therefore, EGFP fluorescence was measured 

from an area of the cell that did not contain inclusion bodies (i.e. “Cells – Inclusions”). 

Image to gray:

1. Hoechst 

2. Tyrosine 
hydroxylase

Identify primary 
objects: 

"Nuclei"

Identify secondary 
objects: 

"Cells"

Measure object 
intensity:

DyLight 488 (AFU) 
from "Cells" 

Image to gray:

1. mCherry 

2. Cerulean

3.EGFP 

Identify 
primary 
objects: 
"Cells"

Identify 
primary 
objects: 

"Inclusions"

Identify 
tertiary 

objects: "Cells 
- Inclusions"

Measure 
object 

intensities:

1. Cerulean 
(AFU) from 

"Cells" 

2.EGFP (AFU) 
from "Cells -
Inclusions"
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Table 5-3. Mask parameters for the analysis of relative fluorescence intensities of individual cells in confocal 

imaging experiments using Cell Profiler. 

Object 

identified 

Input 

image 

Diameter 

(pixel 

units) 

Threshold 

strategy 

Thresholding 

method 

Threshold 

boundaries 

Distinguish 

clumps 

Dividing 

lines in 

clumps 

Nuclei Hoechst 20-100 Automatic - - Intensity Shape 

Cells 

mCherry 20-65 Global Otsu 0.01-1.0 Intensity Propagate 

DyLight 

488 

- Global Otsu 0.0-1.0 - - 

Inclusions Cerulean 15-40 Global Otsu 0.01-1.0 Intensity Shape 

 

Spectral compensation was applied to the fluorescence intensity data, whereby 13% of the 

cerulean signal was removed from the raw EGFP signal (equation 5.5); this was used as a 

secondary measure to eliminate spectral overlap. 

𝑅𝑎𝑤 𝐸𝐺𝐹𝑃 −  (
𝑅𝑎𝑤 𝐶𝑒𝑟𝑢𝑙𝑒𝑎𝑛

1
×

13

100
) = 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐸𝐺𝐹𝑃    (equation 5.5) 

Lastly, to count the number of cerulean+ve (or transfected) cells at each time point a threshold 

of 65 (RFU) was applied. Likewise, to count the number of EGFP+ve (or HSR+ve) cells at each 

time point a threshold of 15 (RFU) of the corrected EGFP fluorescence intensities was applied. 

These thresholds were determined from the EGFP RFU and cerulean RFU of cells in the 

untransfected and untreated samples. With regard to experiments where the HSR was tracked 

in single cells, membrane permeability was determined by the loss of mCherry fluorescence in 

cells. In Figure 4.6 (section 4.3.2), membrane permeability after treatment TritonX-100 

coincides with the release of soluble fluorescent protein from the cell. Therefore, in this work 

loss of mCherry fluorescence in a cell was used as an indirect marker of cell death. The raw 

data analysed in Figure 5.14e and f, were re-analysed by an independent, blinded, third-party 

and showed the same result. 

5.2.9 Flow cytometric analysis 

5.2.9.1 Analysis of whole cells 

See Chapter 2 section 2.9. 
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5.2.9.2 Analysis of cell lysates 

See Chapter 4 section 4.2.3.1. 

Briefly, flow cytometry of the cell lysates was performed using an LSR Fortessa X-20 

analytical flow cytometer equipped with a 405 nm and 640 nm laser. Cerulean fluorescence 

emissions were captured using the 450/50 nm bandpass filter. RedDot1 nuclear stain 

fluorescence emissions were captured using the 670/30 nm bandpass filter. The forward scatter 

threshold was reduced to 200 (minimum possible setting) to detect small fluorescent particles. 

A minimum of 100,000 events were acquired per sample.  

5.2.10 Immunoblotting 

See section 2.7. The fold change in protein expression was normalised to the total protein 

loaded, using Mini-Protean, TGX, Stain-Free gels (Bio-Rad). The proportion of 

hyperphosphorylated HSF1 of the total HSF1 in each sample was determined using equation 

5.6. 

(
𝐻𝑆𝐹180 𝑘𝐷𝑎 (𝐴𝑈)

𝐻𝑆𝐹180 𝑘𝐷𝑎 (𝐴𝑈)+𝐻𝑆𝐹175 𝑘𝐷𝑎(𝐴𝑈)
)  × 100 = % 𝑝𝐻𝑆𝐹1    (equation 5.6) 

5.2.11 Statistics 

See section 2.10. The statistical analyses used to determine significant differences between the 

means are described in the appropriate figure legends. For data showing the fold change in 

EGFP expression over time in Neuro-2a (HSE:EGFP) and HEK293 (HSE:EGFP), a non-linear 

fit was applied [log(agonist) vs. response (Variable slope)]. The time taken to reach half 

maximal EGFP intensity was determined by using the logEC50 value as a measure of the 

kinetics of the HSR. 
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5.3 Results  

5.3.1 Differentiating Neuro-2a into neuron-like cells 

One hypothesis in the field is that the HSR becomes attenuated in terminally differentiated and 

mature neurons. Therefore, we sought t o investigate whether the capacity of Neuro-2a to 

induce an HSR was dependent on the differentiation status of the cells. 

Neuro-2a cells were differentiated via treatment with 1 mM dbcAMP for 72 h, a protocol that 

has previously been shown to differentiate Neuro-2a into dopaminergic-like neurons 

(Tremblay et al. 2010). Immunoblot analysis of whole cell lysates showed that there was 

significant (6-fold) increase in expression of the dopaminergic neuronal marker tyrosine 

hydroxylase expression in cells treated with dbcAMP compared to cells cultured in the absence 

of dbcAMP [F (2, 9) = 11.39, P = 0.0034] (Figure 5.1a-b). Quantification of the length of 

neurite extensions of βIII-tubulin immunolabelled cells showed that there was a 3-fold increase 

in the length of neurite extensions in differentiated cells compared to non-differentiated cells 

(Figure 5.1c-d). Furthermore, the tyrosine hydroxylase staining was significantly greater in 

differentiated compared to non-differentiated cells (P = 0.004; Figure 5.1c and e). There was 

no difference in the proportion of tyrosine hydroxylase positive cells between differentiated 

and non-differentiated cells, as all Neuro-2a cells showed low levels of endogenous tyrosine 

hydroxylase expression (Figure 5.1c).  
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Figure 5.1. Characterisation of differentiated Neuro-2a cells. (a) Immunoblot analysis of tyrosine hydroxylase 

(50 kDa) expression in cells cultured for 72 h with (left – right) 10% FCS DMEM/F12, 0.1% FCS DMEM/F12 

and 0.1% FCS DMEM/F12 supplemented with 1 mM dbcAMP. Total protein loading was assessed by imaging 

stain-free gels prior to electroblotting. (b) Fold change in tyrosine hydroxylase expression after 72 h of culture in 

10% FCS DMEM/F12, 0.1% FCS DMEM/F12 and 0.1% FCS DMEM/F12 supplemented with 1 mM dbcAMP. 

Tyrosine hydroxylase band intensity was normalised to total protein loading. Data shown is the mean + SEM of 

four independent repeats. Statistically significant differences between the means were assessed using a one-way 

ANOVA followed by a Dunnet post-hoc test, where P < 0.01 (**). (c) Immunocytochemistry of Neuro-2a cells 

at 0 h and 72 h in the presence and absence of the differentiation agent, dbcAMP. Left- right: Cells were stained 

for βIII-tubulin (DyLight 650) and tyrosine hydroxylase (DyLight 488), and overlays are shown with Hoechst 

33342 nuclear stain. Scale bar = 50 µm. (d) The fold change in neurite length in the absence and presence of 

dbcAMP for 72 h. Data represents the total neurite length in three images normalised to the number of nuclei in 

each image. (e) The median tyrosine hydroxylase (TH)-DyLight 488 fluorescence intensity of cells cultured in 

the absence or presence of dbcAMP for 72 h. Data shown are the mean of 35 cells imaged by confocal microscopy 

in each sample group and statistically significant differences between the means were determined using a student’s 

t-test, where P < 0.001 (***).  

 

Differentiated and non-differentiated Neuro-2a were treated with classical inducers of the HSR 

to determine whether HSR induction is impaired after differentiation. Whole cell lysates were 

subjected to immunoblot analysis probing for the hyperphosphorylation of HSF1 (pHSF1; seen 

as an upwards shift in migration on the SDS-PAGE) as a marker of HSR activation in these 

cells. 

Treatment of Neuro-2a cells with CdCl2 (33 µM/ 6 h) or heat shock (42°C/ 2 h with no 

recovery) resulted in an increase in pHSF1 in both differentiated and non-differentiated 

samples (Figure 5.2a). This indicates that both differentiated and non-differentiated Neuro-2a 

can induce an HSR. Semi-quantitative analysis of the HSF1 and pHSF1 band densities, 

followed by two-way ANOVA, demonstrated that there was a significant effect of 

differentiation on the proportion of pHSF1 (relative to total HSF1) following the treatments [F 

(1, 16) = 13.11, P = 0.0023]. Post-hoc analysis indicated that there was a significantly greater 

proportion of pHSF1 (75 ± 5%) in differentiated Neuro-2a cells treated with CdCl2 compared 

to non-differentiated cells (38 ± 5%; P < 0.001; Figure 5.2b). However, there was no significant 

difference in the proportion of pHSF1 between differentiated and non-differentiated Neuro-2a 

after heat shock. After 6 h recovery at 37°C, the HSF1 in heat shocked cells was 
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dephosphorylated such that there was no pHSF1 detected in differentiated or non-differentiated 

samples.  

 

Figure 5.2. The effect of differentiation on the HSR in Neuro-2a cells. Neuro-2a cells were differentiated with 

1 mM dbcAMP for 72 h and then stressed by exposure to CdCl2 (33 µM/ 6 h) or heat shock (HS, 42°C/ 2h, with 

or without recovery at 37°C/ 6 h). (a) Immunoblot analysis of whole cell lysates from cells either differentiated 

or not and then exposed to stressors. Heat shocked (42°C/ 2 h) HeLa cell (HL) lysate were used as a positive 

control for pHSF1. Lysates were probed for HSF1 (75 kDa), including hyperphosphorylated isoforms of HSF1 

(pHSF1; 80 kDa). Total protein loading was assessed by imaging stain-free gels prior to electroblotting. (b) The 

proportion of HSF1 that was hyperphosphorylated relative to total HSF1 in each of the samples analysed by 

immunoblotting. Data shown is the mean + SEM of three independent repeats. Differences between the means 

were assessed using a two-way ANOVA followed by a Bonferroni post-hoc test, where P < 0.001 (***).  

 

5.3.2 Investigating the HSR in Neuro-2a with a fluorescent reporter 

To further investigate the activation of the HSR, stable Neuro-2a and HEK293 cell lines were 

generated in which expression of a fluorescent protein (EGFP) was used to report on HSR 

induction. The Neuro-2a stable cell line was generated because this would enable induction of 

the HSR to be investigated in differentiated neuron-like cells and could also be used to 

investigate the ability of aggregation-prone proteins associated with NDs to induce an HSR in 

neuron-like cells. 
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To validate that these stable cell lines report on HSR induction, they were first treated with 

classical inducers of the HSR, CdCl2, heat shock and celastrol (a compound identified in a drug 

screen as a potent inducer of the HSR) (Heemskerk et al. 2002, Westerheide et al. 2004). The 

fluorescent reporter, EGFP, has a half-life of 27 h (Corish and Tyler-Smith 1999), therefore, 

these experiments needed to be performed in a time-frame that would facilitate the 

accumulation of EGFP after HSR induction to assess the magnitude of the HSR. Dose-response 

experiments were conducted to determine the concentration of CdCl2 (0-100 µM) and celastrol 

(0-1 µM) that induce a maximal HSR (Figure 5.3). Based on these results, the subsequent 

experiments used 10 µM CdCl2 and 0.75 µM celastrol to induce the HSR in undifferentiated 

Neuro-2a (HSE:EGFP).  
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Figure 5.3. Optimisation of heat shock, CdCl2 and celastrol treatments in undifferentiated Neuro-2a 

(HSE:EGFP) and HEK293 (HSE:EGFP) cells. Cells were plated at a density of 200,000 cells/mL and after 24 

h cells were subjected to heat shock (42°C/ 2 h), log and ½ log doses of CdCl2 (0-33 µM) or celastrol (0-1 µM). 

Cells were imaged every 2 h using an IncuCyte Live Cell Imaging System to monitor the induction of EGFP, a 

reporter of HSR activation. Data is presented as the fold change in EGFP RFU over time, normalised to mCherry 

RFU, to account for changes in cell density over the time-course of the experiment. The data shown is the mean 

± SEM of three independent repeats. The optimal treatment concentrations and times for IncuCyte live cell 

imaging experiments were determined to be 10 µM/ 24 h CdCl2, 0.75 µM (Neuro-2a) and 0.5 µM (HEK293)/ 24 

h celastrol and heat shock at 42°C/ 2 h with recovery at 37°C over 24 h.  
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After treatment with 10 µM CdCl2, heat shock (42°C/ 2 h) or 0.75 µM celastrol, there was a 

time-dependent increase in EGFP fluorescence intensity in Neuro-2a (HSE:EGFP) (Figure 5.4a 

and b). Fluorescence was first detected 2-4 h following heat shock treatment of Neuro-2a 

(HSE:EGFP) (Figure 5.4b), reaching a maximum after 10-20 h. The time taken to induce the 

HSR and to reach maximum EGFP fluorescence varied between treatment types. The 

expression of EGFP was induced significantly faster after heat shock in Neuro-2a (HSE:EGFP) 

(5.1 ± 0.2 h) compared to after treatment with CdCl2 or celastrol (11 ± 0.6 h and 8.3 ± 1.5 h, 

respectively; Figure 5.4d) [F (2, 6) = 28.28, P = 0.0009] as measured by the time taken to reach 

half maximal fluorescence. Treatment with each of the classical inducers of the HSR 

significantly up-regulated EGFP expression in Neuro-2a (HSE:EGFP) compared to no 

treatment [F (3,8) = 4.265, P = 0.0448]. However, there were no differences observed between 

the magnitude of HSR induction between treatment type in Neuro-2a (HSE:EGFP) (Figure 

5.4f). Beyond the 24 h time-frame of these experiments, cells treated with CdCl2 or celastrol 

died as a consequence of the toxicity of these treatments. Heat shocked cells continued to grow 

and divide during the recovery period, EGFP fluorescence intensity peaked at 10 h and began 

to slowly decline after 24 h. This is likely representative of EGFP turnover over time.  

HEK293 cells that were stably transfected in an identical manner to Neuro-2a (HSE:EGFP) 

were also generated as a non-neuronal cell line. Treatment of HEK293 (HSE:EGFP) with each 

of the classical inducers of the HSR also resulted in the induction of EGFP expression over the 

time course of the experiment, with similar kinetics of HSR induction as the Neuro-2a 

(HSE:EGFP) cells (Figure 5.4c and e). A direct comparison of the two cell lines was not 

performed because Neuro-2a (HSE:EGFP) showed a greater fold increase in EGFP 

fluorescence intensity after each of the treatments compared to HEK293 (HSE:EGFP). For 

example, following treatment with celastrol, there was a 500-fold increase in EGFP 

fluorescence in Neuro-2a (HSE:EGFP)  cells compared to a 40-fold increase in EGFP in 
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HEK293 (HSE:EGFP) (Figure 5.4b-c and f-g). There are a number of possibilities that may 

explain the differences in the fold EGFP induction after treatment between Neuro-2a and 

HEK293 including: (i) differences in plasmid copy number in the two stable cell lines, (ii) the 

ability of chromatin to remodel after stress so HSF1 can access target promoter regions, or (iii) 

differences between the ability of human and mouse derived cell lines to respond to these 

stresses by inducing an HSR 
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Figure 5.4. Validating the use of undifferentiated Neuro-2a (HSE:EGFP) and HEK293 (HSE:EGFP) stable 

cell lines for the quantification of HSR induction.  (a) Neuro-2a (HSE:EGFP) and HEK293 (HSE:EGFP) stable 

cell lines were treated with 10 µM CdCl2
 and imaged every 2 h in the IncuCyte to monitor the expression of EGFP, 

a reporter of HSR induction. Representative overlay images of mCherry and EGFP fluorescence are shown after 

0, 10 and 20 h of treatment. (b-c) The fold change in EGFP fluorescence intensity over time normalised to mCherry 

fluorescence intensity to account for changes in cell density over the time-course of the experiment. The HSR was 

induced in these cells by heat shock (42°C/ 2 h) or treatment with 0.75 µM (Neuro-2a) or 0.5 µM (HEK293) 

celastrol or 10 µM CdCl2. (d-e) The kinetics of HSR induction as determined by the time taken to reach half 

maximal EGFP fluorescence. (f-g) The magnitude of HSR induction as determined by EGFP fluorescence of the 

HSE:EGFP stable cell lines after 24 h of treatment with each stress. Data shown is the mean ± SEM of three 

independent repeats. Differences between the means were assessed using a one-way ANOVA followed by 

Tukey’s post-hoc test, where P < 0.05 (*), P < 0.01(**), and P < 0.001 (**).  

 

5.3.3 Evaluating the HSR in differentiated neuron-like cells 

Neuro-2a (HSE:EGFP) were used to further evaluate the capacity of differentiated and non-

differentiated cells to induce an HSR after treatment with CdCl2 and heat shock. The 3-day 

differentiation protocol using dbcAMP did not induce an HSR in these cells. This indicated 

that any responses observed were a result of the stress treatment, not the differentiation process. 

Heat shock and CdCl2 treatment of undifferentiated and differentiated Neuro-2a (HSE:EGFP) 

cells resulted in a time-dependent increase in EGFP fluorescence (Figure 5.5a). Analysis by 

two-way ANOVA indicated that differentiated cells had a significantly increased EGFP 

fluorescence intensity compared to non-differentiated cells after heat shock [F (1, 72) = 192.7, 

P < 0.0001; Figure 5.5b]. Likewise, differentiated cells had a significantly greater EGFP 

fluorescence intensity compared to non-differentiated cells after CdCl2 treatment [F (1, 84) = 

160.4, P < 0.0001; Figure 5.5c]. Analysis of the time taken to reach half maximal EGFP 

expression showed that dbcAMP differentiation did not impact the kinetics of HSR induction 

after heat shock or CdCl2 treatment (Figure 5.5d). There was a significantly greater magnitude 

of HSR induction at 20 h in differentiated compared to non-differentiated cells after heat shock 

and CdCl2 treatment (P < 0.001; Figure 5.5e). 
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Figure 5.5. The effect of differentiation on the HSR in Neuro-2a (HSE:EGFP) following treatment with 

classical inducers of the HSR. Neuro-2a (HSE:EGFP) were differentiated (or not) with 1 mM dbcAMP for 72 h 

and then subjected to stress either by treatment with CdCl2
 (10 µM) or heat shock (42°C/ 2 h). Cells were 

monitored over time using the IncuCyte, whereby EGFP fluorescence was used as a reporter of HSR induction. 

(a) Representative overlays of EGFP and mCherry from the IncuCyte of differentiated and non-differentiated cells 

over-time after heat shock or CdCl2 treatment. (b) The fold change in EGFP RFU normalised to mCherry RFU 

over time in heat shocked (or not) cells that were either differentiated (+ dbcAMP) or non-differentiated  

(- dbcAMP). (c) The fold change in EGFP RFU normalised to mCherry RFU over time in differentiated or non-

differentiated cells treated (or not) with CdCl2. Arrows indicate the time at which plates were removed for 

treatment. (d) The kinetics of HSR induction measured by calculating the time taken to reach half maximal EGFP 

RFU. (e) The magnitude of HSR induction measured by determining the EGFP RFU after 24 h of treatment. Data 

shown are the mean ±SEM of three independent repeats. Differences between the means were assessed by a two-

way ANOVA followed by post-hoc testing using Bonferroni’s test, where P < 0.01 (**), and P < 0.001 (***). 

 

5.3.4 Extracellular protein aggregates do not induce an HSR in neuron-like 

cells 

There is increasing evidence that misfolded disease-associated proteins propagate through the 

CNS from the site of onset in a prion-like mechanism. This process likely involves the release 

of misfolded proteins and inclusion bodies from necrotic neurons into the extracellular matrix 

and subsequent uptake of these proteins by surrounding cells (Jucker and Walker 2013). 

However, it remains to be determined whether cells respond to the extracellular application of 

aggregated protein by inducing an HSR. For the remainder of this chapter, investigations were 

performed on undifferentiated Neuro-2a (HSE:EGFP) cells.  

To test this, recombinant human α-synuclein and SOD1G93A were aggregated in vitro. There 

was a significant increase in ThT fluorescence in the aggregated α-synuclein sample compared 

to monomeric α-synuclein and buffer alone, indicative of an increase in β-sheet structure with 

aggregation (Figure 5.6a). Transmission electron microscopy (TEM) indicated that α-synuclein 

had formed long mature fibrils, > 2 µm in length (Figure 5.6c). The formation of SOD1G93A 

aggregates was monitored by an in situ ThT binding assay; there was a time-dependent increase 

in ThT fluorescence relative to buffer alone (Figure 5.6b). The SOD1G93A aggregates formed in 

these assays were imaged by TEM, which indicated that the aggregates had an irregular and 

amorphous structure, < 80 nm in length (Figure 5.6d). Together, the ThT assay and TEM 
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images indicate that the SOD1G93A aggregates formed in this study contain an underlying β-

sheet structure, but do not assemble into highly-ordered fibrils.  

Soluble and aggregated forms of α-synuclein and SOD1G93A were applied extracellularly to 

Neuro-2a (HSE:EGFP) and the induction of an HSR monitored over the next 72 h by live cell 

imaging (Figure 5.6e-f). There was no change in EGFP fluorescence in the cells treated with 

either 1 µM or 10 µM of soluble or aggregated α-synuclein or SOD1G93A compared to cells 

treated with buffer alone over the 72 h period of these experiments (note: only 0-20 h are 

displayed in Figure 5.6e-f). Furthermore, analysis of the magnitude of HSR induction based on 

the EGFP fluorescence at 20 h indicated that there is no difference between treatment with 

soluble or aggregated α-synuclein or SOD1G93A and buffer alone, except for CdCl2 treated cells 

(this treatment was used as a positive control in this assay; Figure 5.6g-h). Therefore, these 

results suggest that the extracellular application of aggregates formed from disease-associated 

proteins is not sufficient to induce an HSR in cells that have a competent HSR. Therefore, cell-

to-cell propagation of misfolded proteins or aggregates, a molecular mechanism by which NDs 

are thought to spread in the CNS, may not induce an HSR in neurons.  
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Figure 5.6. The HSR in Neuro-2a (HSE:EGFP) cells treated by applying soluble and aggregated forms of  

α-synuclein or SOD1G93A extracellularly to cells in culture. (a) α-Synuclein fibrils were generated and tested 

for β-sheet fibrillar structure by end-point ThT assay. (b) The formation of SOD1G93A aggregates was monitored 

in situ in a ThT time course assay. (c)-(d) TEM micrographs of α-synuclein fibrils and SOD1G93A aggregates. 

Scale bar = 0.5 µm (c) and 200 nm (d). (e)-(f) Monitoring induction of the HSR using live-cell imaging. Time 

course of EGFP RFU normalised to mCherry RFU of Neuro-2a (HSE:EGFP) cells treated with (e) monomeric or 

fibrillar α-synuclein, or (f) dimeric or aggregated SOD1G93A. (g)-(h) The magnitude of HSR activation as 

determined by the EGFP RFU/ mCherry RFU 20 h after application of the protein aggregates. Data shown is the 

mean ± SEM of three or four independent repeats. Differences between the means were assessed using a one-way 

ANOVA followed by Dunnet’s post-hoc test (comparing to buffer alone control), where P < 0.001 (***). 
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5.3.5 The impact of protein aggregation on the HSR in neuron-like cells   

This study also sought to determine whether Neuro-2a cells elicit an HSR in response to the 

expression of unstable (aggregation-prone) pathogenic (SOD1 and Htt) and non-pathogenic 

(Fluc) proteins. To examine this a suite of constructs were generated for the expression of 

cerulean-tagged SOD1WT, SOD1G93A, Htt25Q, Htt72Q, FlucWT, and FlucDM. Neuro-2a 

(HSE:EGFP) were transfected with each of the constructs and harvested for flow cytometric 

analysis to determine the effect of protein expression on HSR induction.  

As a first step, the propensity of each of the cerulean-tagged proteins to aggregate was 

measured using FloIT, a flow cytometric method for the quantification of inclusions described 

in Chapter 4. Cells were lysed in the presence of RedDot1 nuclear dye 48 h post-transfection 

to quantify the number of nuclei in each sample. A sample without RedDot1 was used as a 

negative control to set the gate that defined nuclei and non-nuclear particles on plots of 

RedDot1 fluorescence and FSC (Figure 5.7a-b). The nuclei were excluded, and plots of FSC 

versus cerulean fluorescence resolved protein inclusions comprised of cerulean-tagged 

proteins. Lysates from cells transfected to express SOD1WT
, which does not readily form 

inclusions (McAlary et al. 2016), were used as an inclusion-negative control. Representative 

plots of non-nuclear particles from cells transfected to express SOD1WT (101 events) and 

SOD1G93A (933 events) are shown (Figure 5.7c-d). 

FloIT analysis of the number of inclusions formed by each of the cerulean-tagged proteins 

revealed that the total number of inclusions formed by each protein varied. For example, 

FlucDM and SOD1G93A formed 27 ± 7 and 3.5 ± 0.6% inclusions per 100 transfected cells, 

respectively (Figure 5.7e). FloIT analysis also allows the quantification and comparison of 

physical characteristics (FSC and SSC) of the inclusions formed by each of the cerulean-tagged 

proteins (Figure 5.7f). This demonstrated that inclusions formed by FlucDM and SOD1G93A were 
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significantly smaller (based on the FSC signal) compared to inclusions formed by Htt72Q [F 

(2, 4) = 19.22, P = 0.0089].  

 

Figure 5.7. Quantification of the number of cerulean-tagged inclusion bodies formed in Neuro-2a 

(HSE:EGFP) cells by FloIT. Neuro-2a (HSE:EGFP) cells were transfected to express cerulean-tagged SOD1WT, 

SOD1G93A, Htt25Q, Htt72Q, FlucWT, or FlucDM and, 48 h post-transfection, cells were lysed and the lysates analysed 

by FloIT. (a)-(b) Plots of forward scatter (FSC; size) and RedDot1 nuclear dye fluorescence used to enumerate 

the nuclei in the cell lysate samples. (a) Cell lysates were lysed in the absence of RedDot1 and used to set square 

gates to capture RedDot1+ve events and RedDot-ve non-nuclear events. (b) Cells lysed in the presence of RedDot1 

are shown as a representative plot. (c)-(d) Plots of FSC and cerulean RFU. Representative plots show events 

acquired from Neuro-2a (HSE:EGFP) cells transfected to express SOD1WT-cerulean and SOD1G93A-cerulean. The 

number of cerulean+ve events are denoted in the gate. (e) The number of cerulean inclusion bodies quantified by 

FloIT, normalised to the number of transfected nuclei. (f) Bivariate plot of the FSC and side scatter (SSC; 

granularity) of the cerulean inclusions identified by FloIT. Data shown is the mean ± SEM of three independent 

repeats. Differences between the means were determined using a one-way ANOVA followed by Tukey’s post-

hoc test, there were no statistically significant differences in (e). 

 

Following the quantification of the relative levels of inclusion body formation, whole cells 

were analysed by flow cytometry to assess whether the expression of these proteins induced an 

HSR in Neuro-2a (HSE:EGFP). The gating strategy that was adopted is outlined in Figure 5.8a-

d, such that only single, transfected cells with cerulean fluorescence were included in the 

analysis when determining the capacity of Neuro-2a (HSE:EGFP) to induce an HSR. 
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Figure 5.8. Gating strategy adopted for flow cytometric analysis of HSR induction in Neuro-2a 

(HSE:EGFP).  Neuro-2a cells were transfected to express cerulean tagged SOD1WT, SOD1G93A, Htt25Q, Htt72Q, 

FlucWT, or FlucDM proteins and, 48 h post-transfection, cells were analysed by flow cytometry. (a) Plots of FSC 

and SSC of cells were used to resolve cellular debris and cell clumps. A polygonal gate was set around cells of 

interest and all downstream analyses was performed on this population. (b) Plots of FSC-height (FSC-H) and 

FSC-area (FSC-A) were used to resolve singlet and doublet events and a polygonal gate was used to exclude all 

doublets from downstream analyses. (c) Untransfected cells were used as a cerulean-ve control to identify 

cerulean+ve events. (d) Representative plot of Neuro-2a (HSE:EGFP) cells transfected to express Htt72Q-cerulean 

are shown and the percent of cerulean+ve cells in the square gate are denoted. Data shown is representative of three 

independent repeats.  

 

Some samples were left untreated and were used as an EGFP-ve control to identify EGFP+ve 

cells (Figure 5.9a). To establish the capacity of Neuro-2a (HSE:EGFP) to report on HSR 

induction, cells were treated with celastrol (0.75 µM/ 24 h) and this induced EGFP expression 

in 33.6 ± 1.7% of cells (Figure 5.9b). One-way ANOVA showed that there was a significant 

effect with regard to the type of protein expressed in Neuro-2a (HSE:EGFP) cells and the 

induction of an HSR [F (6, 18) = 101.1, P < 0.0001]. Expression of the two pathogenic proteins, 

SOD1G93A or Htt72Q, resulted in 1.6 ± 0.4% and 4.0 ± 1.1% of the transfected cells becoming 

EGFP+ve, respectively (Figure 5.9d). However, this increase in EGFP+ve cells was not 

significantly greater than the proportion of EGFP+ve cells expressing the non-aggregation prone 

control, SOD1WT. The expression of FlucDM resulted in the expression of EGFP in 12.3 ± 1.3% 

of transfected cells (Figure 5.9c-d). Post-hoc testing showed that the proportion of EGFP+ve 

cells expressing FlucDM was significantly greater than in cells expressing Htt72Q, SOD1G93A or 

SOD1WT (P < 0.001). A bivariate plot of the number of inclusions formed by each protein 

compared to the proportion of EGFP+ve cells showed a positive relationship between number 

of inclusions formed and induction of an HSR (Figure 5.9e).  
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Figure 5.9. Activation of the HSR in Neuro-2a (HSE:EGFP) cells transfected to express cerulean-tagged 

WT or aggregation-prone mutant proteins.  Neuro-2a (HSE:EGFP) cells were transfected to express cerulean 

tagged SOD1WT, SOD1G93A, Htt25Q, Htt72Q, FlucWT or FlucDM proteins. After 48 h incubation, cells were harvested 

for analysis by flow cytometry. Cellular debris, cell clumps, doublet events and untransfected cells were excluded 

from the analysis as described in Figure 5.8a-d. (a)-(c) Representative plots of FSC and EGFP fluorescence of (a) 

untransfected and untreated cells, (b) cells treated with 0.75 µM celastrol (an inducer of the HSR), and (c) cells 

transfected to express FlucDM-cerulean. (d) The percent of transfected cells expressing cerulean-tagged WT or 

mutant proteins which were EGFP+ve. (e) The proportion of EGFP+ve cells in each sample compared to the number 

of inclusions formed by each of the cerulean-tagged proteins. Data shown is the mean ± SEM of three independent 

repeats. Statistically significant differences between the means were determined by one-way ANOVA and 

Tukey’s multiple comparisons test was used, where P < 0.001 (***). 

 

To investigate how the concentration of an aggregation-prone protein effects the activation of 

the HSR, events from the flow cytometric analysis were binned according to the levels of 

cerulean expression (5000 RFU per bin; Figure 5.10a), whereby bin 1 represents low levels 

and bin 10 represents high levels of expression of the aggregation-prone protein in a cell. The 

proportion of EGFP+ve cells in each cerulean bin was then determined. Representative bivariate 

plots of EGFP and FSC of cells transfected to express Htt72Q in cerulean bins 5 and 10 are 

shown in Figure 5.10b. By binning the flow cytometry data in this way two factors can be 
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assessed: (i) the effect of high and low protein concentration on induction of the HSR, and (ii) 

the induction of the HSR in cells expressing WT and mutant aggregation-prone proteins (Figure 

5.10c-e). 

In SOD1G93A-cerulean expressing cells, only 0.4 ± 0.2% of cells were EGFP+ve in bin 1 

compared to 38.7 ± 7.3% of cells in bin 10 (Figure 5.10c). This same trend is observed in 

Htt72Q, FlucWT and FlucDM-cerulean bins, whereby an increasing concentration of these 

aggregation-prone proteins was correlated with an increase in the percent of EGFP+ve cells, 

such that cerulean bin 10 had the highest proportion of EGFP+ve cells (23.4 ± 7.6%, 37.1 ± 

15.9%, and 57.7 ± 10%, respectively; Figure 5.10d-e). In contrast, cells expressing SOD1WT 

and Htt25Q
,
 which do not readily form inclusions, did not induce EGFP expression at any level 

of cerulean expression. Therefore, these data demonstrate that there is a concentration-

dependent effect of protein expression on HSR induction in cells expressing an aggregation-

prone protein. 
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Figure 5.10. High expression levels of aggregation-prone proteins correlate with an increase in the 

proportion of cells with an activated HSR. (a) Overlay histograms of untransfected and Htt72Q-cerulean 

transfected Neuro-2a (HSE:EGFP) with 10 cerulean bins corresponding to 5000 AFU. (b) Representative plots of 

FSC and EGFP fluorescence from samples transfected to express Htt72Q-cerulean from cerulean bin 5 (left) and 

10 (right). The EGFP+ve cells in the indicated cerulean bin (green) are highlighted. (c)-(e) The percent of EGFP+ve 

cells in each cerulean bin for cells expressing (c) SOD1WT or SOD1G93A, (d) Htt25Q or Htt72Q, or (e) FlucWT or 

FlucDM. Data shown is the mean ± SEM of three independent repeats. Differences between the means were 

determined using a two-way ANOVA followed by Bonferroni’s post hoc test, where P < 0.05 (*) and P < 0.01 

(**). 

 

5.3.6 Tracking protein aggregation and HSR induction and over time in 

neuron-like cells 

The induction of the HSR was also investigated over time in Neuro-2a (HSE:EGFP) cells 

transfected to express Htt72Q or FlucDM. These two proteins were chosen because they both 

readily form inclusions and showed differential capacities to induce an HSR in cells (Figure 

5.7e and Figure 5.9d). Live cell confocal imaging of Neuro-2a (HSE:EGFP) cells, facilitated 

the tracking of Htt72Q or FlucDM expression, inclusion body formation, and HSR induction in 

single cells. Representative images of Neuro-2a (HSE:EGFP) cells transfected to express 

cerulean-tagged Htt72Q or FlucDM show differential induction of the HSR (Figure 5.11). Due to 

the broad fluorescence emission spectrum of the cerulean protein, spectral overlap was 
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observed between the channels used to detect EGFP and cerulean fluorescence, particularly in 

regions containg inclusions. 

With regard to cells expressing Htt72Q, over the time course of the experiment there was no 

diffuse EGFP signal detected at any time point following transfection with Htt72Q (Figure 5.11). 

This differs from the result shown in Figure 5.9d, which showed that the HSR was induced in 

1.1% of cells when analysed by flow cytometry. This difference is most likely attributable to 

differences between the methods used to detect HSR induction in these experiements; 20,000 

transfected cells were analysed by flow cytometry whereas only 40 cells were able to be 

followed in the live cell imaging experiments. With regard to cells expressing FlucDM, there 

was an increase in EGFP expression in some cells detected 15 h after transfection and was still 

able to be detected 25 h after transfection (Figure 5.11). These live cell imaging experiments 

support findings from the flow cytometric analysis of the same samples 48-h post-transfection, 

whereby there were a greater proportion of EGFP+ve cells in cells transfected to express FlucDM 

compared to those expressing Htt72Q.   
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Figure 5.11. Live cell imaging of inclusion body formation and heat shock response activation as a function 

of time.  Neuro-2a (HSE:EGFP) cells were transfected to express Htt72Q (top panel) or FlucDM (middle panel), or 

treated with 10µM CdCl2 (bottom panel) and imaged every hour by confocal microscopy. Representative images 

are shown after 0, 15, 20, and 25 h of imaging. Each image is overlayed by the cell outlines (white dotted line) as 

defined by the mCherry signal at each time point. Punctate EGFP signal represents spectral overlap from the 

cerulean signal and diffuse EGFP signal represents the activation of the HSR. Scale bar = 20 µm. Images are 

representative of three independent experiments.  
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To minimise spectral overlap, narrow emission windows for detection of cerulean and EGFP 

fluorescence were applied  (462-492 nm and 506-563 nm, respectively; Figure 5.12a). Despite 

this, an apparent EGFP signal was observed in areas containing inclusion bodies comprised of 

cerulean-tagged proteins (areas of intense fluorescence; Figure 5.12a inset; white arrowheads), 

indicative of cerulean fluorescence being detected in the EGFP emission window. Thus, to 

accurately measure the expression of EGFP over-time, “Cells” and “Inclusions” were identified 

based on mCherry and cerulean fluorescence, respectively, and EGFP fluorescence intensity 

was measured from an area in the cell defined as “Cells – Inclusions” (Figure 5.12b). Bivariate 

plots of the cerulean and EGFP fluorescence intensities derived from regions defined as “Cells 

– Inclusions” demonstrated a strong correlation suggesting that the cerulean signal was still 

contributing to the EGFP signal (Figure 5.12c). This spectral overlap was calculated to be 13%. 

Therefore, spectral compensation was performed on the EGFP data according to equation 5.3. 
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Figure 5.12. Experimental design and analysis of live cell imaging experiments. Neuro-2a (HSE:EGFP) cells 

were transfected to express Htt72Q or FlucDM and imaged over time by confocal microscopy. (a) Fluorescence 

emission spectra of cerulean, EGFP and mCherry fluorescent proteins. The windows for emission collection were 

set at 462-492 nm (blue dotted lines), 506-563 nm (green dotted lines), and 600-657 nm (orange dotted lines), for 

cerulean, EGFP and mCherry, respectively. The lasers used to excite each fluorescent protein are depicted by the 

coloured stars. Inset: A representative image of Neuro-2a (HSE:EGFP) cells transfected to express Htt72Q, 

demonstrating spectral overlap between the cerulean and EGFP channels (white arrowheads). (b) Analysis 

pipeline used in Cell Profiler of confocal images acquired during the live cell imaging experiment. The mCherry 

channel (left) was used to define the “Cells”, which are masked in different colours, and this region was used to 

measure cerulean fluorescence intensity, the number of cerulean+ve cells, and the total number of all cells in each 

image over the time-course. The cerulean channel (middle) was used to identify “Inclusions” and this region was 

used to count the number of inclusions formed in each image over the time-course. The “Inclusions” were 

subtracted from the “Cells” to generate a third region for measurement defined as “Cells – Inclusions”, and this 

region was used to determine the EGFP fluorescence intensity in this channel. All scale bars = 20 µm. (c) Bivariate 

plots of cerulean and EGFP fluorescence intensities from the “Cell – Inclusions” region in Htt72Q transfected cells 

at 36 h, before (left) and after (right) spectral compensation. 
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Images from these live cell imaging experiments were subjected to the analyses outlined in 

Figure 5.12, to track the expression of cerulean-tagged proteins, formation of inclusion bodies, 

and induction of the HSR over time. Treatment of Neuro-2a (HSE:EGFP) with 10 µM CdCl2 

(the positive control) resulted in a time-dependent increase in the proportion of cells that were 

EGFP+ve compared to untreated cells (Figure 5.13a). A two-way ANOVA was conducted to 

compare the effect of treatment with CdCl2 and time elapsed. Treatment with CdCl2 

significantly increased the proportion of EGFP+ve cells compared to no treatment [F (1, 130) = 

369.7, P < 0.0001], and post-hoc analysis using Bonferroni’s test showed that this difference 

was statistically significant 12 h after treatment. Likewise, there was a time-dependent increase 

in the proportion of EGFP+ve cells in samples transfected to express FlucDM (Figure 5.13b). In 

contrast, there was no effect of Htt72Q expression on the proportion of EGFP+ve cells over time 

(Figure 5.13b). There was a significantly greater proportion of EGFP+ve cells in samples 

expressing FlucDM compared to Htt72Q [F (1, 144) = 33.43, P < 0.0001]. Post-hoc analysis using 

Bonferroni’s test showed that this difference was statistically significant 21 h following 

transfection. 

To determine the rate of FlucDM and Htt72Q inclusion formation, the proportion of cells with 

cerulean inclusions was determined in every image over the time-course of the live cell imaging 

experiment (Figure 5.13c). There was a significant time-dependent increase in the number of 

inclusions formed in Neuro-2a (HSE:EGFP) by both Htt72Q and FlucDM, with both samples 

reaching a plateau in the proportion of cells with inclusions after 20 h [F (12, 143) = 33.43, P 

< 0.0001]. There was no effect of the type of protein expressed on the mean number of inclusion 

bodies formed over the time-course of the experiment [F (1, 143) = 0.09, P = 0.7607]. Both 

Htt72Q and FlucDM reached half maximal inclusion body formation by 12.8 ± 2.4 h and 13.9 ± 

3.4 h, respectively, indicating that there was no significant difference in the rate of aggregation 

of either protein. One of the limitations of this type of image analysis was the ability to detect 



Chapter 5 – The effect of neuronal differentiation and protein aggregation on the HSR 

150 

 

inclusion bodies of a range of sizes and fluorescence intensities. Consequently, it is likely that 

the reported maximum proportion of cells with inclusions (75% after 25 h for FlucDM and 

Htt72Q) is an underestimate. In fact, visual assessments of these images were unable to identify 

any transfected cells that did not form inclusions after 36 h.  

 

Figure 5.13. Live cell imaging of the heat shock response in Neuro-2a (HSE:EGFP) transfected to express 

Htt72Q and FlucDM.  (a) The proportion of EGFP+ve cells over time after treatment (or not) with 10 µM CdCl2. (b) 

The proportion of EGFP+ve cells over time after transfection to express Htt72Q or FlucDM. (c) The percent of 

transfected cells with inclusions over time. Data shown are the mean ± SEM of single cell analyses from 8 fields 

of view using a 40× dry objective. These findings are representative of three independent live cell imaging 

experiments. Differences in the means were assessed using a two-way ANOVA followed by post-hoc analysis 

using Bonferroni’s test, where P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***). 
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These live cell imaging experiments of Neuro-2a (HSE:EGFP) transfected to express Htt72Q 

and FlucDM were also used to track the formation of inclusions, the induction of the HSR and 

cell death in individual cells. Cells transfected to express FlucDM demonstrated heterogeneity 

with respect to their capacity to induce an HSR, whereby an increase in EGFP fluorescence 

over time only occurred in a subset of cells with inclusions. Representative traces of EGFP, 

cerulean and mCherry fluorescence over time are shown of two individual cells transfected to 

express FlucDM. In both cells FlucDM aggregated and formed an inclusion; cell 1 shows no 

increase in EGFP expression (indicative of an HSR), whereas Cell 2 does (Figure 5.14a-b). In 

contrast, there was no increase in EGFP over time in any cells expressing Htt72Q (Figure 5.14c-

d).  

To determine whether HSR induction in cells with FlucDM inclusions is dependent on the rate 

of inclusion formation, the time taken for inclusions to form was determined in each transfected 

cell (Figure 5.14e). There was no difference in the average time taken for cells expressing 

FlucDM or Htt72Q to form inclusions, supporting data in Figure 5.13c. Cells were then grouped 

according to whether they had induced an HSR or not. There was no significant difference in 

the average time taken for inclusions to form in FlucDM-expressing cells that did (18.2 ± 0.7 h) 

or did not (18.5 ± 1.5 h) induce an HSR (Figure 5.14e). This suggests that the rate of inclusion 

formation does not influence whether a cell mounts HSR in response to inclusion formation or 

not.  

To determine whether the induction of the HSR could enhance cell viability in the context of 

protein aggregation, the time taken for cells to die after inclusion formation was assessed 

(Figure 5.14f). There was no difference in the time taken for cells with Htt72Q inclusions to die 

compared to cells with FlucDM inclusions that did not induce an HSR (Figure 5.14f). This 

suggests that there is no inherent difference in the cytotoxicity of either of these proteins. 

However, cells with FlucDM inclusions that induced an HSR demonstrated a significantly 
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greater extension in time to cell death (where membrane permeability and loss of mCherry 

fluorescence was used as a marker of cell death; 30.5 ± 3.6 h) compared to cells that did not 

induce an HSR (17.6 ± 2.1 h; P = 0.0049). This suggests that the induction of the HSR in cells 

with FlucDM inclusions enhanced cell viability. Every cell that formed a FlucDM or Htt72Q 

inclusion died within the time course (60 h) of the live cell imaging experiment. To summarise, 

a subset of the cells with FlucDM inclusions induced an HSR and the induction of the HSR was 

not influenced by the rate of inclusion formation. However, induction of the HSR in cells 

correlated with a significantly extended the time taken for the cells to die.   
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Figure 5.14 Tracking the HSR in individual cells expressing FlucDM and Htt72Q. Neuro-2a (HSE:EGFP) cells 

were transfected to express Htt72Q or FlucDM and imaged over time by confocal microscopy. (a)-(b) The fold 

change in EGFP, cerulean and mCherry fluorescence intensities (RFU) over time in a single cell expressing 

FlucDM. Where EGFP fluorescence was used as a reporter of the HSR, cerulean fluorescence shows FlucDM 

expression and a loss of mCherry fluorescence was used to report on cell death over time. (c)-(d) The fold change 

in EGFP, cerulean and mCherry fluorescence intensities over time in a single cell transfected to express Htt72Q. 

The times at which inclusion bodies (IB) are formed and cells die are indicated by the arrows. (e) Time taken for 

transfected cells to form inclusion bodies (IB) in HSR-ve and HSR+ve cells. (f) Time taken for cells to die after to 

formation of inclusions in HSR-ve and HSR+ve cells. Statistically significant differences between the means were 

determined using a one-way ANOVA followed by Tukey’s post-hoc test, where P < 0.01 (**).  
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5.4 Discussion 

In this work, Neuro-2a (HSE:EGFP) cells were used to address whether the absence of the 

HSR in neurons in the context of NDs is an intrinsic characteristic of differentiated neurons 

and whether protein aggregates (intra- or extracellular) induce an HSR in neuron-like cells. We 

showed that Neuro-2a (HSE:EGFP) cells differentiated into neuron-like cells demonstrated a 

greater magnitude in HSR induction compared to non-differentiated cells. The extracellular 

application of pathogenic aggregates did not induce an HSR. However, over-expression of the 

pathogenic proteins Htt72Q and SOD1G93A induced an HSR in a small proportion of cells, 

whereas the expression of FlucDM induced an HSR in a significantly greater proportion of cells. 

This research explored in detail the effect of expression level, number of inclusions formed, 

inclusion size, and rate of inclusion formation of aggregation-prone proteins to determine 

which factor/s influence HSR induction in these cells. In doing so, the findings of the present 

study show that there is a positive relationship between the number of inclusions formed and 

induction of the HSR, and protein concentration of aggregation-prone proteins and induction 

of the HSR in cells. 

Cell-based studies of the HSR have typically relied on low throughput, qualitative techniques 

such as, immunocytochemistry and immunoblotting of relative Hsp expression levels, and/or 

electrophoretic mobility shift assay of HSF1 binding to DNA. A more recent strategy to 

measure the induction of the HSR in cells has involved the use of hspa1a promoter-driven 

firefly luciferase reporters (Yang et al. 2008, Olzscha et al. 2011). However, there are several 

disadvantages to using firefly luciferase as a reporter protein, including the requirement of 

expensive reagents (e.g. luciferin to measure firefly luciferase activity), it is not amenable to 

generating time-resolved data, and it is restricted to bulk cell analysis. The fluorescent reporter 

stable cell lines developed in the present study help to overcome these limitations and enable 

quantitative, real-time monitoring of HSR induction in cells, both at the level of single cells 
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and bulk cell analyses. Importantly for this work, this approach provided a platform to study 

how cells respond to cellular stresses after differentiation into neuron-like cells or with intra- 

or extracellular protein aggregates. Furthermore, the kinetics and magnitude of HSR induction 

could be calculated, which are important parameters when investigating stress-inducible 

responses, such as the HSR.  

5.4.1 Differentiated Neuro-2a have a competent HSR 

In the present study, Neuro-2a (HSE:EGFP) cells were differentiated with dbcAMP into 

neuron-like cells, as indicated by the increased expression of the dopaminergic neuronal marker 

tyrosine hydroxylase. Immunoblot analysis of heat shocked samples showed 100% of the HSF1 

present was phosphorylated after a 2 h heat shock, in both differentiated and non-differentiated 

cells (Figure 5.2). This finding indicates that differentiation had no effect on the ability to 

activate an HSR in these cells. Moreover, time-resolved data from the EGFP reporter cell-line 

showed that there was a significant increase in the magnitude of HSR induction in 

differentiated compared to non-differentiated cells when they were subjected to heat shock 

(Figure 5.5). This could be the result of an extended time of HSF1 hyperphosphorylation, which 

occurs within the 0-6 h period post-heat shock that was not examined by the immunoblot 

analysis, in differentiated cells. The differences between these two approaches used to 

determine the capacity of cells to induce an HSR highlight the importance of acquiring 

quantitative time-resolved data when studying stress-inducible pathways, such as the HSR.  

The finding that differentiated Neuro-2a cells showed a greater magnitude of HSR induction 

than non-differentiated cells contrasts with previous investigations into the effect of 

differentiation on the capacity of cells to induce an HSR. Heat shock (42°C/ 2 h) of dbcAMP 

(1 mM) differentiated NG108-15 cells resulted in a significant reduction in the ability of these 

cells to induce an HSR (measured using a firefly luciferase reporter downstream of the 

complete Hspa1a promoter, immunoblotting and northern blotting) (Oza et al. 2008, Yang et 
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al. 2008). Indeed, it has been reported in multiple studies that an attenuated induction of Hsp70 

expression or Hspa1a promoter driven reporter genes is a common feature of neuronal 

differentiation in the 8 cell lines tested (Dwyer et al. 1996, Hatayama et al. 1997, Yang et al. 

2008). Some of these studies used differentiated Neuro-2a (1 mM dbcAMP), PC12 (50 ng/mL 

nerve growth factor), or NS20 (1 mM dbcAMP) (Dwyer et al. 1996, Hatayama et al. 1997, 

Yang et al. 2008) cells.  

The differences between the findings of the present study and these previous investigations are 

likely the consequence of differences in the promoter used to drive reporter gene expression 

and variation in the capacity of different cell lines to induce Hsp70 expression. A screen of the 

HSR in neuronal cell lines showed that the induc tion of Hsp70 expression after heat shock 

(43°C/ 90 min) was not observed in 2 (N18TG2 and CL8a5.2) of 9 (SN6.1b, CL8c4.7, NSC-

34.4.6, NB-1, GOTO, IMR-32) cell lines (Satoh et al. 1994). This suggests that an upregulation 

of Hsp70 in response to heat shock is not common to all cell lines (Satoh et al. 1994). With 

regard to the previous work using Neuro-2a cells, the reporter construct included the complete 

mouse Hspa1a promoter region (position 1–1042 from genbank accession number M76613) 

(Yang et al. 2008). Therefore, this construct specifically reports on experimental conditions 

that induce the expression of Hsp70. However, in the present study, a minimal Hspa1a 

promoter with 8 putative HSEs (nGAAn; where ‘n’ is any nucleotide) was used and thus this 

promoter reports on HSF1 activation and DNA binding to HSEs. Therefore, the construct used 

in this work specifically reports on the induction of an HSF1-mediated HSR whereas the 

Hspa1a promoter driven firefly luciferase construct used previously reports on the induction 

of Hsp70 transcription. This could, at least in part, explain the differences between these two 

studies.  

The increase in HSF1 activity in heat shocked and CdCl2 treated, dbcAMP differentiated cells 

(Figure 5.5) may be explained by the role of cAMP in the protein kinase A (PKA) signalling 
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cascade. HSF1 transcriptional activity is highly regulated by the phosphorylation of key serine 

residues in its regulatory domain (Vihervaara and Sistonen 2014). The cAMP-dependent serine 

kinases PKA and p38 mitogen activated kinase (MAPK) have been previously shown to bind 

to HSF1 and phosphorylate key serine residues (S320, S326, S303/307) that activate HSF1 

transcription (Choi et al. 1991, Murshid et al. 2010). Therefore, it follows that treating cells 

with high concentrations of dbcAMP for 72 h is likely to initiate the PKA-dependent signalling 

cascade, activate kinases that phosphorylate HSF1, and sensitise cells to induce a stronger HSR 

after treatment by heat shock or CdCl2.  

Whilst it has previously been hypothesised that neurons have an attenuated capacity to induce 

an HSR; this generalisation cannot be applied to all neurons. For example, cerebellar granule 

neurons and striatal neurons have an intact HSR in vivo and in culture (Marini et al. 1990, 

Carnemolla et al. 2015). In contrast, motor neurons have a high threshold for induction of the 

HSR (Batulan et al. 2003). The capacity of a neuron to induce an HSR may therefore be 

dependent on several factors, including neuronal subtype and the specialisation of the neuron, 

rather than the differentiation of the neuron. These findings highlight the need to move these 

investigations into models that are more physiologically relevant to neuronal development and 

NDs, since it is clear that there are distinct differences in the capacity of a range of neuronal 

subtypes to induce an HSR.  

5.4.2 Extracellular protein aggregates evade (or impair) the HSR 

SOD1 and α-synuclein aggregates have been shown to be taken up by neuroblastoma cells after 

1 h and 8 h, respectively (Lee et al. 2008, Munch et al. 2011). In the present study we showed 

that the extracellular application of SOD1G93A and α-synuclein aggregates to Neuro-2a 

(HSE:EGFP) cells did not result in an induction of the HSR up to 72 h post-treatment. Similar 

studies have shown that treatment of other cell-types in this way elicits other stress-responses, 

such as inflammatory pathways. For example, treatment of EOC.13 microglial-like cells with 
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SOD1G93A aggregates resulted in an upregulation of TNFα (Roberts et al. 2013). The absence 

of an HSR in cells after treatment with protein aggregates in the present study suggests that 

these pathogenic proteins may evade detection by the components of the HSR that activate this 

pathway. Thus, the failure of aggregated SOD1 and α-synuclein to activate the HSR may 

contribute to disease progression in NDs by facilitating the seeding of inclusion formation in 

neighbouring cells that take up aggregates. Future research could investigate whether the 

pharmacological induction of the HSR in cells prevents inclusion formation after seeding with 

aggregates as a potential therapeutic strategy to stop the progression of NDs in the CNS.  

Treatment of Neuro-2a (HSE:EGFP) cells with protein aggregates comprised of non-

pathogenic proteins would be an interesting comparison to investigate in future studies to 

determine if the absence of the HSR is specific to aggregates formed from pathogenic proteins. 

In addition, the internalisation of these aggregates into the cytosol may result in the activation 

of other stress-inducible arms of the proteostasis network, such as the unfolded protein 

response. This is another avenue that requires further research.  

5.4.3 The effect of intracellular protein aggregation on inducing the HSR 

This work showed that the intracellular expression of the pathogenic proteins SOD1G93A and 

Htt72Q resulted in a low proportion of cells that had induced an HSR 48 h after transfection. In 

comparison, a significantly greater proportion of cells expressing FlucDM induced an HSR. 

Previous research using a HEK293 fluorescent reporter cell line reported that Htt91Q expression 

did not lead to a detectable induction of the HSR, irrespective of the expression level or 

aggregation status of the protein in the cell (Bersuker et al. 2013). One possible explanation for 

the differences observed between these two studies are the design of the promoters in the 

fluorescent reporter constructs; the promoter used in the previous report was a fragment of the 

complete hspa1a promoter (positon 145-604 from genbank accession number NG_046363). 
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There also may be differences in the ability of Neuro-2a and HEK293 to respond to polyQ-

expanded Htt aggregation. 

The differences observed in this study between the effect of pathogenic and non-pathogenic 

proteins, with regard to inducing an HSR, could be explained by findings that suggest 

pathogenic protein expression increases the threshold of induction of the HSR. For example, 

the ability of SH-SY5Y cells to induce the HSR after heat shock (42°C/ 20 min) was 

significantly reduced after chronic extracellular application of prion protein or amyloid-β 

(Resenberger et al. 2012). Moreover, synthetic β-sheet forming proteins significantly inhibit 

the induction of the HSR in MG132-treated HEK293 cells (monitored using a Fluc reporter 

downstream of the Hspa1a promoter) (Olzscha et al. 2011). Furthermore, the HSR is decreased 

after heat shock in primary striatal neurons expressing Htt111Q compared to those expressing 

Htt7Q (Chafekar and Duennwald 2012). Together, these findings suggest a possible common 

underlying pathology in NDs, whereby disease-associated proteins attenuate the HSR and this 

facilitates inclusion body formation and propagation through the CNS. Future research, which 

investigates a wide range of disease-causing proteins could establish whether this is a molecular 

pathology common to all NDs. 

Finally, live cell imaging experiments were performed to assess whether the capacity of cells 

to induce an HSR could be attributed to: (i) the rate of inclusion formation of the protein, (ii) 

the physical properties of the inclusions formed (i.e. size and granularity), and/or (iii) the total 

number of inclusions formed by each protein. There was no significant difference in the rate 

of Htt72Q or FlucDM inclusion formation. FlucDM
 formed inclusions that were significantly 

smaller than those formed by Htt72Q (Figure 5.7f). However, inclusions formed by SOD1G93A 

were of a similar size to FlucDM and SOD1G93A expression only induced an HSR in a low 

proportion of cells. Therefore, the relative difference in the capacity of each of the proteins to 
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induce an HSR correlates best with the number of inclusions formed by the proteins (i.e. FlucDM 

> Htt72Q > SOD1G93A). 

The present study showed that induction of the HSR in cells with FlucDM inclusions resulted in 

them having an extended lifespan compared to cells with inclusions that did not induce an HSR. 

Thus, despite the presence of the inclusion body in the cell, induction of the HSR was sufficient 

to enhance cell viability. Future research should investigate the differences between the subsets 

of cells with FlucDM inclusions that did and did not induce an HSR. For example, these subsets 

could be cell sorted for proteomic or epigenomic analysis to elucidate the mechanism by which 

the HSR was induced (or not). Importantly, this finding highlights that inducing the HSR (e.g. 

pharmacologically) may be beneficial to the affected cells of the CNS in patients with NDs, 

even after inclusion formation has been initiated. Unfortunately, in recent years there has been 

little development in producing an HSR-inducing compound that is brain permeable and not 

cytotoxic, with the exception of arimoclomol, a co-inducer of the HSR (see section 1.7). 

Therefore, future research should investigate mechanisms of HSR induction in the cells that 

comprise the CNS for the identification of novel targets that can be used in the development of 

new therapeutics.  

5.4.4 Summary 

In summary, the findings detailed in this Chapter showed that, contrary to previously published 

studies, dbcAMP differentiated and non-differentiated Neuro-2a cells have a competent HSR. 

The magnitude of HSR induction was significantly greater in differentiated compared to non-

differentiated cells after treatment with heat shock or CdCl2. This is likely the consequence of 

treatment of the cells with high concentrations of dbcAMP, that initiates the PKA signalling 

cascade, which in turn phosphorylates and sensitises cells to activate HSF1 following stress. 

Future research should investigate the capacity of different neuronal sub-types to induce the 

HSR, to elucidate the feasibility of inducing the HSR pharmacologically in neurons as a 
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therapeutic for NDs. Furthermore, these data demonstrate that the extracellular application of 

aggregated forms of pathogenic proteins does not induce an HSR in neuron-like cells. 

Likewise, the expression of pathogenic aggregation-prone proteins only induced the HSR in a 

low proportion of cells (2-4%). This study is unique in that it investigated the effect of a number 

of different factors on the induction of the HSR, including, the aggregation propensity of 

pathogenic and non-pathogenic proteins, protein concentration, number of inclusions formed, 

inclusion size, and the rate of inclusion formation. Based on the flow cytometric and live cell 

imaging data it is concluded that HSR induction depends on the concentration of aggregation-

prone protein, and hence the number of inclusions formed. Induction of the HSR was not 

dictated by the size of the inclusions nor the rate of inclusion formation. 

To conclude, the absence of a strong HSR in cells exposed to intra- and extracellular protein 

aggregation suggests that pathogenic proteins: (i) do not cause sufficient stress to induce an 

HSR, (ii) evade detection by the proteins that signal for the induction of HSR, (iii) attenuate 

the HSR, (iv) active other stress-inducible arms of the proteostasis network, or (v) a 

combination of these factors. Therefore, future research should extend on this work by 

investigating the mechanisms by which aggregation prone proteins bypass the HSR in cells. In 

doing so, this could identify novel pathways to target for the development of HSR modulating 

therapeutics to treat NDs.   
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6.1 Introduction 

There is strong evidence that suggests that ALS can be characterised as a non-cell autonomous 

disease (Boillée et al. 2006a, Lee et al. 2016). Glial cells play vital roles in the support and 

maintenance of neurons. However, in ALS, glia may become toxic to the very cells they usually 

protect. The initiation and progression of ALS depends on the molecular pathologies developed 

within motor neurons, and the subsequent reactivity of astroglia and microglia (Yamanaka et 

al. 2008, Philips and Robberecht 2011, Lee et al. 2016). Evidence for this comes from two 

studies, which together showed that selective deletion of SOD1G37R expression from GFAP-

positive spinal cord astroglia and CD11b-positive microglia does not slow disease onset or 

early disease progression (Boillée et al. 2006b, Yamanaka et al. 2008). Rather, this astroglial- 

or microglial-specific deletion of SOD1G37R expression dramatically delays late disease 

progression, resulting in an overall extension of survival by 60 and 99 days, respectively 

(Boillée et al. 2006b, Yamanaka et al. 2008). These two studies demonstrate that mutant SOD1 

expression in astroglia and microglia plays a significant role in late disease progression and 

overall survival in ALS.  

There is a need to compare differences in astroglial and microglial stress-responses between 

different regions of the CNS, given the non-cell autonomous progression and specific 

degeneration of spinal cord and motor cortex motor neurons in ALS. There is a growing body 

of evidence to demonstrate that there are inter- and intra-regional differences in astroglial and 

microglial populations in terms of their transcriptome, proteome and subsequent function (de 

Haas et al. 2008, Hochstim et al. 2008, Farmer et al. 2016, Grabert et al. 2016, Haim and 

Rowitch 2017). For example, a study that investigated the transcriptome of purified dorsal and 

ventral horn astroglia of the spinal cord identified significant differences in the expression of 

40 genes (Molofsky et al. 2014). Therefore, in the context of ALS, where striking regional 

differences in neurodegeneration are observed between the cerebral cortex and spinal cord, it 
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is of importance to investigate how glia differ in the absence and presence of ALS-associated 

pathologies. In particular, whether pathways that respond to stress, such as inflammation and 

the HSR, are differentially activated in glia derived from the cortex compared to the spinal 

cord. 

Previous research has shown that cellular stresses propagated from inflammatory pathway 

activation can subsequently induce the HSR (Santoro et al. 1989, Schett et al. 1998, Ianaro et 

al. 2001). Induction of the HSR results in the upregulation of Hsps, which possess anti-

inflammatory (Kalmar and Greensmith 2009), anti-aggregation (Treweek et al. 2015, Yerbury 

et al. 2016), and anti-apoptotic (Beere 2004) activities. With respect to the anti-inflammatory 

effects of the HSR, it has been shown that HSR activation can down-regulate LPS-mediated 

glial expression of iNOS, which in turn reduces the synthesis of NO (Feinstein et al. 1996, 

Russo et al. 2006). Furthermore, work in BEAS-2B and A549 cells (both human lung epithelial 

cell lines) suggests that HSR activation up-regulates the expression of IκBα and IκBβ to 

increase the cytosolic concentration of these proteins and inhibit NF-κB activation (Wong et 

al. 1997, Thomas et al. 1998). One of the products of HSR induction, Hsp70, has been shown 

to inhibit the NF-κB-mediated inflammatory cascade via two independent mechanisms: (i) by 

binding to the NF-κB-IκBα complex (Zheng et al. 2008) to prevent the activation and nuclear 

translocation of NFκB, and (2) by binding to and preventing the ubiquitination of TRAF6 and 

thus, the signal transduction pathway that propagates the NF-κB-mediated inflammatory 

cascade (Chen et al. 2006). Together, these findings show that Hsps interact with components 

of the inflammatory pathway and inhibit its activation.  

There has been relatively little work investigating the induction of the HSR and Hsp expression 

in glia in the context of cellular stress associated with ALS. This may be because, historically, 

research in this area has focused on motor neurons, the degenerating cell-type, rather than the 

surrounding cells. A recent study showed that the over-expression of the sHsp, αB-c (Hspb5), 
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specifically in the astroglia of a mouse model of HD resulted in a 12.5% increase in motor 

neuron survival and 50% decrease in insoluble Htt (Oliveira et al. 2016). This finding suggests 

that further investigation into the mechanisms of HSR induction in glial cells is necessary, since 

Hsp over-expression in astroglia has been shown to be beneficial to neurons (Oliveira et al. 

2016). It prompts the question: can inflammatory stimuli, a significant pathology associated 

with ALS, up-regulate Hsp expression in glia? 

Investigation of inflammatory activation and HSR induction in glial cells of the spinal cord is 

warranted, as neuroinflammation is a key driver of ALS progression in the spinal cord and ALS 

is a non-cell autonomous disease. Therefore, the objectives of the current study were to: (i) 

compare inflammatory responses in cortical and spinal cord glia, (ii) assess whether 

inflammatory stressors are sufficient to induce an HSR in these cells, and (iii) compare the 

maximal ability of cortical and spinal cord glia to induce an HSR after heat shock. This research 

was conducted in cortical and spinal cord mixed glial cultures derived from WT (i.e. non-

transgenic), SOD1WT, and SOD1G93A mice. This type of comparison of glial stress-responses 

between different regions of the CNS may explain, at least in part, why spinal cord motor 

neurons in ALS are vulnerable to degeneration over neuronal populations in other regions of 

the CNS. 
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6.2 Materials and Methods 

6.2.1 Antibodies 

The antibody catalogue numbers and the concentrations used for immunoblotting (IB), 

immunocytochemistry (ICC) and flow cytometry (FC) are provided in parentheses. Rabbit 

polyclonal anti-iNOS (AB5384; IB 1:1000, ICC 1:100) was from Merck Millipore. Goat 

polyclonal anti-Hsp27/Hsp25 (sc-1049; IB 1:1000, ICC 1:100, FC 1:100) and mouse 

monoclonal anti-Hsp70 (sc-24; IB 1:1000) were from Santa Cruz Biotechnology. Rat 

monoclonal anti-mouse CD11b (MCA74GA, ICC 1:100) was from Bio-Rad. Rabbit polyclonal 

anti-Iba1 (019-19741, IB 1:5000, ICC 1:500) was from Wako Laboratory Chemicals and rat 

polyclonal anti-CD11b-APC/Cy7 (101226, FC 1:1000) was from Biolegend. Mouse 

monoclonal anti-GFAP-Cy3 (C9205, ICC 1:500, FC 1:500) was from Sigma-Aldrich. Donkey 

anti-rabbit IgG-AlexaFluor488 (A21206, ICC 1:1000), anti-goat IgG-AlexaFluor488 (A11055, 

ICC 1:1000, FC 1:1000), and anti-rabbit IgG-AlexaFluor633 (A31573, ICC 1:1000, FC 

1:1000) secondary antibodies were from Thermo Fisher Scientific. Rabbit anti-mouse IgG-

HRP (P0260, IB 1:1000), anti-goat IgG-HRP (P0160, IB 1:2000), and pig anti-rabbit-HRP 

(P0217, IB 1:2000) secondary antibodies were from Dako-Agilent Technologies.  

6.2.2 Breeding and maintenance of (C57BL/6 x SJL) F1 hybrid WT, SOD1WT, 

and SOD1G93A mice  

All mice were housed in a controlled temperature and humidity environment and maintained 

on a 12 h light/dark cycle with access to food and water provided ad libitum. All experiments 

were performed under licence from the UK government in accordance with the Animals 

(Scientific Procedures) Act 1986 and following approval from the Institute of Neurology 

Ethical Review Committee.  
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Non-transgenic, (C57BL/6 x SJL) F1 hybrids, and transgenic mice expressing human 

SOD1G93A or SOD1WT were used to model ALS and were obtained from Jackson Laboratories 

(USA). The SOD1G93A mice (TgN[SOD1-G93A]1Gur) have been previously characterised to 

carry 25 copies of the SOD1G93A transgene (Gurney et al. 1994, Gurney 1994). Therefore, mice 

that over-express SOD1WT (TgN[SOD1]2Gur) at equivalent protein levels were used as a 

control transgenic strain in these experiments (Gurney et al. 1994). The mice were maintained 

at the Institute of Neurology, University College London by breeding heterozygous male 

carriers with female (C57BL/6×SJL) F1 hybrids.  

6.2.3 Genotyping 

The mice carrying the SOD1WT or SOD1G93A transgene were identified by polymerase chain 

reaction (PCR) amplification of the human SOD1 transgene from genomic DNA. DNA was 

extracted from tail biopsies by incubating the biopsies at 55°C/ 5 min in digest buffer, 10 mM 

Tris-HCl pH 8.3, 50 M KCl, 0.1 mg/mL gelatin, 0.45% (v/v) Nonidet P-40, 0.45% (v/v) Tween-

20, supplemented with 1 U of proteinase K. Samples were then heated at 95°C/ 10 min to 

inhibit proteinase K activity and centrifuged 23,000 × g/ 2 min. The extracted genomic DNA 

in the supernatant was used to PCR amplify the human SOD1 transgene (forward primer: 5′-

catcagccctaatccatctga-3′ and reverse primer: 5′-cgcgactaacaatcaaagtga-3′) and mouse 

interleukin-2 gene (forward primer: 5′-ctaggccacagaattgaaagatct-3′ and reverse primer: 5′- 

gtaggtggaaattctagcatcatc-3′) as an internal control.  

6.2.4 Primary murine cortical and spinal cord mixed glial cultures 

Cortical and spinal cord primary mixed glial cultures were prepared from postnatal day 1-3 

new-born (C57BL/6 × SJL) F1 mice using a protocol modified from McCarthy and de Vellis 

(McCarthy and de Vellis 1980). Briefly, spinal cords and cortices were pooled separately in 

Ca2+/Mg2+ free Hank’s balanced salt solution (HBSS), cut into pieces with a scalpel, and 
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mechanically dissociated by trituration. The tissue was enzymatically dissociated with 0.025% 

(v/v) trypsin, 0.02% (w/v) DNase I, 0.3% (w/v) BSA, 1% (v/v) penicillin/ streptomycin in 

HBSS (37˚C/ 10 min) and proteolysis was inhibited with FCS. Cell suspensions were made by 

triturating 15 times and 5 mL FCS was added prior to centrifugation (400 × g/ 5 min). The cell 

pellet was reconstituted with glial feeding media, 15% (v/v) FCS, 1% (v/v) 

penicillin/streptomycin in DMEM and filtered through a 100 µm nylon mesh strainer. Cell 

suspensions were plated at a density of 2.5 × 105 cells/mL into 6-well plates or glass coverslips 

in 24-well plates coated with poly-D-lysine. The glial feeding media was changed 24 h post-

plating and every 3 days thereafter and cultures were maintained at 37°C under 5% CO2/ 95% 

air. After 12 days in vitro, the monolayer of cells reached 80-90% confluency and the 

composition of the resulting cortical and spinal cord mixed glial cultures were assessed by 

immunocytochemistry, and flow cytometry by staining with anti-GFAP (astroglial marker) and 

anti-CD11b or anti-Iba1 (microglial markers). Biological replicates of cultures for these studies 

were prepared from separate litters of newborn mice.  

6.2.5 Purified primary cortical and spinal cord microglial cultures 

Microglia were shaken off the top of the mixed glial cultures after 5 days in culture using a 

MaxQ 4000 orbital shaker (200 rpm/ 1 h/ 37°C; Thermo Fisher Scientific) and pelleted by 

centrifugation (400 × g/ 5 min).  Microglia were resuspended in glial feeding medium and 

seeded into poly-D-lysine coated plates. Once plated, microglia entered a resting phase and did 

not proliferate. Therefore, this process was repeated every 5 days using the mixed glial parental 

culture as a source of proliferating microglia.  

6.2.6 Treatment of primary mixed glial cultures 

Primary mixed glial cultures were treated after 12 days in vitro with inflammatory mediators, 

LPS or TNFα, or heat shock (42°C/ 30 min with recovery at 37°C/ 6-24 h) as a positive control. 
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For Griess assays, cells were treated for 24 h with increasing concentrations of LPS (0-100 

µg/mL) or TNFα (0-200 ng/mL) diluted in glial feeding media. For all other experiments, cells 

were treated for 24 h with 80 µg/mL LPS or 100 ng/mL TNFα diluted in glial feeding media, 

concentrations that were shown to elicit a maximal inflammatory response in cortical and spinal 

cord primary mixed glial cultures. In experiments that investigated the effect of iNOS 

inhibition on NO synthesis, mixed glial cultures were pre-treated with 25 µM N-[[3-

(aminomethyl)phenyl]methyl]-ethanimidamide, dihydrochloride (1400W) for 2 h prior to 

treatment with inflammatory mediators. After treatment, cell supernatants were harvested for 

Griess assays to quantify the concentration of nitrite. Alternatively, cells were either harvested 

for immunoblot analysis or fixed in 4% (w/v) PFA for immunolabelling and subsequent 

epifluorescence microscopy or flow cytometry.  

6.2.7 Griess assay 

The release of NO radicals in the cell culture medium of LPS or TNFα treated cortical and 

spinal cord mixed glial cultures and was assessed by measuring the accumulation of nitrite 

(NO2
-; a stable product of NO breakdown) using the Griess assay. After 24 h of LPS or TNFα 

treatment, the supernatant from each well was incubated with nitrate reductase (0.028 U/mL) 

and β-NADPH (100 µM) for 15 min/ 37°C to convert all nitrates in the supernatant to nitrites. 

Subsequently, lactate dehydrogenase and sodium pyruvate were added for 10 min/ 37°C before 

the addition of the Griess reagent. The supernatants were mixed with 50 µL Griess reagent in 

a 96-well plate and incubated for 15 min/ RT and measured using a spectrophotometer at 540 

nm. Nitrite concentrations were determined against a standard curve generated from known 

concentrations of sodium nitrite (0-100 µM). Following assessment of nitrite levels, total 

protein levels were measured by a DC protein assay (Bio-Rad) and relative colour change was 

determined using a spectrophotometer at 750 nm. The measurements were converted to µM 

using the nitrite standard curve and normalised to µM/µg protein to exclude variability in the 
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initial cell culture plating density. The measurements were also adjusted for background levels 

of nitrite in the medium.  

6.2.8 Protein extraction and quantification 

Mixed glial cultures were washed twice with HBSS post-treatment. Whole cell lysates were 

prepared by adding ice-cold RIPA buffer to each well [50 mM Tris (pH 7.5), 150mM NaCl, 

1% (v/v) NP-40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 1 mM EDTA, 1 mM 

EGTA, 1 mM PMSF, 1 × protease/phosphatase inhibitor cocktail] and harvesting the lysates 

on ice. The total protein (mg/mL) concentration of each sample was quantified by DC protein 

assay (Bio-Rad) according to the manufacturer’s instructions. Each sample was adjusted to 1 

mg/mL with RIPA buffer to ensure equal protein loading of the SDS-PAGE (see section 2.7.2 

for details) for subsequent immunoblotting.  

6.2.9 Immunoblotting 

See section 2.7. One exception was that detection was determined using Luminata Crescendo 

Western HRP substrate (Merk-Millipore) and luminescence was captured using the Chemidoc 

Touch (Bio-Rad) at the Institute of Neurology, UCL.  

6.2.10 Immunolabelling 

See section 2.8.1.  

6.2.11 Epifluorescence microscopy 

Mixed glial cortical and spinal cord cultures were plated on 10 mm coverslips and 

immunolabelled post-treatment. The coverslips were mounted onto 26 × 76 mm glass slides 

(VWR) using CitiFluor Anti-Fadent Mounting Solutions (ProSciTech). The slides were 

analysed using a Leica epifluorescence microscope system with Leica Application Suite v.2.8.1 

software, using the 20× or 40× objective lens. AlexaFluor488 fluorescence was excited using 

a mercury lamp with a 488 nm filter and Cy3 fluorescence was excited using a 561 nm filter. 
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Images were captured using a Nikon colour camera. The proportion of cells that were Hsp25+ve 

or iNOS+ve were determined using MetaMorph Image Analysis Software (Molecular Devices, 

CA, USA) and equations 6.1 and 6.2. 

(
# 𝐻𝑠𝑝25 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑜𝑓 𝐺𝐹𝐴𝑃 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑜𝑡𝑎𝑙 # 𝐺𝐹𝐴𝑃 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒
) × 100 = %𝐻𝑠𝑝25 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑠𝑡𝑟𝑜𝑔𝑙𝑖𝑎  (equation 6.1) 

(
# 𝑖𝑁𝑂𝑆 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑜𝑓 𝐶𝐷11𝑏 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑜𝑡𝑎𝑙 # 𝐶𝐷11𝑏 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒
)  × 100 = % 𝑖𝑁𝑂𝑆 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑚𝑖𝑐𝑟𝑜𝑔𝑙𝑖𝑎  (equation 6.2) 

6.2.12 Flow cytometry 

The entire immunolabelling process was conducted with gentle rocking at each step to ensure 

appropriate mixing of cells with fixing, permeabilising, blocking, and antibody solutions. Cells 

were resuspended in 200 µL of PBS for single cell analysis by flow cytometry. Flow cytometry 

was performed using a FACS Aria II equipped with 488 nm, 561 nm and 633 nm lasers. A 

minimum of 20,000 events per sample were collected at a high flow rate. Forward scatter and 

side scatter were collected using a linear scale, and fluorescent emissions were collected as 

area (log scale) for each channel. For AlexaFluor488 fluorescence, data were collected with 

the 488 nm laser and 530/30 bandpass filter. For Cy3 fluorescence, data were collected with 

the 561 nm laser and 582/15 bandpass filter. For APC/Cy7 fluorescence, data were collected 

with the 633 nm laser and the 670 longpass filter. 

6.2.13 Statistics  

See section 2.10. 
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6.3 Results 

6.3.1 Characterisation of WT cortical and spinal cord mixed glial cultures 

Primary glial cultures were derived from the total cerebral cortex and spinal cords of postnatal 

day 2-3 mice. Such cultures are typically enriched with fast proliferating astroglia; however, 

other cell types, such as microglia, oligodendrocytes, and fibroblasts can also grow in these 

cultures in low quantities (McCarthy and de Vellis 1980, Hansson 1984, Falsig et al. 2006). 

Therefore, these cultures are described as primary mixed glial cultures. A systematic review of 

the effect of microglial cells in these cultures showed that microglial-derived effects are often 

wrongly attributed to astroglia, the predominant cell type in these cultures (Saura 2007). 

Therefore, to establish that the cortical and spinal cord mixed glial cultures used in this study 

were composed of comparable proportions of astroglia and microglia, the cultures were 

analysed by immunolabelling and subsequent fluorescence microscopy or flow cytometry 

(Figure 6.1).  

To determine the proportions of astroglia and microglia present, glial cultures were 

immunolabelled with GFAP (astroglial marker) and Iba1 (microglial marker) and imaged by 

fluorescence microscopy (Figure 6.1a). Furthermore, single cell analysis by flow cytometry of 

GFAP and CD11b (microglial marker) immunolabelled cells demonstrated that approximately 

80% of the cells were astroglia (cortical 81.8 ±2.3% and spinal cord 73.0 ±2.8%) and 5-10% 

were microglia (cortical 4.6±0.7% and spinal cord 11.8±3.0%; Figure 6.1b-d). There were no 

significant differences between the proportions of astroglia or microglia in the cortical versus 

spinal cord cultures, and both cultures consistently showed the same cellular composition 

across independent biological replicates [F (1, 8) = 0.10, P = 0.75].  
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Figure 6.1. Characterisation of cortical and spinal cord mixed glial cultures. The composition of astroglia 

and microglia in the mixed primary cortical and spinal cord cultures was determined after 12 days in vitro by (a) 

immunocytochemistry and (b)-(d) immunolabelling and single cell analysis by flow cytometry. (a) Mixed primary 

cortical and spinal cord cultures immunolabelled with Iba1 (left), and GFAP (middle). Overlay (right) shown with 

DAPI nuclear stain. Scale bar = 30 μm. (b) Fixed and permeabilised cultures were immunolabelled with GFAP-

Cy3 (astroglia marker) and CD11b-APC/Cy7 (microglial marker) and 20,000 events were analysed by flow 

cytometry. Spider quadrant gating was applied and representative cytograms of immunolabelled cortical (left) and 

spinal cord (right) mixed glial cultures are shown. (c) The proportion of astroglia and microglia and (d) the GFAP-

Cy3 fluorescence median in cortical (Cx) spinal cord (Sc) cultures determined by flow cytometry. Data shown are 

the mean + SEM of three biological replicates. Differences between the means were determined using a two-way 

ANOVA or student’s t-test (panel d) and there were no significant differences. 

 

6.3.2 The inflammatory response in WT cortical and spinal cord mixed glial 

cultures 

Neuroinflammation is a characteristic pathological hallmark of ALS (Philips and Robberecht 

2011, Hooten et al. 2015). To establish whether the CNS may possess regional differences in 

the capacity to activate an inflammatory response, NO synthesis was compared in cortical and 

spinal cord cultures after treatment with the inflammatory mediators, LPS and TNFα (Figure 

6.2a-b).  
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With regard to the LPS dose response, a two-way analysis of variance (ANOVA) indicated that 

nitrite concentrations were significantly greater in spinal cord glia than cortical glia [F (1, 36) 

= 64.01, P < 0.0001] in response to LPS treatment (Figure 6.2a). Likewise, there was a 

concentration-dependent increase in the concentration of nitrite with increasing LPS 

concentration [F (5, 36) = 22.16, P < 0.0001]. Bonferroni post-hoc testing showed that there 

was a statistically significant difference between the mean nitrite concentration in cortical and 

spinal cord glial cultures at 10 µg/mL (P < 0.01), 80 µg/mL (P < 0.001), and 100 µg/mL LPS 

(P < 0.001).  

With regard to the TNFα dose response, a two-way ANOVA indicated that spinal cord glia had 

a significantly greater concentration of nitrite compared to cortical glia following TNFα 

treatment [F (1, 24) = 56.38, P < 0.0001] (Figure 6.2b). Increasing the concentration of TNFα 

also significantly increased the nitrite concentration in both cultures, in a concentration-

dependent manner [F (5, 24) = 5.632, P = 0.0014]. Bonferroni post-hoc testing showed that 

there were statistically significant differences between the mean nitrite concentration in cortical 

and spinal cord glial cultures at 40 ng/mL (P < 0.05), 80 ng/mL (P < 0.01), 100 ng/mL (P < 

0.001), and 200 ng/mL TNFα treatment (P < 0.01).  

The data in Figure 6.2a-b demonstrates that the CNS region from which the glial cultures were 

derived significantly affected the concentration of nitrite in response to each inflammatory 

mediator, with spinal cord glial cultures generating a 2-4-fold greater concentration of nitrite 

compared to cortical glia after LPS treatment and 5-12-fold greater concentration after TNFα 

treatment. Importantly, untreated cortical and spinal cord cultures showed the same basal 

concentration of nitrite, thus the difference in nitrite concentration between to the two regions 

was specific to cultures treated with inflammatory stimuli. Spinal cord glia cultures may have 

a lower threshold for the activation of an inflammatory pathway and have a stronger response 
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compared to cortical glia. In addition, higher concentrations of nitrite were detected in cultures 

treated with LPS compared to TNFα.  

There are three different NO synthases (NOS) responsible for the production of NO in cells, 

neuronal NOS (nNOS) and endothelial NOS (eNOS), and the stress-inducible NOS (iNOS) 

(Murphy 2000). To determine the source of the NO synthesis following activation of the 

inflammatory pathway, LPS and TNFα treated mixed glial cultures were pre-treated for 2 h 

with 25 µM 1400W (Figure 6.2c-d), a compound that has previously been shown to selectively 

and irreversibly inhibit iNOS activity in primary cultures at a range of concentrations (5-400 

µM) (Garvey et al. 1997, Saura et al. 2005, Papageorgiou et al. 2016). There was a significant 

reduction and a complete inhibition of NO synthesis in cortical and spinal cord mixed glial 

cultures, respectively (P < 0.05 for LPS treated cortical and P < 0.001 for LPS and TNFα 

treated spinal cord cultures) following pre-treatment with 1400W. This data demonstrates that 

NO is synthesised by iNOS in these cultures following treatment with the inflammatory 

mediators LPS and TNFα.  

 

 



Chapter 6 – Regional differences in glial stress-responses 

176 

 

 

Figure 6.2. Spinal cord mixed glial cultures synthesise more NO in response to LPS and TNFα stimulation 

compared to cortical glia. Nitrite concentration in cortical and spinal cord mixed glial cultures was determined 

by Griess assay. (a) LPS dose response with primary cortical and spinal cord mixed glial cultures relative to total 

protein. (b) TNFα dose response of primary cortical and spinal cord mixed glial cultures with TNFα relative to 

total protein. (c)-(d) Inhibition of iNOS activity in 80 µg/mL LPS and 100 ng/mL TNFα treated glia pre-treated 

with 25 µM 1400W for 2 h. Data are the mean + SEM of four biological replicates. Differences between the means 

were determined using a two-way ANOVA followed by Bonferroni’s post-hoc test, where P < 0.05 (*), P < 0.01 

(**), P < 0.001 (***). 

 

Subsequent experiments were performed by treating cultures with 80 µg/mL LPS and 100 

ng/mL TNFα, since these treatments resulted in maximal concentration of nitrite after 24 h 

(Figure 6.2). Immunoblot analysis of whole cell lysates from cortical and spinal cord glial 

cultures was performed to assess iNOS expression after treatment with 80 µg/mL LPS and 100 

ng/mL TNFα (Figure 6.3a-b). LPS treated cortical and spinal cord glia showed upregulated 

iNOS expression, but TNFα treatment did not lead to detectable iNOS expression. The low 

concentration of NO after TNFα treatment could be the consequence of lower iNOS expression, 

which may be below the detection limit of the iNOS antibody with the immunoblotting 

procedure used in this work. A student’s t-test was performed to compare iNOS expression in 
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LPS treated cortical and spinal cord mixed glial cultures (Figure 6.3b) and showed that there 

was no significant difference in iNOS expression in the whole cell lysates of the cultures (P = 

0.737). Since iNOS is similarly upregulated in cortical and spinal cord glia after LPS treatment, 

this finding suggests that the differences in nitrite concentration observed by Griess assay 

(Figure 6.2) could be the consequence of higher iNOS activity in spinal cord cultures.  

To elucidate which cell type in the mixed glial cultures were expressing iNOS, cells were 

immunolabelled for GFAP and iNOS and subsequently imaged by fluorescence microscopy 

(Figure 6.3c). There were no iNOS+ve cells in the untreated samples, however, after treatment 

with LPS or TNFα, several (<1%) GFAP-ve cells were stained strongly for iNOS. The 

immunocytochemistry shows that the upregulation of iNOS expression following LPS or TNFα 

treatment is not due to increased expression by GFAP+ve astroglia; rather, other cell-types in 

the mixed glial cultures have increased expression of iNOS.  
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Figure 6.3. Characterisation of iNOS upregulation after treatment with inflammatory mediators in cortical 

and spinal cord mixed glial cultures. (a) Mixed primary cortical and spinal cord glial cultures treated with either 

80 µg/mL LPS or 100 ng/mL TNFα were lysed, 20 μg of total protein immunoblotted, and probed for iNOS (131 

kDa) and α-tubulin (loading control; 50 kDa). (b) Fold change in iNOS band density relative to α-tubulin (AU). 

Data shown are the mean + SEM of three biological replicates. Differences between the means were determined 

using a student’s t-test; there were no significant differences. (c) Cortical and spinal cord mixed glial cultures 

treated with LPS and TNFα were immunolabelled for GFAP (astroglial marker; left) and iNOS (middle). Overlay 

with DAPI nuclear stain (right). Scale bar = 30 μm.  

 

A common misconception in studies examining iNOS expression in primary mixed glial 

cultures is that iNOS is expressed by the astroglia in the culture after LPS treatment (Saura 

2007). A review of the literature surrounding LPS-mediated iNOS expression in primary rodent 

glial cultures showed that only 6 of 16 studies demonstrated evidence for iNOS+ve astroglia 

(Saura 2007). In most cases it is likely that microglia were the main producers of iNOS. 
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Therefore, to further investigate the differences observed in nitrite concentration between 

cortical and spinal cord mixed glial cultures, purified microglia, which were shaken off the 

mixed glial cultures, were treated with 80 µg/mL LPS or 100 ng/mL TNFα for 24 h, and 

immunolabelled for CD11b and iNOS for subsequent confocal microscopy (Figure 6.4a). 

There was no iNOS staining observed in untreated or TNFα treated cultures; however, 

treatment with LPS resulted in a significant increase in the proportion of iNOS+ve cortical and 

spinal cord microglia compared to no treatment [F (2, 6) = 27.04, P = 0.001; Figure 6.4b]. 

However, there was no significant difference between the proportion of iNOS+ve cells after LPS 

treatment in microglial cultures derived from the cortex or spinal cord [F (1,6) = 0.3501, P = 

0.576]. Together these findings suggest that cortical and spinal cord microglia similarly up-

regulate iNOS expression in response to LPS treatment and that the increased NO observed in 

LPS treated spinal cord glial cultures may be the result of a higher rate of iNOS activity in 

microglia from this region compared to those in the cortex.  
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Figure 6.4. iNOS upregulation in LPS and TNFα treated purified cortical and spinal cord microglial 

cultures. (a) Purified cortical and spinal cord microglial cultures were treated (or not) with LPS or TNFα for 24 

h and immunolabelled for CD11b (microglial marker; left) and iNOS (middle). Overlay with DAPI nuclear stain 

(right). Scale bar = 30 μm. (b) The proportion of iNOS+ve microglia present in cultures in the presence or absence 

of inflammatory mediators. Data shown are the means + SEM of three biological replicates. Differences between 

the means were determined using a two-way ANOVA followed by Bonferroni’s post-hoc test, where P < 0.001 

(***). 

 

6.3.3 Comparing Hsp expression in WT cortical and spinal cord mixed glial 

cultures 

The increase in nitrite concentration observed in LPS and TNFα treated spinal cord mixed glial 

cultures suggests that these cells are also under higher levels of nitrosative stress compared to 

cortical cultures. It has previously been shown that treatment with NO is capable of inducing 

an HSR, as determined by increased Hsp70 expression, in rat hepatocytes (Kim et al. 1997), 
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rat iselts (Scarim et al. 1998), vascular smooth muscle cells (Xu et al. 1997), and primary rat 

glial cultures (Feinstein et al. 1996, Calabrese et al. 2000). Therefore, to investigate whether 

the LPS or TNFα treatments could activate the HSR, markers of HSR induction were compared 

in cortical and spinal cord mixed glial cultures (Figure 6.5a). Heat shock protein 70 is a 

commonly used marker of the induction of the HSR (Batulan et al. 2003, Kieran et al. 2004, 

Trinklein et al. 2004b). Immunoblot analysis of Hsp70 expression showed no change in its 

expression (relative to α-tubulin) following treatment with either LPS or TNFα (Figure 6.5a-

b). There was also no significant difference in Hsp70 expression between cortical and spinal 

cord mixed glial cultures. This data demonstrated that there are no differences in Hsp70 

expression between glial cells from each of these CNS regions, nor is Hsp70 expression stress-

induced by LPS or TNFα treatment under these experimental conditions.  

Heat shock protein 25 (Hsp25; human orthologue is Hsp27) is constitutively expressed in motor 

neurons of the spinal cord (Plumier et al. 1997, Benn et al. 2002, Kalmar et al. 2002). Since the 

expression of Hsp25 in the spinal cord is likely to play important “housekeeping” roles in motor 

neurons, it was also of interest to investigate Hsp25 expression in mixed glial cultures. 

Immunoblot analysis of Hsp25 showed significant high levels of Hsp25 levels in spinal cord 

glial cultures compared to cortical cultures in the absence and presence of the inflammatory 

mediators [F (1, 6) = 17.07, P = 0.006] (Figure 6.5a and c). However, there was no stress-

induced Hsp25 upregulation with either LPS or TNFα treatment in either cortical or spinal cord 

cultures. Further investigation of Hsp25 expression in cortical and spinal cord mixed glial 

cultures by immunocytochemistry supported the findings from the immunoblot analysis by 

showing greater immunoreactivity to Hsp25 in the spinal cord compared to cortical glial 

cultures, particularly in astroglia (Figure 6.5d). Cell counts of these samples were performed 

to determine the proportion of Hsp25+ve astroglia in each culture and showed that 30 ± 7% 

cortical astroglia and 56 ± 6% spinal cord astroglia were Hsp25+ve in the absence of treatment 
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(Figure 6.5e; P = 0.0361). Contrary to the results for Hsp70, this data indicates that there are 

regional differences in Hsp25 expression between the cortex and spinal cord. Similar to that 

observed for Hsp70, Hsp25 expression was not increased following treatment with either of 

the inflammatory mediators.  

 

Figure 6.5. Hsp70 and Hsp25 expression in LPS or TNFα-stimulated primary cortical and spinal cord glial 

cultures. (a) Mixed primary cortical (Cx) and spinal cord (Sc) glia were treated with 80 ug/mL LPS or 100 ng/mL 

TNFα for 24 h, 30 µg of total protein was immunoblotted, and probed for Hsp70 (70 kDa), Hsp25 (25kDa) and 

α-tubulin (50 kDa). (b) Fold change in Hsp70 band intensity relative to the untreated cortical sample. (c) Fold 

change in Hsp25 band intensity relative to the untreated cortical sample. Data in (b) and (c) are mean + SEM from 

three biological replicates. Differences between the means were determined using a two-way ANOVA followed 

by Bonferroni’s post-hoc test. (d) Representative images of untreated cortical and spinal cord glial cultures 

immunolabelled for GFAP (astroglial marker; left) and Hsp25 (middle). Overlay (right) is shown with DAPI 

nuclear stain. Scale bar = 30 µm. (e) The proportion of Hsp25+ve astroglia from cell counts of cortical and spinal 

cord glial cultures. Data shown are from one biological replicate and are the mean + SEM of >300 cells across 

five wide field of view images. Statistically significant differences between the means were assessed using a 

student’s t-test where P < 0.05 (*).  
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To further investigate the regional differences in Hsp25 expression between cortical and spinal 

cord astroglia and microglia, these cultures were immunolabelled for GFAP, CD11b, and 

Hsp25 for single cell analysis by flow cytometry. Viable cells were gated based on their 

forward and side scatter to exclude cellular debris and cell clumps (Figure 6.6a). With respect 

to analysing the GFAP+ve cells, bisected polygonal gates were set using the unlabelled sample 

as a GFAP-ve and Hsp25-ve control, and two controls that were singly labelled for either GFAP 

alone or Hsp25 alone (Figure 6.6b-d). Gating the flow cytometry data in this way allowed the 

proportion of Hsp25+ve cells in the GFAP+ve astroglial population to be determined in both the 

cortical and spinal cord mixed glial cultures. Similarly, cells were either left unlabelled or 

immunolabelled for CD11b or Hsp25 alone as single colour controls (Figure 6.6e-g). This 

gating strategy allowed the proportion of Hsp25+ve cells of the CD11b+ve microglial population 

to be elucidated in cortical and spinal cord mixed glial cultures.  
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Figure 6.6. Gating strategy for the analysis of Hsp25 expression of astroglia and microglia by flow 

cytometric data. (a) Viable cells were distinguished based on their forward scatter (area) and side scatter (area) 

and a polygonal gate was used to exclude cellular debris and cell clumps. Primary glial cultures were fixed, 

permeabilised and either left (b) unlabelled or singly labelled for (c) GFAP-Cy3 or (d) Hsp25-AF488. These 

samples were used to set the bisected polygonal gates, which were used to determine the percent of GFAP+ve and 

Hsp25+ve events in the double labelled samples. Fixed and permeabilised cells were either left (e) unlabelled or 

singly labelled for (f) CD11b-APC/Cy7 or (g) Hsp25-AF488. These samples were used to set the bisected 

polygonal gates, which were used to determine the percent of CD11b+ve and Hsp25+ve events in the double labelled 

samples.  
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Representative cytograms of GFAP and Hsp25 double immunolabelled cortical and spinal cord 

mixed glial cultures following 24 h of treatment (or not) with LPS are shown in Figure 6.7a. 

Comparison between no treatment and LPS treatment in either cortical or spinal cord astroglia 

did not appear to change the proportion of Hsp25+ve cells in this biological replicate. A two-

way ANOVA showed that there was a significant effect of CNS region of the cultures on the 

percent of Hsp25+ve astroglia [F (1, 18) = 18.08, P = 0.0005] with an approximately 2-fold 

increase in the proportion of spinal cord astroglia expressing Hsp25 compared to cortical 

astroglia (Figure 6.7b). However, treatment of either cortical or spinal cord astroglia with LPS 

or TNFα did not result in a significant increase in the proportion of cells expressing Hsp25 [F 

(2, 18) = 0.018, P = 0.9817]. Moreover, assessment of the levels of Hsp25 expressed in cells 

positive for Hsp25 expression, using the median of the fluorescent intensity of stained cells, 

demonstrated that treatment with LPS did not up-regulate Hsp25 expression in the Hsp25+ve 

cells (Figure 6.7c). 

The expression of Hsp25 in cortical and spinal cord microglia was also compared using the 

same approach. Representative cytograms of CD11b and Hsp25 immunolabelled cortical and 

spinal cord samples in the presence and absence of LPS treatment are shown (Figure 6.7d) and 

were used to determine the proportion of Hsp25+ve microglia and the levels of Hsp25 

expression in each of the samples (Figure 6.7e-f). There were no differences observed in either 

the proportion of Hsp25+ve microglia or the fluorescence intensity (corresponding to the levels 

of Hsp25 expression) between cortical or spinal cord microglia in the absence of treatment. In 

addition, treatment with LPS or TNFα did not affect Hsp25 expression in either cortical or 

spinal cord microglia.  

Together, this flow cytometry data suggests that higher levels of Hsp25 expression observed 

in spinal cord mixed glial cultures by immunoblot is primarily due to a higher proportion of 

Hsp25+ve astroglia in the spinal cord compared to the cortical cultures. This regional difference 



Chapter 6 – Regional differences in glial stress-responses 

186 

 

in Hsp expression is not observed for Hsp70. This suggests that different regulatory 

mechanisms control the expression of Hsp25 and Hsp70 in astroglia. This same increase in the 

proportion of Hsp25+ve cells was not observed in spinal cord microglia and is specific to spinal 

cord astroglia. Lastly, these findings show that inflammatory stimuli do not up-regulate the 

expression of Hsp70 or Hsp25 in either microglia or astroglia, suggesting that chronic 

inflammation in ALS may not activate cytoprotective stress-responses in glial cells.  
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Figure 6.7. Flow cytometric analysis of Hsp25 expression in astroglia and microglia after LPS and TNFα 

treatment.  Primary cortical and spinal cord mixed glial cultures were treated with 80 µg/mL LPS or 100 ng/mL 

TNFα. The cells were fixed, permeabilised and immunolabelled for GFAP-Cy3, CD11b-APC/Cy7 and Hsp25-

AF488. (a) and (d) Flow cytometric analysis of cortical and spinal cord glial cultures. Left – right: Representative 

cytograms of untreated and LPS treated cortical glial cultures, and untreated and LPS treated spinal cord cultures. 

Data are presented as pseudo-colour plots where blue represents low and red represents a high frequency of cells. 

Outlier events are shown as individual black dots. The percent of GFAP+ve or CD11b+ve cells in each gate is 

provided. (b) and (e) The percent of Hsp25+ve astroglia or microglia as determined from the flow cytometric 

analysis. (c) and (f) The Hsp25-AF488 fluorescent median of the astroglial or microglial population. Data shown 

are means + SEM of three biological replicates. Differences between the means were determined using a two-way 

ANOVA followed by Bonferroni’s post-hoc test. 

 

Since neither astroglia nor microglia demonstrated an induction of Hsp25 expression after 

treatment with either of the inflammatory mediators, these cells were subjected to heat shock 

to compare their capacity for Hsp25 upregulation (Figure 6.8). Heat shock (42°C/ 30 min 

followed by 37°C/ 6 h or 24 h recovery) of cortical astroglia did not induce an increase in the 

proportion of astroglia expressing Hsp25 (Figure 6.8a-b). The proportion of Hsp25+ve spinal 

cord astroglia increased from 43 ± 17% in the absence of heat shock to 72 ± 7% after heat 

shock with a 6 h recovery period at 37°C (Figure 6.8b); however, this difference was not 

statistically significant. There was no significant effect of time spent recovering following heat 

shock treatment on the proportion of Hsp25+ve astroglia. Analysis of the levels of Hsp25 in 

these cells (using the Hsp25-AF488 fluorescence median) demonstrated the same trends, 

whereby heat shocked spinal cord samples showed a trend towards increased fluorescence, 

indicating an upregulation in the expression of Hsp25 compared to no treatment, although this 

was not significant [F (2, 12) = 0.6076, P = 0.5606; Figure 6.8c].  

Together, this data shows trend towards a higher proportion of spinal cord astroglia that are 

Hsp25+ve compared to cortical astroglia under basal conditions. There is a trend towards an 

increase in Hsp25+ve spinal cord astroglia following heat shock, whereas there is no increase 

for cortical astroglia. This data illustrates that there are differences in the capacity of cortical 

and spinal cord glia to induce Hsp25 expression after heat shock.  
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With regard to CD11b+ve microglia, a two-way ANOVA showed that there was no significant 

difference in the proportion of Hsp25+ve microglia derived from the cortex or spinal cord. 

Moreover, heat shock (42°C/ 30 min followed by 37°C/ 6 h or 24 h recovery) did not increase 

the proportion of Hsp25+ve microglia in either the cortical or spinal cord samples (Figure 6.8d-

e). Analysis of the levels of Hsp25-AF488 fluorescence in heat shocked samples showed that 

there was no difference between Hsp25 expression levels in cortical or spinal cord microglia. 

However, spinal cord microglia exposed to heat shock and then allowed to recover for 6 h at 

37°C, showed a significant increase in Hsp25-AF488 fluorescence intensity compared to its 

respective cortical sample and the untreated spinal cord sample (Figure 6.8f; P < 0.01). These 

data indicate that Hsp25 expression levels in Hsp25+ve spinal cord microglia increase after heat 

shock, but not in cortical microglia.   
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Figure 6.8. Flow cytometric analysis of Hsp25 expression in astroglia and microglia after heat shock.  Mixed 

primary cortical and spinal cord glia were heat shocked at 42°C for 30 min and allowed to recover at 37°C for 6 

or 24 h. Cells were then fixed, permeabilised, immunolabelled for GFAP-Cy3, CD11b-APC/Cy7 and Hsp25-

AF488 and analysed by flow cytometry. (a) and (d) Flow cytometric analysis of cortical and spinal cord glial 

cultures. Left – right: Representative cytograms of untreated and heat shocked cortical glial cultures, and untreated 

and heat shocked spinal cord cultures. Data are presented as pseudo-colour plots where blue represents low and 

red represents a high frequency of cells. Outlier events are shown as individual black dots. The percent of GFAP+ve 

or CD11b+ve cells in each gate is provided. (b) and (e) The percent of Hsp25+ve astroglia or microglia as determined 

from the flow cytometric analysis. (c) and (f) The median of the Hsp25-AF488 fluorescence intensity of the 

astroglial or microglial population. Data shown are means + SEM of three biological replicates. Differences were 

assessed using a two-way ANOVA followed by Bonferroni’s post-hoc test, where P < 0.01 (**). 

 

6.3.4 Characterisation of SOD1WT and SOD1G93A cortical and spinal cord glial 

cultures 

To determine whether the regional differences in glial stress-responses observed in WT 

cultures also exist in a model of ALS, cortical and spinal cord cultures derived from SOD1WT 

and SOD1G93A over-expressing mice were compared. The cellular composition of the cultures 

was analysed by flow cytometry to determine the proportion of astroglia and microglia in the 

cortical and spinal cord mixed glial cultures (Figure 6.9a). Flow cytometric analysis of the 

proportion of astroglia and microglia in each of the cultures showed that SOD1WT cortical and 

spinal cord cultures contained comparable proportions of microglia (cortex 3.0 ± 0.5%, spinal 

cord 4.9 ± 0.2%) and astroglia (cortex 82.6 ± 1.3%, spinal cord 70.9 ± 2.2%; Figure 6.9b and 

c). In contrast, the proportion of microglia was higher in spinal cord cultures from SOD1G93A 

mice (23.7 ± 8.9%) compared to cortical cultures (12.8 ± 3.9%), however this difference was 

not statistically significant [F (1, 6) = 2.032, P = 0.204]. Flow cytometry of SOD1G93A glial 

cultures showed that there was a significantly lower proportion of astroglia in spinal cord 

cultures (55 ± 3.6%) compared to cortical cultures (77.1 ± 4.7%; Figure 6.9c) (P < 0.05).  
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Figure 6.9. Characterisation of cortical and spinal cord mixed glial cultures derived from SOD1WT and 

SOD1G93A over-expressing mice. The astroglial and microglial composition to the mixed primary cortical and 

spinal cord cultures was determined after 12 days in vitro (a) Fixed and permeabilised cultures were 

immunolabelled with GFAP-Cy3 (astroglial marker) and CD11b-APC/Cy7 (microglial marker) and 20,000 events 

were analysed by flow cytometry. Spider quadrant gat ing was applied and representative cytograms of 

immunolabelled cortical (left) and spinal cord (right) mixed glial cultures are shown from SOD1WT (top) and 

SOD1G93A (bottom) mice. The proportion of (b) microglia and (c) astroglia determined from each sample in the 

flow cytometry experiments. Data shown are the mean + SEM of three biological replicates. Differences between 

the means were analysed using a two-way ANOVA followed by Bonferroni’s post-hoc test, where P < 0.05 (*). 

 

6.3.5 The inflammatory response in SOD1G93A cortical and spinal cord glial 

cultures 

The effect of LPS treatment on NO synthesis was assessed in SOD1WT and SOD1G93A cortical 

and spinal cord cultures. In both SOD1WT and SOD1G93A cultures, spinal cord glia had a 

significantly greater nitrite concentration compared to cortical glia [F (1, 8) = 55.21, P < 

0.0001; Figure 6.10a]. Similar to the previous findings in WT glial cultures, these data show 

that the concentration of nitrite is greater in spinal cord cultures compared to cortical cultures 

for both SOD1WT and SOD1G93A glia.  

Pre-treatment of mixed glial cultures with the iNOS inhibitor 1400W, followed by treatment 

with LPS resulted in the complete inhibition of NO synthesis in each sample [F (3,24) = 26.51, 
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P < 0.0001; Figure 6.10b]. Inducible NOS was detected by immunoblot analysis of whole cell 

lysates from SOD1WT and SOD1G93A spinal cord cultures treated with LPS. Spinal cord cultures 

from SOD1 G93A mice showed a higher relative level of iNOS in LPS treated samples compared 

to spinal cord cultures from SOD1WT mice (Figure 6.10c). Inducible NOS was also detected in 

the untreated spinal cord SOD1WT glial sample (Figure 6.10c), suggesting that there is either a 

a basal level of inflammation or the culturing protocol has resulted in protease-mediated 

activation of the inflammatory pathway (Vergnolle et al. 2001). Heat shock of glial cultures 

did not induce the expression of iNOS in either cortical or spinal cord cultures. Together, these 

data indicate that, similar to observed for WT mixed glial cultures, iNOS is primarily 

responsible for NO synthesis in LPS treated SODWT and SOD1G93A cultures.  
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Figure 6.10. Characterisation of NO synthesis and iNOS upregulation in cortical and spinal cord glia 

cultures derived from SOD1WT and SOD1G93A over-expressing mice.  (a) Cortical and spinal cord mixed glial 

cultures were cultured for 12 days in vitro and treated with 80 µg/mL LPS. Levels of NO were determined by 

measuring nitrite concentrations in each sample 24 h post-treatment by Griess assay. Data shown are the mean + 

SEM of 2-3 biological repeats. Statistically significant differences were assessed using a two-way ANOVA 

followed by Bonferroni’s post-hoc test, where P < 0.01(**) and P < 0.001 (***). (b) Mixed glial cultures from 

the cortex (Cx) or spinal cord (Sc) were either pre-treated with 1400W (iNOS inhibitor) for 2 h or not and then 

treated with 80 µg/mL LPS for 24 h. Levels of NO were determined by measuring nitrite concentrations in each 

sample 24 h post-treatment by Griess assay. Data shown are the mean + SEM of 2-3 biological replicates. 

Differences between the means were assessed by two-way ANOVA followed by Bonferroni’s post-hoc test where 

and P < 0.001 (***). (c) Immunoblot analysis of iNOS (131 kDa) expression in mixed glial cultures treated with 

LPS (80 µg/mL for 24h) or heat shocked (42°C/ 30 min followed by recovery at 37°C for 6 h). α-Tubulin was 

used as loading control (α-Tub; 50 kDa). 

 

6.3.6 Hsp25 expression in SOD1G93A cortical and spinal cord glial cultures 

To determine if SOD1G93A mixed glial cultures from the cortex or spinal cord have different 

proportions of Hsp25+ve glia, SOD1WT and SOD1G93A mixed glial cultures were 

immunolabelled for GFAP and Hsp25 and analysed by flow cytometry (Figure 6.11). The 

effect of LPS treatment and heat shock on Hsp25 expression was also assessed in these 

experiments. In the absence of treatment, 24.7 ± 7.6% cortical and 53.7 ± 4.0% spinal cord 

SOD1WT astroglia were Hsp25+ve. This finding aligns with previous data (Figure 6.7b), 

whereby WT spinal cord astroglia had double the proportion of Hsp25+ve cells compared to 



Chapter 6 – Regional differences in glial stress-responses 

195 

 

cortical astroglia. Interestingly, cortical and spinal cord astroglia from SOD1G93A showed 

comparable proportions of Hsp25+ve astroglia (cortex: 56.9 ± 12.1%, spinal cord: 43.6 ± 

14.8%). There was an increase in the percent of Hsp25+ve cortical astroglia in untreated 

SOD1G93A cultures (56.9 ± 12.1%) compared with SOD1WT cultures (24.7 ± 7.6%) however, 

this difference was not statistically significant (P < 0.05).  

Treatment with LPS, did not significantly affect the proportion of cells expressing Hsp25 in 

any of the samples (Figure 6.11a). Heat shock treatment (42°C/ 30 min followed by 6 h 

recovery at 37°C) increased the proportion of Hsp25+ve spinal cord astroglia in both SOD1WT 

and SOD1G93A cultures, however this difference was not statistically significant. The overall 

level of expression of Hsp25 in SOD1WT and SOD1G93A spinal cord astroglia also increased 

after heat shock, as demonstrated by a significant increase in Hsp25-AF488 fluorescence 

intensity compared to samples that were not treated [F (3, 16) = 7.501, P = 0.0024]. In contrast, 

cortical astroglia did not demonstrate any change in the proportion of Hsp25+ve astroglia or 

levels of Hsp25 expression after heat shock. There was also a significant increase in the median 

Hsp25-AF488 fluorescence intensity in heat shocked spinal cord astroglia compared to non-

treated samples (P < 0.05;Figure 6.11b). There was no increase in Hsp25-AF488 fluorescence 

intensity in cortical astroglia after heat shock.  

 

 

Figure 6.11. Flow cytometric analysis of Hsp25 expression in cortical and spinal cord glia derived from 

SOD1WT and SOD1G93A over-expressing mice. Mixed primary cortical (Cx) and spinal cord (Sc) glia were either 

treated with LPS (80 µg/mL) or heat shocked (42°C/ 30 min followed by recovery at 37°C/ 6 h). Cells were then 
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fixed, permeabilised, immunolabelled for GFAP and Hsp25 and analysed by flow cytometry. (a) The percent of 

Hsp25+ve astroglia as determined from the flow cytometric analysis. (b) The Hsp25-AF488 fluorescent median of 

the astroglial or microglial population. Data shown are means + SEM of 2-3 independent experiments. Statistically 

significant differences between the means were assessed using a two-way ANOVA followed by Bonferroni’s 

post-hoc test, where P < 0.05 (*).  
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6.4 Discussion 

ALS disease progression and motor neuron degeneration is exacerbated by reactive astroglia 

and activated microglia (Weydt et al. 2004, Xiao et al. 2007, Yamanaka et al. 2008, Zurcher et 

al. 2015). Increasing evidence shows that astroglial and microglial transcriptomes, proteomes, 

and subsequent functions differ across regions of the CNS. For example, genes involved in the 

immune response were among the most differentially expressed between microglia derived 

from the cerebellum, cortex, striatum and hippocampus (e.g. IL-16) (Grabert et al. 2016). It 

follows that the degeneration of motor neurons in the spinal cord in ALS over neurons in other 

regions of the CNS may be the result of regional variations in the abilities of astroglia and 

microglia to activate stress-responses and provide cytoprotective support to motor neurons. 

Therefore, in this study we compared the inflammatory response and HSR activation in primary 

murine cortical and spinal cord glia. This work establishes that spinal cord microglia from WT, 

SOD1WT and SOD1G93A mice activate a stronger inflammatory response after treatment with 

inflammatory mediators compared to cortical microglia. Furthermore, the expression profile of 

Hsp25, a cytoprotective protein, is increased in WT and SOD1WT spinal cord astroglia 

compared to cortical astroglia. In contrast, SOD1G93A cortical and spinal cord astroglia have 

similar proportions of Hsp25+ve cells, which is attributable to an increase in the proportion of 

Hsp25+ve astroglia in cortical SOD1G93A glial cultures.  

6.4.1 Inflammatory pathway activation is stronger in spinal cord glia 

The finding that markers of inflammatory pathway activation (i.e. nitrite) exist at higher 

concentrations in spinal cord compared to cortical glia after treatment with inflammatory 

mediators is supported by studies investigating the inflammatory response in rodent brains and 

spinal cords (Schnell et al. 1999, Batchelor et al. 2008). These studies showed a significant 

increase in the number of activated microglia in the spinal cord compared to the brain after 

mechanical trauma (Schnell et al. 1999, Batchelor et al. 2008). Furthermore, there was 
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increased astrogliosis in the spinal cord compared to the brain two days after mechanical lesion 

(Schnell et al. 1999). With respect to tissues derived from sporadic ALS patients, spinal cord 

sections have 5 times the number of reactive microglia compared to sections from the motor 

cortex (Kawamata et al. 1992). These data indicate that, at the cellular level, the ability to 

activate an inflammatory response is stronger in the spinal cord than in the brain.   

At the molecular level, there is a large amount of literature regarding NO synthesis and iNOS 

expression in glia; however, there is a lack of studies that directly compare CNS regions. The 

results of this work show that spinal cord glial cultures from WT, SOD1WT and SOD1G93A mice 

have a lower threshold for inflammatory pathway activation and demonstrate higher 

concentrations of nitrite after LPS and TNFα treatment compared to cortical glia. Nitric oxide 

was synthesised by iNOS under these experimental conditions in spinal cord and cortical 

cultures, as demonstrated by a reduction in NO concentration in samples pre-treated with the 

iNOS inhibitor, 1400W.  

Immunoblot analysis showed strong immunoreactivity to iNOS in LPS treated cultures, and 

there was no significant difference in iNOS protein levels between the cortical and spinal cord 

glial cultures. This indicates that the increased nitrite levels observed in the spinal cord glial 

cultures may be attributable to enhanced iNOS activity. The activity of iNOS is regulated, at 

least in part, by L-arginine and its essential co-factor tetrahydrobiopterin (BH4) (Tzeng et al. 

1995, Bogdan 2001, Chaturvedi et al. 2007). Therefore, regional differences in the CNS in the 

availability, transport, or consumption of arginine or BH4 by other biochemical pathways is 

likely to play a role in mediating iNOS activity. With regard to L-arginine, previous research 

has demonstrated that levels of L-arginine are significantly higher in the spinal cord compared 

to the brain stem in wild-type rats (Jing et al. 2013). Future studies could investigate whether 

the differences in iNOS activity observed in this PhD research correlates with regional 

variations in the availability of L-arginine and BH4.    
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Despite observing 1400W-mediated inhibition of NO synthesis, there was no iNOS detected 

by immunoblot in TNFα treated cortical and spinal cord glial cultures (Figure 6.3). One 

possible explanation for the absence of an iNOS band in TNFα treated samples is that the 100 

ng/mL TNFα dose resulted in a 2.5-fold lower concentration of nitrite compared to LPS 

treatment. This reduced NO synthesis could be the consequence of a lower iNOS expression 

such that it is below the detection limit of the immunoblotting procedure used in this work. 

Indeed, in all experiments where the nitrite concentration was below 25 µM, iNOS expression 

was not able to be detected by immunoblotting.  

Immunoblot analysis showed higher levels of iNOS expression in LPS treated SOD1G93A spinal 

cord glia compared to spinal cord SOD1WT glia. This was likely the result of a higher proportion 

of microglia present in this culture (Figure 6.9b) but could also indicate that spinal cord 

SOD1G93A glia up-regulated higher levels of iNOS compared to SOD1WT glia. Future studies 

could support these findings by investigating the proportion of microglia that are iNOS positive 

in SOD1WT and SOD1G93A mixed glial or microglial cultures by flow cytometric or 

immunocytochemical analyses. 

There are several implications of enhanced NO synthesis in spinal cords with regard to 

neurotoxicity and neurodegeneration. Nitric oxide is thought to exert its neurotoxic effects by 

causing DNA damage, glutamate excitotoxicity, mitochondrial damage and subsequent energy 

depletion (Bolanos 1997). With regard to mitochondrial damage, co-culture of LPS treated, 

NO-producing, mixed cerebral glial cultures with neurons resulted in an NO-mediated 

inhibition of mitochondrial complex I, complex II-III, and complex IV (Bolanos et al. 1996). 

Since motor neurons have relatively high energy demands compared to other neuronal sub-

types, inefficient cellular respiration caused by NO-mediated mitochondrial damage could 

affect cell viability. Indeed, studies have shown that NO causes neuronal death in a 

concentration-dependent manner (Dawson et al. 1991, Bolanos et al. 1995). This data, 
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combined with the findings from the present study, suggests that higher concentrations of NO 

in the spinal cord would result in higher levels of mitochondrial damage and thus, 

neurotoxicity. Future research should investigate whether different neuronal sub-types across 

CNS regions are differentially susceptible to NO-mediated mitochondrial damage. 

There is also evidence to suggest that motor neurons have a motor neuron-specific cell death 

pathway, downstream of the Fas death receptor, that requires NO synthesis as a necessary step 

for its initiation (Raoul et al. 1999). Motor neurons derived from SOD1G93A and SOD1G85R 

mice have an increased susceptibility to NO-dependent/Fas-mediated apoptosis and decreased 

viability after NO treatment compared to SOD1WT mice or non-transgenic age-matched 

littermates (Raoul et al. 2002, Wengenack et al. 2004, Raoul et al. 2006). The enhanced NO 

synthesis in spinal cord glia observed in this study, combined with evidence for an NO-

dependent, motor neuron-specific cell death pathway, may explain the motor neuron-specific 

degeneration in the spinal cord of ALS patients.   

This study showed that iNOS upregulation after LPS treatment occurs in microglia, but not 

astroglia. In addition, there was no difference in the number of iNOS+ve microglia after LPS 

treatment between the two CNS regions. These findings suggest that the activity of iNOS is 

enhanced in spinal cord cultures since the overall levels of expression of iNOS was not 

significantly different in the WT cultures. The absence of iNOS immunoreactivity in spinal 

cord astroglia in this study contradicts previous reports of strong iNOS immunolabelling of 

GFAP positive cells after peroxynitrite treatment in spinal cord cultures (Cassina et al. 2002). 

However, iNOS upregulation in astroglia is likely to be treatment type dependent. Saura (2007) 

concluded that NO produced by LPS treated primary rodent glial cultures is mainly derived 

from microglia. Furthermore, rodent astroglia lack the receptors and downstream signalling 

components for LPS activation (TLR4 and MYD88), and these are expressed by rodent 

microglial cells (Liddelow et al. 2017). Similarly, studies of lumbar spinal cord sections from 
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mSOD1 mouse models of ALS have shown that almost all iNOS-positive cells are Mac2-

positive microglia, indicating that the NO synthesised in these mSOD1 mice is likely to be 

primarily of microglial origin (Yamanaka et al. 2008).  

6.4.2 Inflammatory stimuli do not induce an HSR in glial cultures 

This work showed that exposing mixed glial cultures to inflammatory mediators to activate the 

inflammatory pathway did not result in the induction of a heat shock response. Immunoblot 

and flow cytometric analysis showed that there was no change in Hsp70 or Hsp25 levels 

following treatment with LPS or TNFα in either cortical or spinal cord glial cultures derived 

from WT, SOD1WT, or SOD1G93A. This contradicts the findings of Calabrese et al. (2000), 

whereby treatment of primary rat mixed glial cells with increasing doses of LPS and IFNγ, in 

combination, resulted in a concentration-dependent increase of both iNOS and Hsp70 

(Calabrese et al. 2000). The difference in expression of Hsp70 between the Calabrese et al. 

(2000) study and the present study could suggest that astroglia only induce an HSR in response 

to specific inflammatory mediators. For example, Hsp25 mRNA levels are increased in human 

cortical astroglia after treatment with a mixture of inflammatory mediators comprised of IL-

1β, IFNγ and TNFα (Bajramović et al. 2000). However, Hsp25 mRNA levels did not change 

when treated with each of these inflammatory mediators individually, suggesting a synergistic 

mode of action of pro-inflammatory cytokines on the HSR in these cells (Bajramović et al. 

2000). The present study showed that LPS, a treatment used to recapitulate inflammatory 

stresses in the CNS of ALS patients, is not sufficient to induce Hsp70 or Hsp25 expression in 

astroglia in any of the cultures tested.  

6.4.3 Spinal cord glial cultures have a greater proportion of Hsp25+ve astroglia 

These data show that there is double the number of Hsp25+ve astroglia in spinal cord compared 

to cortical glial cultures under basal conditions and that spinal cord astroglia are more heat 
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shock responsive compared to cortical astroglia. Investigations of Hsp25 expression in 

astroglia across various regions of the CNS have shown that Hsp25+ve astroglia are found in 

some hippocampal regions of rats with hyperthermia, CA1, CA3 and the dentate gyrus but not 

CA1, CA2 or the subiculum (Bechtold and Brown 2000). In another study, excitotoxic lesions 

resulted in an increase in Hsp25 in cortical astroglia at 3-5 days, and in the thalamus at 5-7 

days, suggesting differential regulation of Hsp25 in these two brain regions (Acarin et al. 2002). 

The findings of the present study and previous investigations suggest that cortical and spinal 

cord glial populations are heterogeneous with regard to Hsp expression. There are likely to be 

many other pathways that maintain the neurotrophic functions and viability of glia that are 

differentially regulated depending on the region of the CNS.  

Interestingly, cortical and spinal cord astroglia from SOD1G93A showed comparable proportions 

of Hsp25+ve astroglia. This indicates that, in the absence of treatment, the proportion of 

Hsp25+ve cells is elevated in SOD1G93A cortical cultures compared to SOD1WT. Additional 

immunoblotting and immunocytochemistry of these cultures, staining for GFAP and Hsp25, is 

necessary to confirm this finding. Furthermore, immunohistochemistry of brain and spinal cord 

slices from SOD1WT and SOD1G93A mice would also contribute to our understanding of the 

sub-population of Hsp25+ve cells in vivo in the CNS. 

The functional significance of a greater proportion of Hsp25+ve astroglia in the spinal cord may 

be related to the cytoprotective chaperone activities of Hsp25. Motor neurons constitutively 

and stress-inducibly express Hsp25, but not Hsp70 (Plumier et al. 1997, Benn et al. 2002, 

Kalmar et al. 2002). Therefore, Hsp25 is likely to be an important Hsp in the spinal cord and 

for motor neuron health (Plumier et al. 1997, Benn et al. 2002, Kalmar et al. 2002). Hsp25 is a 

well characterised molecular chaperone that can inhibit the protein aggregation of α-synuclein 

(Cox et al. 2016) and mSOD1 (Yerbury et al. 2013) in vitro. Hsp25 is also a potent inhibitor of 

intrinsic and extrinsic apoptotic pathways downstream of Fas death receptor activation, and 
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can exert its anti-apoptotic activities at multiple junctures of these pathways (Garrido et al. 

1999, Charette et al. 2000, Havasi et al. 2008). Therefore, in the context of ALS, where disease 

onset and progression occurs primarily in the spinal cord, the presence of a higher proportion 

of Hsp25+ve astroglia under basal conditions could act to buffer deleterious molecular events 

that precede disease onset.  

Hsp25 has been shown to be up-regulated, compared to control mice, in spinal cord astroglia 

of SOD1G37R and SOD1G93A mice in late disease stages (Vleminckx et al. 2002, Wang et al. 

2003). It would be interesting to extend on this work to investigate whether the same patterns 

of Hsp25 upregulation also occur in the cortex as was observed in this study. Since treatment 

with LPS or TNFα were not sufficient to induce an increase in Hsp25 in the present study, it is 

likely that the cellular stress conditions in these mouse models of ALS act synergistically to 

induce the HSR and up-regulate Hsp25. Spinal cord astroglia can up-regulate Hsp25 expression 

after heat shock despite their already high basal level of Hsp25+ve cells. These findings 

highlight that the HSR in spinal cord astroglia can be targeted pharmacologically to provide 

support to motor neurons.  

Lastly, the practical implications of these findings suggest that the CNS region from which glia 

are derived should be carefully considered in studies that investigate interactions between 

spinal cord motor neurons and glia. We have demonstrated that significant differences exist 

between spinal cord and cortical glial cultures in terms of their inflammatory responses and 

HSR after treatment with various stresses. There is evidence from previous research describing 

the inter-regional transcriptomic and proteomic differences of these cell types in the CNS (de 

Haas et al. 2008, Hochstim et al. 2008, Farmer et al. 2016, Grabert et al. 2016, Haim and 

Rowitch 2017). For example, there are differences in the ability of astrocytes that are derived 

from different regions of the mouse brain to support the development of midbrain neurons in 
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vitro (Denis-Donini et al. 1984, Garcia-Abreu et al. 1995). Therefore, in future studies of motor 

neuronal and glial interactions, spinal cord glia should be used with spinal cord motor neurons. 

6.4.4 Summary 

In conclusion, the results of this work demonstrates that there are significant differences 

between glia derived from the cortex and spinal cord with respect to their stress-responses. 

Spinal cord microglia synthesise high (possibly toxic) levels of NO after stimulation with LPS 

and TNFα compared to cortical microglia. This could explain the link between a strong 

microglia-mediated inflammatory response and motor neuron-specific degeneration in the 

spinal cords of ALS patients. Furthermore, the present study showed that, under basal 

conditions, double the number of spinal cord astroglia are Hsp25+ve compared to cortical 

astroglia. The greater numbers of Hsp25+ve astroglia in the spinal cord could play a role in 

supporting motor neuron growth and maturation or provide a cytoprotective buffer in 

pathological conditions. Future studies could extend on this work by investigating a range of 

cytoprotective glial stress-responses in different CNS regions in WT and ALS mouse models. 

In doing so, this would further establish a link between regional variations in glial stress-

responses and motor neuronal vulnerability to degeneration in the spinal cords of ALS patients.
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7.1 Overview 

The purpose of this PhD research was to study the role of the HSR and its downstream products 

in responding to and preventing the aggregation of pathogenic and non-pathogenic proteins 

and inflammatory stimuli in cell-based models. In doing so, this research developed a new 

experimental approach to investigate the activities of Hsps in cells, and validated a new 

technique for the rapid quantification of inclusion formation and protein trafficking between 

subcellular compartments. This PhD research also explored the effect of neuronal 

differentiation on the capacity of neuron-like cells to induce an HSR, evaluated the ability of 

intra- and extracellular protein aggregates and inflammatory stimuli to induce an HSR in 

neuron-like cells, and compared inflammatory pathway activation and HSR induction in 

cortical and spinal cord primary glia. This final chapter summarises the major findings of this 

PhD research and its significance to the study of the HSR and NDs. 

7.1.1 A new approach to study ancient and evolutionarily conserved Hsps 

To overcome the problems associated with expressing Hsps with a fluorescent tag (or 

expressing Hsps without a fluorescent reporter), a suite of Hsp-encoding bicistronic constructs 

for the expression of a non-tagged Hsp and a fluorescent reporter protein were described in 

Chapter 3. The use of the Hsp-encoding bicisitronic constructs offers significant advantages, 

including that they (i) negate the need to tag Hsps with a fluorescent protein, (ii) enable 

differences in transfection efficiencies and (iii) Hsp expression levels (down to the level of 

individual cells) across different samples to be taken into account when comparing the 

functions of a range of Hsps.  

As described in Chapter 3, the Hsp-encoding bicistronic constructs were used in a cell-based 

protein aggregation assay to assess their efficacy in inhibiting the aggregation of FlucDM. 

Furthermore, the concentration-dependent effects of Hsp expression were elucidated, and it 
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was shown that increasing levels of Hsp70, and Hsp40 and Hsp70 in combination, were able 

to inhibit the aggregation of FlucDM in a concentration-dependent manner. These constructs can 

now be used in future investigations to quantify the chaperone efficacy of a range of Hsps in 

inhibiting the aggregation of disease-associated proteins in cell-based models (e.g. Htt, SOD1, 

or TDP-43) by flow cytometry or fluorescence microscopy. Moreover, future studies could use 

these bicistronic constructs to assess the (concentration-dependent) function of Hsps in the 

range of cellular processes in which Hsps play an important role (e.g. inhibiting inflammation 

and programmed cell death pathways). In addition to apoptosis, there is new evidence that 

associates necrosis and necroptosis in the degeneration of neurons in a range NDs (Ramdzan 

et al. 2017, Zhang et al. 2017). With regard to necroptosis, the RIP1/RIP3 necrosome forms a 

functional amyloid signalling complex (Li et al. 2012). Previous investigations have reported 

a role for Hsp90 and its co-chaperone CDC37 in the activation of RIP3 during necroptosis (Li 

et al. 2015). Thus, there is scope to further characterise the interactions of a range of Hsps and 

RIP1/RIP3 functional amyloid in the necroptosis programmed cell death pathway.  

The generation and validation of these bicistronic constructs represents a significant 

development in this field of research because they can be used to investigate the role of Hsps 

in a diverse range of cellular processes in which over-expression of Hsps may have an effect. 

The strategy of using bicistronic constructs for the correlated expression of a non-labelled 

protein of interest and a fluorescent reporter protein from bicistronic mRNA can also be applied 

to other proteins that would otherwise be adversely affected by N- or C- terminal labelling with 

a fluorescent protein. 

7.1.2  A new technique to quantify inclusion bodies and protein trafficking 

between subcellular compartments 

Research in the fields of proteostasis and NDs requires reliable assessment of protein 

trafficking, protein aggregation and inclusion formation in cells. Current methods to do so, 
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such as cell imaging, are laborious and subjective. To address this need, a flow cytometric-

based technique, termed FloIT, was developed for the rapid quantification of inclusion bodies 

and protein trafficking between subcellular compartments and is described in Chapter 4. The 

research presented in Chapter 4 demonstrated several applications of FloIT, including its use 

in cell-based models of ND-associated protein aggregation (SOD1A4V/G93A, Htt72Q, TDP-

43M337V), and the translocation of two different proteins (TDP-43M337V and NFAT) out of or 

into the nucleus. Similar to techniques traditionally used to determine changes in insoluble 

protein load (i.e. slot blot, SDS-PAGE of soluble and insoluble fractions), FloIT also relies on 

the separation of soluble and insoluble protein fractions from cell lysates. However, FloIT 

provides a quantitative analysis of the insoluble fraction rather than a qualitative, densitometry-

based analysis. Additional advantages of FloIT over existing methods to quantify inclusion 

formation in cells include: (i) the number of inclusion bodies in each sample can be normalised 

to the number of nuclei (stained with a nuclear dye) to allow quantitative comparisons across 

samples, (ii) sensitive detection of inclusion bodies that cannot be distinguished by microscopy 

or PulSA, (iii) the ability to determine the range and average size of aggregates (through the 

use of sizing bead standards), (iv) non-biased and (v) compatibility with standard flow 

cytometry instrumentation. 

The rapid detection and quantification of fluorescently tagged inclusions and protein 

translocation by FloIT has a variety of potential novel applications in research investigating 

NDs. Future applications of FloIT include the ability to: (i) detect the prion-like transfer of 

disease-associated proteins (or aggregates) from cell to cell, (ii) monitor the mislocalisation of 

proteins to subcellular compartments such as mitochondria, (iii) undertake medium to high 

throughput screens of compounds that modulate inclusion formation in cells, and (iv) determine 

the aggregate load in CNS tissues from rodent models of NDs with or without treatment or 

transgene expression. Furthermore, the possibility of upgrading the standard flow cytometer to 
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increase the sensitivity for the detection of small aggregates in the 100-400 nm range is also 

feasible. The significance of the development of FloIT stems from its potential to be further 

developed for a range of additional applications, beyond the fields of proteostasis and NDs, in 

cell biology, biochemistry and biomedical research. 

7.1.3 Differentiated Neuro-2a cells have a competent HSR 

The kinetics and magnitude of the induction of the HSR after heat stress has previously been 

shown to vary depending on cell-type. For example, seminal studies in rodents showed that 

after whole organism hyperthermia, Hsp70 transcripts and protein expression was observed in 

astroglia, but not neurons (Nishimura et al. 1991, Manzerra and Brown 1992, Nishimura and 

Dwyer 1996, Manzerra et al. 1997, Krueger et al. 1999, Pavlik and Aneja 2007, Oza et al. 2008, 

Yang et al. 2008). This led to the hypothesis that neurons have an attenuated HSR and may 

explain the absence of the induction of the HSR in the CNS tissues of rodent models of NDs 

(such as HD and ALS; see Table 1-1 and Table 1-2).  

Previous research has demonstrated that neuroblastoma cell lines (e.g. NG108-15 and Neuro-

2a) differentiated with 1 mM dbcAMP for 72 h results in an attenuation of the cell’s ability to 

induce an HSR (Dwyer et al. 1996, Hatayama et al. 1997, Oza et al. 2008, Yang et al. 2008). 

The data presented in Chapter 5 contrasts with this previous research and showed that Neuro-

2a differentiated with 1 mM dbcAMP for 72 h are able to induce an HSR. In addition, through 

the use of a fluorescent reporter of the HSR, this work demonstrated that differentiated Neuro-

2a cells induced a greater HSR compared to non-differentiated cells in response to stress (heat 

shock or CdCl2 treatment). The enhanced HSR in differentiated Neuro-2a cells (compared to 

non-differentiated) observed in this work may be explained by the role of cAMP in activating 

PKA. Treatment of cells with high concentrations of dbcAMP activates PKA and other kinases, 

such as p38 MAPK. Both PKA and p38 MAPK have been associated with the phosphorylation 

of HSF1 at serine residues that switch-on HSF1 transcriptional activities. Therefore, 
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differentiation of neuroblastoma cell lines with dbcAMP may serve to prime HSF1 by inducing 

its phosphorylation and thus, sensitise cells to stress, resulting in a greater magnitude of HSR 

induction compared to non-differentiated cells. 

Future studies should extend on this work by testing more physiologically relevant models of 

neuronal differentiation, due to the limitations of differentiating neuroblastoma cell lines. This 

is particularly important given that the ability of neurons to induce an HSR in vivo is likely to 

depend upon the neuronal sub-type and ability to alter the chromatin landscape for HSF1 

binding to DNA during periods of stress (Marini et al. 1990, Batulan et al. 2003, Tagawa et al. 

2007, Carnemolla et al. 2015). It would be interesting to determine whether there are 

differences with regard to HSR induction in the different neuronal sub-types and cell types that 

comprise the CNS. This could be achieved by developing a transgenic mouse model containing 

an HSE:EGFP transgene and treating it with HSR-inducing compounds or whole organism 

hyperthermia. The identification of these HSR competent cell types would facilitate the 

development of therapeutics that induce the HSR to ameliorate the molecular pathologies 

associated with NDs. 

7.1.4   Two major pathological hallmarks associated with NDs are poor 

inducers of the HSR 

An alternative hypothesis for the absence of the HSR in affected cells of the CNS in rodent 

models of NDs is that protein misfolding, oligomerisation and inclusion formation evade the 

detection of the HSR or impair the induction of the HSR. This absence of the HSR also suggests 

that the cellular stresses incurred by chronic neuroinflammation do not induce an HSR in these 

tissues. The objectives of the work described in Chapters 5 and 6 were to explore the induction 

of the HSR in the context of protein aggregation (both intra- and extracellular) and 

inflammatory stimuli in neuron-like and primary glial cells. The major findings from the work 

have been summarised in Figure 7.1. 
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Figure 7.1. Summary of significant findings from this work with regard to neuron-like cells expressing 

pathogenic proteins and primary glial cells treated with inflammatory stimuli. Pathogenic aggregates formed 

from SOD1G93A and α-synuclein applied extracellularly to Neuro-2a (HSE:EGFP) cells do not induce the HSR. 

Only a low proportion of Neuro-2a (HSE:EGFP) cells transfected to express SOD1G93A and Htt72Q induce an HSR. 

This is indicative of (2) a low proportion of cells activating HSF1 transcriptional activities, and (3) a low 

proportion of cells exhibiting HSF1 binding to DNA. Cells expressing SOD1G93A and Htt72Q induce the HSR in a 

concentration-dependent manner, whereby cells expressing high levels of pathogenic protein are more likely to 

have an active HSR. (4) The HSR is not induced in either astroglia or microglia after treatment with inflammatory 

stimuli (LPS or TNFα) suggesting that chronic neuroinflammation associated with NDs is not sufficient to induce 

an HSR in these cells in the CNS. (5) Under basal conditions (i.e. no treatment) spinal cord primary astroglia have 

a higher proportion of Hsp25+ve cells compared to cortical astroglia. (6) Spinal cord astroglia have a competent 

HSR when heat shocked and there is an increased proportion of spinal cord astroglia that are Hsp25+ve after 6 h 

of recovery at 37°C compared to astroglia that have not been heat shocked. (7) Treatment of microglia with 

inflammatory stimuli results in the up-regulated expression of iNOS and NO is subsequently synthesised.  

 

7.1.5 Neuron-like cells do not induce the HSR after the extracellular 

application of pathogenic aggregates 

The progression of NDs throughout the CNS is thought to occur via the prion-like spread of 

proteins, where degenerated neurons release misfolded proteins that are taken up by 

surrounding acceptor cells (Jucker and Walker 2013). The extracellular application of soluble 

or aggregated SOD1G93A and α-synuclein to the fluorescent reporter Neuro-2a (HSE:EGFP) 

cell line did not result in induction of the HSR. There is scope to extend on this research by 

investigating whether the absence of the HSR in response to these extracellular protein 

aggregates is specific to these pathogenic proteins or also occurs when the cells are exposed to 

extracellular aggregates formed from non-pathogenic proteins (e.g. firefly luciferase). 

Furthermore, one hypothesis in the field is that the oligomers and protofibrils that preceed the 

formation of mature fibrils (or aggregates) are the most toxic species (Kirkitadze et al. 2002, 

Winner et al. 2011). Therefore, investigations into whether toxic oligomers induce an HSR in 

Neuro-2a (HSE:EGFP) cells could help to establish a link between the structural conformation 

of the protein and the induction of the HSR. 

Future research should also investigate whether other stress-inducible arms of the proteostasis 

network are up-regulated in cells as a result of exposure to extracellular aggregates, for example 

the unfolded protein response. This data suggests that protein aggregates, when applied 
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extracellularly, evade the detection of the HSR and this may facilitate the spread of misfolded 

proteins throughout the CNS of patients with NDs (Figure 7.1). 

7.1.6  The effect of intracellular protein aggregation on the HSR 

With regard to the intracellular expression and aggregation of SOD1G93A and Htt72Q, the HSR 

was only induced in a relatively low proportion of Neuro-2a (HSE:EGFP) cells compared to 

cells expressing FlucDM. This may suggest that the HSR does not detect early protein 

misfolding and subsequent inclusion formation in the majority of SOD1G93A or Htt72Q 

expressing cells (96-98% of total events; Figure 7.1). Structural differences between mutant 

SOD1 or Htt and FlucDM may make the cell more susceptible to inducing an HSR in response 

to FlucDM expression compared to the expression of these pathogenic proteins. One alternative 

hypothesis developed from studies examining the effect of polyQ-expanded Htt (Chafekar and 

Duennwald 2012), amyloid β (Resenberger et al. 2012), and synthetic β-sheet forming proteins 

(Olzscha et al. 2011) is that pathogenic proteins increase the threshold of HSR activation. 

Another possibility involves the enhanced ubiquitination and thus, degradation of HSF1, which 

has been reported in SOD1G93A (Mimoto et al. 2012) and TDP-43WT×Q331K (Chen et al. 2016) 

mouse models of ALS, cell-based (Gomez-Pastor et al. 2017) and rodent (Chafekar and 

Duennwald 2012) models of polyQ-expanded Htt, and rodent models and human patient post-

mortem samples of α-synucleinopathies (Kim et al. 2016). 

Live cell imaging experiments were undertaken to track the induction of the HSR, inclusion 

body formation in individual cells and time taken for cells to die. There was no difference in 

the toxicity of Htt72Q and FlucDM expression and time taken to form inclusions. However, cells 

that induced an HSR in FlucDM expressing cells were viable for approximately two times longer 

than cells in the same sample that did not switch on the HSR. This is a significant finding, since 

it provides compelling evidence in support of activating the HSR as a cytoprotective therapy 

in affected cells of the CNS in NDs, even after inclusions have formed. The Neuro-2a 
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(HSE:EGFP) fluorescent reporter cell line generated as part of this PhD research could be used 

in medium-high throughput screening of compound libraries to identify novel HSR-inducing 

compounds. Combined with FloIT, this cell line can be used to determine which compounds 

induce the HSR, are cytoprotective, and whether or not this is correlated with a decline in 

protein aggregation in cell-based models of NDs.  

Future research employing Neuro-2a (HSE:EGFP) cells could extend on the work done as part 

of this PhD by isolating the sub-populations of cells that induced an HSR after expression of 

SOD1G93A, Htt72Q or FlucDM. The use of a new generation of sensitive, cell-permeable dyes that 

stain misfolded proteins, called TPE-MI (Chen et al. 2017), would help to determine whether 

the HSR was induced in these cells because they have a higher content of other misfolded 

protein compared to cells that did not induce an HSR. Furthermore, cells expressing high levels 

of aggregation-prone protein had the highest proportion of HSR+ve cells. It would be interesting 

to investigate whether this trend is caused directly by the mutant protein or other indirect 

processes, such as proteasomal impairment (Bush et al. 1997). 

With regard to drugs that require some activation of the HSR in order to work (e.g. 

arimoclomol), this PhD thesis shows that extracellular and intracellular protein aggregation, 

and inflammatory stimuli are poor inducers of the HSR. However, there are other molecular 

mechanisms also associated with neurodegenerative diseases, including proteasomal 

inhibition, that could activate HSF1 in cells of the central nervous system (Bush et al. 1997, 

Kabashi et al. 2008b). Therefore, investigating compounds such as arimoclomol, which require 

some induction of the HSR to work, remains a valid line of inquiry.   

7.1.6.1 Next generation fluorescent reporters of the HSR 

The Neuro-2a (HSE:EGFP) and HEK293 (HSE:EGFP) stable cell lines that were developed in 

this work represent a first generation design of a fluorescent reporter of HSR induction that can 
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be improved in future research. For example, artificial promoters comprised of HSEs can be 

optimised to increase the sensitivity of detection of HSR activation (Ortner et al. 2015). Similar 

to other HSF1 target genes, Hspa1a integrates inputs from various transcription factors that 

mediate stress-inducible and stress-independent pathways such as nuclear factor-Y, nuclear 

factor-dB and cAMP response element binding protein (Sasi et al. 2014). Therefore, the 

complete hspa1a promoter is not ideal for selective detection of the induction of the HSR and 

our research aimed to overcome these shortcomings by using a minimal Hspa1a promoter 

comprised of 8 putative HSEs. In addition to the design of the promoter, it would be of benefit 

to use reporter genes with short half-lives in order to track the temporal changes in transcription 

associated with HSR induction (Houser et al. 2012). For example, EGFP has a half-life of 26 

h, compared to a novel ubiquitin-N-degron fusion mutant of GFP, which has a half-life of ~ 7 

min (Hackett et al. 2006, Houser et al. 2012). These changes to the design of the fluorescent 

reporters of the HSR used in this study could be applied to develop a second generation of 

stable cell lines. In this way, the kinetics of HSF1-mediated transcription induction and 

attenuation can be tracked in real-time in live cells in the absence and presence of stress. The 

strategy employed in the present study to monitor the HSR and the suggested improvements to 

the construct design can also be used in the medium-high throughput screening of novel 

therapeutics that modulate HSF1 and the HSR. 

7.1.7 The effect of inflammatory stimuli on the HSR 

Chronic neuroinflammation plays a significant role in the progression of NDs from mid-to late-

stage disease (Mosher and Wyss-Coray 2014, Lee et al. 2016). Neuroinflammation in NDs is 

mediated by activated microglia and reactive astroglia, which secrete a range of neurotoxic and 

pro-inflammatory cytokines (Xiao et al. 2007, Liddelow et al. 2017). Maintaining glia in a 

neurotrophic condition through the induction of the HSR and Hsps is a potential strategy to 

prevent neurodegeneration in these diseases (Ianaro et al. 2001, Kalmar and Greensmith 2009). 
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Therefore, one of the objectives of the work described in Chapter 6 was to investigate whether 

primary glia treated with inflammatory stimuli can induce a cytoprotective HSR.  

Treatment of WT primary murine cortical or spinal cord mixed glial cultures with LPS or TNFα 

was not able to induce the induction of Hsp70 or Hsp25 after 24 h. However, this treatment 

was sufficient to activate the inflammatory pathway in these cells such that iNOS was 

upregulated and NO was synthesised. Therefore, the combined stresses of treatment with 

inflammatory stimuli and resulting nitrosative stress did not induce the HSR in cortical or 

spinal cord glial cells. This suggests that inflammatory stimuli are poor inducers of the HSR. 

This PhD research has established that two major pathological hallmarks associated with NDs, 

protein aggregation and neuroinflammation, are poor inducers of the HSR in neuron-like cells 

and primary murine glia. The vulnerability of affected neurons in the CNS of patients with NDs 

may stem from the inability of these cells to sense and respond to key pathological cellular 

stresses. However, the work described in this thesis shows that activation of the HSR in cells, 

even if they have inclusions, is correlated with an increase in cellular viability (Figure 5.14). 

Therefore, if affected cells of the CNS in NDs are not capable of inducing an endogenous HSR, 

it would be beneficial to cellular viability to pharmacologically or genetically up-regulate the 

HSR. There are currently few HSR-inducing compounds that are not cytotoxic (e.g. 

arimoclomol has progressed to Phase III human clinical trials); therefore, the focus of future 

research should focus on developing new non-cytotoxic HSR-modulating compounds.  

7.1.8 Regional differences in glial stress-responses may explain the 

vulnerability of discrete neuronal populations in NDs 

Striking regional differences in neurodegeneration are observed between the cerebral cortex 

and spinal cord in ALS, and this may be the consequence of regional variations in glial cells to 

induce vital stress-responses and provide support to neurons. Therefore, in the work described 
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in Chapter 6, the activation of the inflammatory response and induction of the HSR were 

compared in cortical and spinal cord mixed glial cultures derived from WT, SOD1WT, and 

SOD1G93A mice. The major findings regarding inflammatory pathway activation and HSR 

induction in primary cortical and spinal cord glia presented in Chapter 6 are summarised in 

Figure 7.2. 
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Figure 7.2. Summary of the findings of this work in relation to regional differences in inflammatory and 

heat shock responses between cortical and spinal cord glia after treatment with inflammatory stimuli. 

Mixed glial cultures that were not treated did not demonstrate an upregulation of iNOS or NO in either cortical or 

spinal cord cultures. Under basal conditions (i.e. not treated) there were double the proportion of Hsp25+ve 

astroglia in spinal cord cultures (40%) compared to cortical cultures (20%). The higher proportion of Hsp25+ve 

astroglia in the spinal cord may act to buffer pathological stresses at the onset of disease. Cultures treated with the 

inflammatory stimuli, LPS and TNFα, demonstrated an increase in NO synthesis that was correlated with iNOS 

activity in both cortical and spinal cord mixed glial cultures. Spinal cord mixed glial cultures demonstrated a lower 

threshold for inflammatory pathway activation and higher levels of NO synthesis compared to cortical mixed glial 

cultures. These findings suggest that inflammation can start earlier and generate neurotoxic levels of NO in the 

spinal cord, which may explain the vulnerability of spinal cord motor neurons to degenerate in ALS. 

 

This work showed that spinal cord mixed glial cultures synthesise higher levels of NO 

compared to cortical cultures after treatment with LPS or TNFα (in cultures derived from WT, 

SOD1WT or SOD1G93A mice). Dose response experiments also demonstrated that spinal cord 

glial cultures had a lower threshold for inflammatory pathway activation. High concentrations 

of NO synthesised by spinal cord glia in the CNS is likely to have neurotoxic consequences for 

surrounding motor neurons. Future experiments should co-culture cortical and spinal cord glia 

with primary motor neurons after treatment with inflammatory stimuli to determine whether 

the enhanced inflammatory response in spinal cord glia correlates with greater neurotoxicity. 

With regard to the components of the HSR, under basal conditions there were double the 

proportion of Hsp25+ve astroglia in spinal cord cultures compared to cortical cultures. This may 

act to buffer pathological events that precede disease onset. Interestingly, SOD1G93A cortical 

and spinal cord astroglia show the same proportion of Hsp25+ve astroglia suggesting that mutant 

SOD1 expression does not affect the expression of this Hsp. Future research should investigate 

whether the higher levels of Hsp25 in astroglia is beneficial to motor neurons in co-culture 

experiments. Furthermore, seminal research in neuroblastoma and glioblastoma cell lines has 

shown that Hsps may be transferred via extracellular vesicles from glia to neurons (Guzhova 

et al. 2001, Frühbeis et al. 2013). It would be interesting to study whether the transfer of Hsps 

occurs via this mechanism in physiologically relevant cells, such as co-cultures of primary glia 

and motor neurons.  
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Chapter 6 describes a targeted approach to examining regional differences in glial support 

between the cortex and spinal cord, where components of the inflammatory pathway and HSR 

were examined. These studies can be extended to determine the types of cytokines that are 

released by WT or SOD1G93A activated microglia and reactive astroglia after treatment with 

inflammatory stimuli. The ability of glia to induce a range of Hsps (in addition to Hsp25) after 

treatment with inflammatory stimuli is also of interest. Furthermore, there are likely to be a 

number of regional differences in the glial cellular mechanisms that are involved in the 

maintenance of motor neuronal viability. Therefore, it would be interesting to conduct a 

proteomics-based study to examine the types of proteins that are significantly up- or down-

regulated in the spinal cord compared to the cortex. This type of proteomics data can be used 

to develop a global understanding of how regional differences in the ability of glia to induce 

cytoprotective responses can influence the vulnerability of surrounding neurons to 

degeneration.  

Lastly, the work described in Chapter 6 focused on the regional differences in motor neuron 

degeneration relevant to ALS, cortex and spinal cord. Future research could investigate 

regional differences in glial stress-responses and their ability to provide neurotrophic support 

to surrounding neurons in brain regions associated with other NDs. For example, comparing 

glia derived from the frontotemporal cortex with the parietal and occipital lobes in 

investigations pertaining to Frontotemporal Dementia. In addition, the ability of glia to provide 

neurotrophic support could be compared in the striatum and cerebral cortex in investigations 

pertaining to HD. These types of investigations may establish a link between the loss of 

neurotrophic or gain of neurotoxic function in glia surrounding the neuronal populations that 

degenerate in these diseases.  
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7.2 Conclusions 

This research aimed to establish the role of the HSR and the primary products of this pathway, 

namely the Hsps, in processes associated with NDs. The generation of the heat shock protein-

encoding bicistronic constructs now allows for the quantification of their intracellular activities 

at the single cell or bulk cell level through the use of flow cytometry of fluorescence 

microscopy. Furthermore, FloIT facilitates the quantification of protein inclusions in cell 

lysates and is a simple technique that can be adopted by most laboratories with standard flow 

cytometry equipment. FloIT could be adopted as a standard method to screen the efficacy of 

proteostasis modulating compounds on the number of inclusions in cells, and thus, the 

development of new therapeutics to treat neurodegenerative diseases. Both strategies described 

in Chapters 3 and 4 have a wide range of potential applications beyond those presented in this 

thesis.  

Overall, the work presented in this thesis highlights the complexity of HSR activation in the 

context of different stressors, particularly those associated with NDs (aggregating proteins, 

inflammatory stimuli). This research showed that disease-associated protein aggregates applied 

extracellularly to cells do not induce an HSR. The intracellular expression of disease-associated 

proteins can elicit an HSR, but only in a relatively low proportion of cells. In cells with 

inclusions formed from the non-pathogenic protein, FlucDM, induction of an HSR resulted in 

an increase in cell viability. Treatment of spinal cord or cortical glial cultures with 

inflammatory stimuli does not induce the HSR. Therefore, two major, pathological hallmarks 

associated with neurodegenerative diseases do not induce a strong cytoprotective HSR in 

neuron-like cells or primary murine glia. Combined, these findings provide compelling 

evidence that establishes a link between an evaded (or impaired) HSR in cells of the CNS and 

neuronal vulnerability to protein aggregation and inflammation associated with NDs. Lastly, 
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spinal cord glia also demonstrated a lower threshold for the activation of the inflammatory 

pathway and a greater synthesis of NO, which is neurotoxic at high concentrations in the CNS.  
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pminHsp70p-EGFP plasmid map: 

 

pminHsp70p-EGFP sequence: 

TCGAGGCGCGTCCTCAGAGCCAGCCGGGAGGAGCTAGAACCTTCCCCGCGTTTCT

TTCAGCAGCCCTGAGTCAGAGGCGGGCTGGCCTGGCATAGCCGCCCAGCCTCTC

GGCTCACGGCCCGATCCGCCCGAACCTTCTCCCGGGGTCAGCGCCGCGCTGCGCC

GCCCGGCTGACTCAGCCCGGGCGGGCGGGCGGGAGGCTCTCGACTGGGCGGGAA

GGTGCGGGAAGGTTCGCGGCGGCGGGGTCGGGGAGGTGCAAAAGGATGAAAAG

CCCGTGGAAGCGGAGCTGAGCAGATCCGAGCCGGGCTGGCGGCAGAGAAACCG

CAGGGAGAGCCTCACTGCTGAGCGCCCCTCGACGGCGGAGCGGCAGCAGCCTCC

GTGGCCTCCAGCATCCGACAAGAAGCTCTCTAGTCGACGGTATCGATAAGCTTCT

TAACATATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTG

GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGC

GAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGC

AAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGT

GCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCAT

GCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTA

CAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGA

GCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGA

GTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGG

CATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCT

CGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCC

CGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAA

GCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGC

ATGGACGAGCTGTACAAGTAA 

Appendix A: Plasmid map and sequence of the pminHsp70-EGFP-Hygr construct used to generate the 

Neuro-2a (HSE:EGFP) and HEK293 (HSE:EGFP) stable cell line reporters of the HSR. Sequence 

corresponding to the human minimal Hsp70 promoter (minHsp70p) is shown in blue and the EGFP gene in green. 

The 8 putative heat shock elements (NGAAN) in the minHsp70p sequence are underlined. 
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Appendix B. Graphs of raw percent of cells in the iPop gate.  Cells were co-transfected with mFluc-EGFP and 

each of the Hsp-encoding bicistronic constructs and 48 h post-transfection the effect of each expressing each Hsp 

on mFluc inclusion formation was analysed by flow cytometry. (a) Raw percent of cells in the iPop gate within 

each sample across each of the three biological replicates, rep 1, rep 2 and rep 3. (b) The percent of cells 

in the iPop gate normalised to relative mFluc expression levels in each respective sample across the three 

biological replicates. We found that the raw percent of cells with inclusions varied between biological replicates, 

for example, the third biological replicate demonstrated a consistently higher proportion of cells with inclusions 

across all samples. However, despite the differences in the raw percent of cells in the iPop gate, the trends across 

the Hsp expressing samples remained constant between experiments. Therefore, the data shown in Fig. 3 is 

expressed as a fold change rather than a raw percent to better reflect the chaperone activities of each Hsp in the 

mFluc protein aggregation assay. 
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