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Abstract 

UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF MEDICAL, HEALTH AND LIFE SCIENCES 

SCHOOL OF BIOLOGICAL SCIENCES 

Doctor of Philosophy 

ANALYSIS OF AXONAL TRANSPORT AND MOLECULAR CHAPERONES 

DURING NEURODEGENERATION IN DROSOPHILA 

by Christopher A. Sinadinos 

Neuronal dysfunction and cell death occurs during neurodegeneration.  Animal models that 

express human disease genes and show neurodegenerative-like pathologies are widely used 

to study particular molecular systems in early neurodegenerative changes.  Axonal transport 

(AT) is perturbed in several prevalent neurodegenerative diseases.  The development of a 

Huntington’s Disease (HD) model in Drosophila melanogaster larvae is described, in which 

disease gene expression is directed to motor neurons (Chapter 2). This results in stalling and 

accumulation of AT vesicles in live animals and a locomotion defect after additional 

environmental stress. 

The cause of AT disruption and neuronal dysfunction in most cases of neurodegeneration is 

unknown, but it is associated with protein misfolding and aggregation that overrides cellular 

defences such as the heat shock protein (HSP) molecular chaperone system.  In addition to 

HD, this applies to human tauopathies such as Alzheimer’s Disease (AD), which involve 

axonal misfolding and aggregation of tau.  Increased throughput assays to test larval 

locomotion are developed (Chapter 3) in a Drosophila larval model of tauopathy, in which 

locomotion defects are detectable under normal environmental conditions.  Candidate 

chemical modulation of this locomotion phenotype is described that targets HSP induction 

(Chapter 4). The chemicals used result in no detectable change in hsp70 level, lower total tau 

levels, and worsening of the locomotion defect phenotype.  Tissue-specific elevation of 

hsp70 after hypoxic stress (Chapter 5) protects from acute behavioural disability and reduced 

survival in aged adult Drosophila expressing human tau in the nervous system.  These 

studies indicate some therapeutic potential for HSP elevation in tau mediated 

pathology.  Nevertheless, further work is required if chemical chaperone induction, and the 

roles of HSPs in axonal transport and homeostasis during chronic neurodegenerative and 

acute environmental stress, are to be further explored in these models. 
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Chapter 1. Introduction 

1.1 Structure of Background Review 

A founding theme for this project was to develop Drosophila models to investigate 

axonal transport (AT) and heat shock protein (HSP) molecular chaperone systems in 

the context of neurodegenerative stress in tauopathy and HD, two diseases for which 

intriguing parallels in the underlying molecular pathology involve these processes. 

In the first part this introduction, clinical symptoms and molecular hallmarks of 

neurodegeneration in tauopathy and HD are described (1.2).  This is followed by a 

consideration of evidence for AT dysfunction drawn from analyses of human disease 

tissue and various animal models (1.3-1.6).  The Drosophila larval model used for 

this investigation is considered in particular detail (1.5), as are the advantages of 

using Drosophila to model human disease and test candidate therapeutic compounds 

(1.7).  Amidst a common theme of protein misfolding and/or aggregation, roles of 

the HSP system that make it an attractive candidate for modulation of the disease 

phenotype in this animal disease model are discussed (1.8).  Finally, the concept of 

pharmacological HSP induction in the context of neurodegeneration is described and 

its worth as a potential therapeutic strategy is considered (1.9). 

1.2 Neurodegeneration 

Cells of the nervous system, neurons, are the target for malfunction and death during 

neurodegeneration, and the particular types of neuron afflicted with time largely 

determine the pathological hallmarks of the various neurodegenerative disorders 

(Garcia and Cleveland, 2001;Evert et al., 2000). 
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Alzheimer’s disease (AD, table 1.1) is the most common tauopathy and human 

neurodegenerative dementia, with some 29 million persons currently estimated to 

suffer from the condition (Dufouil and Alperovitch, 2005).  AD, 95% of cases of 

which are sporadic without a clear single genetic component (reviewed in 

(Avramopoulos, 2009), is characterised by the preferential death of cells within the 

hippocampus and frontal and temporal cortical lobes of the brain, regions implicated 

in learning, memory and cognition that are the first to show decline during the 

earliest stages of the disease(Mattson, 2004). Neuron dysfunction and death is less 

discriminate in later stages of the condition, when global central nervous system 

(CNS) degeneration results in emotional and personality changes, increasing 

dependence and early death (Braak and Braak, 1991). 

Huntington’s Disease (HD, table 1.1) also involves the initial dysfunction and death 

of a particular subset of CNS neurons, usually of the striatum, followed by a more 

global dementia (Reiner et al., 1988).  It is a rare, dominantly inherited condition 

caused by a poly-glutamine (polyQ) expansion in the huntingtin (htt) protein.  

Degeneration of medium spiny striatal neurons and associated neocortical areas 

results in movement and coordination deficits in middle age, and progressive 

neurological decline typically results in death 15-20 years after onset (Vonsattel and 

DiFiglia, 1998). 

Misfolded, aggregated disease proteins have been well described in AD and HD 

human disease tissue analysed post-mortem (Fig. 1.1).  A cardinal feature of AD 

brain is the presence of extra-neuronal amyloid plaques composed of abnormally 

processed β-amyloid (Aβ) (Fig. 1.1A).  Intracellular neurofibrillary tangles (NFTs) 

incorporating paired helical filaments of hyperphosphorylated tau protein (Fig. 1.1B) 
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are also present in AD post-mortem tissue, and filamentous tau deposits are also 

found in several other tauopathies in which amyloid pathology is rare or absent 

(Hernandez and Avila, 2007).  Similarly, aggregated inclusion bodies (IBs) of 

pathogenic htt-polyQ protein form in the nucleus and cytoplasm of afflicted neurons 

in HD brain (Fig. 1.1C).  Although it is unknown precisely how these aggregates, 

which share common biochemical characteristics, relate to neuronal dysfunction and 

death during disease, the prevailing current hypothesis states that aggregates 

themselves are not toxic, but are indicative of underlying protein misfolding events 

that play a pivotal role in the pathological process (Muchowski and Wacker, 2005).       

How cellular dysfunction and death occurs, why certain neuronal subsets are 

particularly vulnerable, and how to diagnose and intervene to slow or halt 

degenerative progression, are key unanswered questions of modern medicine – no 

effective therapy, let alone cure, has yet been developed to tackle these debilitating 

disorders. Despite this, considerable progress has been made in the molecular 

characterisation of the underlying pathology, a crucial step towards the development 

of rational therapeutics. Ultimately, patient-tailored treatments that target molecular 

events specific to each condition are envisaged, as intense research in this area works 

to make this a reality in the near future. 



                                                                                                                         Chapter 1 

 15 

Table 1.1 Comparison of Alzheimer’s and Huntington’s Diseases 

Information is from www.wikipedia .org, except where indicated with specific citations. 

 Alzheimer’s Disease Huntington’s Disease 

First Described 1906 1872 

Genetics (implicated 

genes/proteins) 

mostly sporadic, several loci 

linked with risk factor (ApoE, 

CLU, PICALM), rare familial 

inheritance (APP, PSI, PSII) 
a
 

autosomal dominant 

inheritance (Huntingtin polyQ 

mutation)  

Estimated Prevalence 26.6 million (worldwide, 

2006)
c
 

12-14/100 000 (UK and USA, 

2010) 
d
 

Projected Prevalence 

Worldwide (2050) 

106.4 million 
c
 - 

Diagnosis medical at clinical onset medical at clinical onset, 

genetic pre-diagnosis 

Common Primary 

Symptoms 

cognitive impairment, short 

term memory deficits, 

language difficulties 

uncoordinated movements 

(chorea), posture imbalance, 

sleep disturbances, mood 

disturbances 

Secondary Progressive 

Manifestations 

long term memory 

impairment, emotional 

disturbances, dementia, early 

death 

cognitive impairment, memory 

deficits, emotional 

disturbances, dementia, early 

death 

Management acetylcholine esterase 

inhibitors (vs cognitive 

symptoms), memantine (anti-

excitotoxicity), care giving, 

psychosocial intervention  

tetrabenazine (vs chorea), 

antiparkinsonian drugs, 

neuroleptics/antipsychotics, 

care giving, physical therapy, 

counselling, antidepressants 

a
(Harold et al., 2009), 

b
(Brookmeyer et al., 2007), 

c
 Tentative estimate awaiting verification (Spinney, 

2010) 
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Fig. 1.1 Protein aggregation in Alzheimer’s and Huntington’s Disease.  (A) i) An 

extracellular amyloid plaque from AD sufferer temporal cortex, detected with anti-PHF to show an 

aggregate core (arrow) and dystrophic neurites (red stars) that are radially distributed around the core 

periphery (Kosik et al., 1986). ii) Cleavage of amyloid precursor protein (APP) to yield 

amyloidogenic Aβ fragments (red) is an essential step prior to the formation of amyloid plaques in AD.  

Cleavage is carried out by secretase enzymes at the amino acid sites indicated.  Plasma or vesicle 

membrane is in yellow. (B) i) A neurofibrillary tangle (NFT) from temporal cortex of the same AD 

sufferer as in A, as labelled with anti-tau antibody (Kosik et al., 1986). ii) Hyperphosphorylated tau 

(tau-P) is the major component of NFTs and straight filaments in tauopathies.  In AD, pathological Aβ 

may trigger caspase dependent cleavage of tau, yielding truncated tau (green) with increased 

propensity for aggregate formation (Gamblin et al., 2003).  MTB – microtubule binding region. (C) 

High magnification electron microscopy images of cytoplasmic (i) and intra-nuclear (ii) htt inclusion 

bodies (IBs) in HD sufferer cortex (DiFiglia et al., 1997).  A fibrillar aggregate core (red star) and 

accumulated vesicles/mitochondria (arrows) are visible.  n – nuclear envelope. (iii) Htt cleavage at 

several sites by various proteases yields N-terminal fragments harbouring the pathogenic polyQ 

expansion (blue).  Nuclear envelope shown in yellow.  NES – nuclear export sequence.  Scale bars - 

10µm in Ai and Bi, and 1µm in Ci and Cii. 
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Molecular research into disease aetiology can take several forms, and integration of 

the various approaches is opening avenues towards potential novel therapies. Today, 

vast genomic sequence data and refined molecular biological techniques are 

facilitating genetic dissection of cellular pathways that are altered early in disease. 

One neuronal process to receive widespread recent attention within the 

neurodegeneration field is AT (Crosby, 2003). This is improving our functional 

understanding of transport mechanisms and potentially guiding therapeutic 

development for several neurodegenerative conditions in parallel. 

1.3 Function and Composition of the Axonal Transport System 

Long-distance intracellular movement of vesicular organelles and their cargoes is 

mediated primarily by the kinesin and dynein motor superfamily proteins (Fig. 1.2), 

multi-component mechanochemical enzymes that utilise energy from ATP 

hydrolysis to power the movement of cellular transport ‘cargoes’ along polymeric 

microtubule (MT) tracks (Hirokawa and Takemura, 2005). 

Although transport between distant compartments is an essential housekeeping 

function for any eukaryotic cell, MT-based transport has added significance in 

neurons, in which distal axonal and synaptic compartments subsist at a particularly 

great distance from the predominant sites of mRNA and protein synthesis within the 

soma. The axon of a lower human motor neuron, for example, can exceed a metre in 

length and harbour an axoplasm comprising over 99% of the total cell volume 

(Brown, 2003).  Anterograde delivery of synaptic proteins and mitochondria, to 

supply the demands of synaptic vesicle release and recycling, must regularly span 

such distances. Retrograde transport of senescent organelles (Pilling et al., 2006) and  
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signalling factors (Galigniana et al., 2001) to the soma and nucleus is also important 

for the maintenance of neuronal function and viability.  Mutually exclusive kinesin 

and dynein movements along MTs may contribute to bidirectional transport by the 

two motors (Gross et al., 2002).  In addition, the actin and neurofilament 

cytoskeleton (Matsudeira, 1999) and myosin-based movement along actin 

microfilaments (Espreafico et al., 1992) help to stabilise the axonal MT network and 

contribute to transport of cargoes at axonal peripheries. 

Given the importance of active, long-distance transport within the neuron, a genetic 

defect or sporadic failure within the system could be expected to cause cellular 

dysfunction and neuropathy. Such a causal relationship is emerging for a growing list 

of human neurodegenerative conditions (Crosby, 2003). 
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1.4 Axonal Transport Dysfunction in Peripheral and Central 

Neuropathies 

Peripheral Neuropathies. The link between AT disruption and human neurological 

disease is particularly well established for several peripheral motor neuropathies, in 

which an early manifestation of neuronal dysfunction is defective muscle contraction 

due to deficient motor excitation.  A typical, functionally active kinesin complex is 

composed of two MT-interacting heavy chains (KHCs) complexed with two cargo-

associated light chains (KLCs) (Fig. 1.2). Mutations in the KHC gene, kif5A, are 

linked to hereditary spastic paraplegia (HSPG), a condition involving lateral 

corticospinal tract degeneration and lower limb spasticity (Reid et al., 2002). 

Mutations in motor subunits or associated components have similarly been 

documented for other peripheral neuropathies including SPG20 (a putative 

endosomal trafficking and MT-interacting protein) in Troyer syndrome (Patel et al., 

2002), Kif1Bβ in Charcot-Marie-Tooth disease type II (Zhao et al., 2001), and 

dynactin in Amyotrophic Lateral Sclerosis (Yang et al., 2001;Puls et al., 2003). 

Cultured cell and transgenic animal models have been used to investigate more 

directly whether AT is perturbed during such pathology.  A transgenic mouse model 

of ALS exhibits defective axonal transport of radiolabelled cargoes in motor neurons 

of the sciatic nerve (Hafezparast et al., 2003), analogous to that seen for dynein 

motor mutants (Williamson and Cleveland, 1999). A pronounced defect in motor 

neuron AT has also been observed in cell and in vitro models of spinal and bulbar 

muscular atrophy (Piccioni et al., 2002;Szebenyi et al., 2003).  In these models, 

fluorescently tagged or radiolabelled transport components and cargoes show 
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abnormal transport dynamics and cellular distribution in the presence of the causative 

mutant protein, and are found trapped in axonal swellings thought to be indicative of 

AT blockages.  In a mouse model of SBMA, a polyglutamine expansion within the 

human androgen receptor leads to lateral corticospinal dysfunction, atrophy, and 

lower limb paralysis (Katsuno et al., 2006).  In this model, a retrograde transport 

tracer, fluorogold, was transported at an abnormally slow rate along the ventral roots 

(containing motor neuron axons) in mice expressing the disease causing mutation.  A 

similar experimental technique was used to characterise AT dysfunction in a mouse 

model of human tauopathy, as described below (Fig. 1.3G). 

Neurodegeneration in the CNS. Peripheral neuropathies involve the degeneration of 

neurons with long, large calibre axons in which an AT defect could conceptually 

exert effects over a larger distance and over a greater number of cargoes compared to 

shorter axons of many CNS neurons.  Despite this, central nerve cells with copious 

highly branched processes may also depend heavily on active transport because their 

morphology constrains the diffusion potential of cellular components to distant target 

sites within a physiologically relevant time period (Stamer et al., 2002). Furthermore, 

transport defects may contribute to early neuropathology within vulnerable neurons 

in neurodegenerative CNS disorders such as Parkinson’s Disease (PD) and Torsional 

Dystonia (TD).    Retarded AT of mutant α-synuclein, which is genetically linked to 

rare familial forms of PD, was visualised in cultured primary rat cortical neurons 

(Saha et al., 2004), and the wild-type protein is enriched in axoplasmic protein 

aggregates in human PD tissue (Galvin et al., 1999).  Rats expressing mutant human 

α-synuclein exhibit early changes in cytoskeletal and axonal motor protein 

distribution and dystrophic bulging neurites that may reflect a stressed AT system 
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(Chung et al., 2009).  Similarly, the protein genetically associated with TD, torsin A, 

directly binds to kinesin via KLC (Fig. 1.2), whereas the disease-linked mutant 

protein is defective in this interaction (Kamm et al., 2004).  Genetic reduction of the 

endogenous torsin A homologue leads to defects in pigment granule distribution in 

Drosophila retinal neurons that are modified by alteration to vesicle transport 

components (Muraro and Moffat, 2006).  These results indicate that defects in AT 

components, which interact closely with disease causing proteins, can contribute to 

early CNS pathology in human disease. 

As discussed below, there is a substantial and increasing body of evidence to suggest 

that a disruption of AT function may also be a common early pathogenic event in 

both AD and HD. 

1.5  Axonal Pathology in Alzheimer’s and Other Tauopathies 

1.5.1 Defective axonal transport in Alzheimer’s Disease 

Loss of axonal integrity and synaptic connectivity is a relatively early pathological 

change in patients with AD (Rose et al., 2000;Coleman and Yao, 2003).  Sporadic 

AD, and aging in general, has been associated with a progressive loss of MT 

integrity within susceptible neurons (Cash et al., 2003).  Swollen axonal cross 

sections harbouring accumulated transport cargoes are prevalent in early stage AD 

brain tissue analysed post mortem (Gibson, 1987;Stokin et al., 2005).  Genes 

involved in neuronal transport, such as dynein, clathrin light chain and several 

microtubule-associated proteins including tau, show reduced expression levels in the 

aging human brain (Lu et al., 2004).  These results suggest that age-dependent 
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neurodegeneration, such as in AD, likely involves axonal degeneration and may also 

include an early AT deficit. 

Further evidence that AT disruption is an important step in the pathology of AD has 

come from studies using several cell and animal model systems expressing the 

human disease proteins APP, Aβ and tau (Fig. 1.1A &B).  These will first be 

considered in relation to APP and β-amyloid pathology, prior to considering 

evidence for tau-mediated AT dysfunction in AD and other tauopathies. 

1.5.2 APP processing, Aβ, and transport dysfunction in Alzheimer’s Disease 

AD pathology is characterised, in part, by the presence of extra-neuronal amyloid 

plaques composed of Aβ (Fig. 1.1A), a peptide fragment derived from cleavage of 

the amyloid precursor protein (APP).  As in human brain tissue, enlarged axons were 

also observed in an APP-expressing Alzheimer’s mouse model, in which axonal 

abnormalities were observed over one year prior to the onset of disease-related 

pathology (Stokin et al., 2005).  Swelling size and frequency, as well as toxic Aβ 

levels, were enhanced in mice engineered with a kinesin-1 deficiency, indicating a 

functional interaction with the transport apparatus (Stokin et al., 2005).  A similar 

genetic interaction between kinesin reduction and pathologic APP expression was 

also observed in Drosophila (Gunawardena and Goldstein, 2001).  APP is itself part 

of a subset of AT complexes (Fig. 1.2A), and may play an essential role in cargo 

attachment via its cytosolic C-terminus (Gunawardena and Goldstein, 2001).  APP is 

axonally transported in a complex containing secretase enzymes involved in cleavage 

and Aβ liberation (Kamal et al., 2001;Sheng et al., 2003), and some evidence 

suggests that abnormal transport of the complex is linked with increased generation 
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of toxic Aβ peptides during pathology (Roher et al., 2002;Stokin et al., 2005;Araki et 

al., 2007). 

1.5.3 Axonal tau pathology in AD and other tauopathies 

AD is also the most common tauopathy, and intracellular NFTs (Fig. 1.1B) 

incorporating hyper-phosphorylated tau (Wischik et al., 1988) are now an important 

correlate to the onset and progression of mental decline (Braak and Braak, 1991;Ball 

and Murdoch, 1997;Mandelkow and Mandelkow, 1998).  Several other age-related 

neurodegenerative conditions including corticobasal neurodegeneration, Picks 

disease and progressive supranuclear palsy are also associated with the formation of 

microscopically visible tau filaments, granules and/or tangles within afflicted brain 

regions, and are collectively termed tauopathies (Hernandez and Avila, 2007). 

Tau is a brain-enriched axonal MAP that functions in synergy with MAP1B to 

control the polymerisation, stabilisation and radial distribution of MTs within the 

axon (Garcia and Cleveland, 2001). MAPs interact with MTs via C-terminal tubulin-

binding repeats (Chapin and Bulinski, 1992). Mice with engineered deficiencies in 

both MAPs display axonal dysgenesis attributed to defects in MT dynamics and 

axonal elongation (Takei et al., 2000). Polymorphisms in the tau gene, including 

point mutations thought to perturb tau association with the β-tubulin component of 

the microtubule (Hong et al., 1998), and intron mutations that affect the relative 

abundance of tau isoforms with either three (3R) or four (4R) C-terminal repeats 

(Grover et al., 1999), see Fig. 1.4A), have been linked to the human tauopathy, 

Frontotemporal Dementia with Parkinsonism linked to Chromosome 17 (FTDP-17). 

Analogous genetic changes in tau have not been linked with AD. Although elevated 

tau levels have been detected in AD brain tissue (Khatoon et al., 1992), such 
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measurements may have included tau associated with tangles and deposits, whilst the 

levels of strictly soluble tau protein may actually be reduced (Ksiezak-Reding et al., 

1988). As discussed below, however, evidence for a common pathology between AD 

and related tauopathies, centred upon tau and the AT system, originates from several 

cell and animal models expressing both normal and point mutant tau isoforms. 

1.5.4 Tau-mediated axonal transport disruption 

Given the association between tau processing abnormalities and disease, models of 

tauopathy commonly involve the over expression of a particular tau isoform, 

resulting in tau hyperphosphorylation and cellular dysfunction.  Several lines of 

evidence in various cell culture systems, including abnormal distribution of cargoes 

and disturbed vesicle motion in real-time, indicate that tau elevation interferes with 

AT (Fig. 1.3A-D).  Tau-induced effects on kinesin ATPase activity and motor 

association with MTs have also been observed in vitro (Seitz et al., 2002;Dixit et al., 

2008). These effects are dependent upon the C-terminal repeats of tau that interact 

with intact MTs (Fig. 1.4A), rather than regions associated with MT nucleation and 

stabilisation. Perturbation of AT by tau overexpression was suggested to enhance 

neuronal vulnerability to oxidative assault, possibly via axonal stranding of 

mitochondria or peroxisomes (Stamer et al., 2002).  Mitochondrial transport defects 

in tau-transfected motor neurons may trigger synaptic failure at Drosophila 

neuromuscular junctions (Chee et al., 2005). 

Microtubule destabilisation. Results from mouse models of tauopathy confirm and 

extend these findings.  Although pathology eventually presents within the cortex and 

brain stem upon ubiquitous tau expression in mice, it is greatest within the spinal 

cord and peripheral nerves.  Evidence for retarded AT is accompanied by early 
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 astrogliosis and also axon loss within semi-thin cross sections of the sciatic nerve 

(Fig. 1.3 E-G). A reduction in axonal MT density was also detected in 4Rtau mice, 

and a partial rescue of this phenotype was achieved through application of a MT 

stabilising anti-cancer drug, paclitaxel (Zhang et al., 2005).  This result suggests that 

a loss of tau MT stabilising function, possibly via NFT formation and tau 

sequestration to such aggregates, results in MT destabilisation/loss that could 

contribute to AT pathology in vivo.  This finding relates to the ‘microtubule 

hypothesis’ for tau pathology, which posits that MT instability is a consequence of 

tau hyperphosphorylation and misfolding, which in turn affects AT. 
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Importantly, evidence that MT-destabilisation plays an important role in tau-

mediated axonal transport perturbation and neuronal dysfunction prior to cell death 

has been gained from in vivo studies in live, intact Drosophila larvae.  Expression of 

human 3Rtau, which results in its hyperphosphorylation, causes retardation and 

accumulation of fluorescently labelled fast AT vesicles in larval nerve axons 

(Mudher et al., 2004), synaptic dysfunction (Chee et al., 2005) and resultant 

behavioural defects (Mudher et al., 2004).  This phenotype was found to be 

associated with reduced binding of transgenic and endogenous tau to MTs and severe 

fragmentation of the MT network (Cowan et al., 2010).  

Despite the above findings, morphologically abnormal MT networks in the distal 

axon and synapse, but not transport dysfunction, were detected in a Drosophila 

model expressing a V337M mutant 4R-tau allele linked to FTDP-17 (Blard et al., 

2007).  Transgenic C. elegans expressing wild-type 4Rtau display neuronal 

dysfunction and signs of axonal swelling and axonal degeneration, but this was 

milder than that observed for mutant tau alleles linked to FTDP-17 (Kraemer et al., 

2003).  The relative extent of cytoskeletal and AT dysfunction therefore depends 

upon the particular type of wild-type or mutant tau allele involved. 

Interactions with APP/Aβ. Interestingly, an interaction between tau and APP-induced 

AT disruption has also been described.  Bovine 4Rtau expression in Drosophila 

exacerbated pathogenic APP-related cargo accumulation in a similar fashion to 

kinesin reduction (Torroja et al., 1999), suggesting that tau pathology may ‘weaken’ 

neuronal defences to APP-induced transport disruption.  Toxic Aβ peptides may in 

turn affect tau interactions with MTs via an indirect effect on tau phosphorylation 
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state (Rui et al., 2006).  Several of these convergent pathogenic mechanisms may 

interact to bring about a cumulative strain on AT and neuronal function in AD. 

In summary, evidence from several animal model systems suggests that 

hyperphosphorylated wild-type or point mutant tau isoforms disrupt AT of various 

axonal cargoes prior to the onset of cell death.  Such effects have widespread 

implications for human neurodegeneration as they relate to several tauopathies and 

may interact with APP and Aβ pathology in AD.  A Drosophila larval model 

allowing visualisation of live AT events has contributed to this body of evidence, and 

its advantages/limitations as a model system to analyse mechanisms of AT disruption 

in vivo are evaluated below (Fig. 1.4). 

1.5.5 A model for tau-induced axonal transport disruption in Drosophila larvae 

As outlined above, novel insight into tau pathology and defective AT has been 

gained from studies in Drosophila.  Work with Drosophila kinesin mutants in the 

mid 1990s demonstrated that direct genetic disruption of the AT system gives rise to 

visible AT cargo accumulates and axonal swellings in the larval peripheral major 

segmental nerves (MSNs, (Hurd and Saxton, 1996). The MSNs of third-instar (L3) 

Drosophila larvae are visible at low magnification when the larval nervous system is 

surgically exposed and fixed (Fig. 2.1B). 

Larval peripheral nervous system.  MSNs comprise of motor and sensory neuronal 

axons that connect the larval ventral cord, analagous to the vertebrate spine, to the 

segmental wall muscles (Fig. 2.1). As L3 larvae utilise these muscles for body wall 

contraction and peristaltic movement during a ‘wandering’ phase involving the 

search for a suitable pupation site, cargo accumulates, and MSN swellings clearly 
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visible in nerve cross sections under the electron microscope, were quickly 

associated with defects in larval locomotion (Hurd and Saxton, 1996). 

Live axonal transport in 3Rtau larvae. Unlike in rodent models, in which AT studies 

primarily focus upon neurons or excised sciatic nerve ex vivo (Fig. 1.3), tau-induced 

AT defects in MSN of live Drosophila larvae have also been demonstrated (Mudher 

et al., 2004), Fig. 1.4).  In this system, AT vesicles containing a flourescently 

labelled neuropeptide-Y cargo protein are visible directly through the transparent 

larval cuticle (Fig. 2.1A), and it has already been used to uncover mechanisms of tau-

mediated AT disruption in vivo (discussed above in section 1.5.3 and shown in Fig. 

1.4D).  A similar approach was used to visualise axonal movement of fluorescently 

labelled kinesin motors in C. elegans (Zhou et al., 2001), and is unique to these 

invertebrate models with transparent cuticles and large, accessible peripheral nerves. 

Advantages/limitations of the larval model.  When applied to transgenic 

neurodegenerative models, this strategy assumes that nascent larval motor neurons, 

given their morphological maturity and functional contribution to behaviour, can 

suitably represent vulnerable neurons within pathologically afflicted regions of the 

aging human brain.  Some Drosophila models exhibit pathological changes in 

neuronal populations with more relevance to the pattern of early neurodegeneration 

observed in human tauopathy (Wittmann et al., 2001), but do not offer such visual 

access to the axonal compartment.  Global neurodegeneration in late stage AD 

(Braak and Braak, 1991) and pathology in the brain stem of some sufferers of 

tauopathy  (Ferrer et al., 2003) suggest that tau pathology in the peripheral nervous 

system may contribute to neurodegenerative decline.
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Fundamental differences between Drosophila and human neurons should also be 

considered, such as variations in neurofilament system components ( Cervera et al., 

1987; Goldstein and Gunawardena, 2000), and that Drosophila motor neurons are 

glutamatergic rather than cholinergic (reviewed in Nichols, 2006). Nevertheless, core 

components of the AT machinery, particularly cytoskeletal components and motor 

proteins, are highly conserved between Drosophila and humans (Table 1.2). 

Provided that results are viewed with the above caveats in mind, the model’s main 

advantages are the rapidity and ease of genetic manipulation in Drosophila, an easily 

quantifiable behavioural phenotype, and the unique opportunity to assess dynamic 

AT abnormalities in vivo. 

Widespread applicability of GAL4-UAS.  Another advantage of the Drosophila 

model is that it offers the opportunity to easily compare the effects of several human 

disease proteins on AT and neuronal function on the same model platform.  This is 

because the GAL4-UAS system is bipartite (Appendix 1 Fig. A1.8), and the D42 

driver line can be crossed to any of numerous UAS-disease gene strains (Brand and 

Perrimon, 1993).  This approach was used to compare the effects of different tau 

isoforms in Drosophila MSNs (Mudher et al., 2004).  Huntingtin (htt), as discussed 

below, is another human disease protein that would be suitable for expression in this 

model system.  Evidence highlights intriguing parallels between tau and HD 

pathology centred upon the AT system, and makes the development of an equivalent 

Drosophila larval model of HD an attractive proposition to further understand the 

aetiology and potential treatment of these common neurodegenerative diseases. 
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Table 1.2 Sequence homology between human and Drosophila axonal transport components 

Extent of homology is expressed as the % of identical amino acid residues (Identity) and the % of residues with a positive similarity score (Similarity) based upon physical 

properties.  Gaps are regions of zero homology that are skipped in order to re-align sequences.  Analysis was conducted with Homologene and BLAST (NCBI). 

Protein   Human   Drosophila   Identity (%)  Similarity (%)  Gaps (%) 

------------------------------------------------------------------------------------------------------------------------------------------------------------ 

Huntingtin  Htt (IT15)  dHtt*    22-41   65-49   67 

tau   tau   dtau    37   47   6 

kinesin heavy chain kinesin3A  klp64d    71   83   0    

kinesin light chain klc1   klc    69   82   2 

dynein heavy chain dhc1   dhc64C   72   85   0 

dynactin-1  dynactin-1  Glued    33   54   7 

beta-3 tubulin  betaTub60D  TUBB3   87   94   1 

Amyloid Protein   

Precursor  APP   APPL    38   53   15 

neuropeptide-Y 

   receptor  GPCR-83  NPY receptor-like  34   55   2 

------------------------------------------------------------------------------------------------------------------------------------------------------------ 

*Scores are for 5 isolated regions of dHtt and exclude non-homologous flanking regions (Li et al., 1999b)
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1.6 Defective Axonal Transport in Huntington’s Disease 

1.6.1 Loss of huntingtin axonal transport function in Huntington’s Disease 

HD is an autosomal, dominantly inherited condition (Davenport, 1915) caused by 

polyQ expansion in huntingtin (htt) (The Huntington's Disease Collaborative 

Research Group, 1993), a large protein ubiquitously expressed but enriched within 

the nervous system. Whereas wild-type htt is soluble, aggregation of polyQ-

expanded htt species into morphologically visible cytoplasmic and nuclear 

aggregates, or inclusion bodies (IBs, Fig. 1.1C), has become an established cellular 

biomarker for HD pathology (Ross and Poirier, 2004). Wild-type htt is pleiotropic 

and has been implicated in numerous neuronal processes (Cattaneo et al., 2005), 

including intracellular transport (Gunawardena et al., 2003;Gauthier et al., 

2004;Trushina et al., 2004).  Proposed roles for htt in AT complexes, and possible 

consequences of their perturbation in HD, are shown in Fig 1.5. 

The importance of wild-type htt loss to HD pathology was clearly demonstrated by 

forebrain-specific genetic reduction of endogenous htt to below fifty percent of wild-

type levels in adult loxP/cre conditional knockout mice (Dragatsis et al., 2000). This 

resulted in progressive neurodegeneration, HD-like motor dysfunction, and early 

death. Defective AT of vesicles and mitochondria has since been observed in the 

cortico-striatal afferents of this loss-of-function mouse model (Trushina et al., 2004). 

Changes were observed prior to the onset of behavioural symptoms, in agreement 

with the detection of neuritic dystrophy in the striatum of pre-symptomatic HD 

sufferers (Albin et al., 1990). 
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Furthermore, the expression of mutant full length htt-polyQ in these mice resulted in 

a cumulative sequestration of wild-type htt from its normal cytoplasmic location  

(Trushina et al., 2004) and similar transport deficits.  Loss of htt transport function 

was also linked to preferential vulnerability of cultured striatal and cortical cells to 

AT disruption (Stokin et al., 2008), and has been linked with defective transport of 
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brain-derived neurotrophic factor (BDNF,(Gauthier et al., 2004).  BDNF deficiency 

in the striatum may contribute to selective neurotoxicity of this brain region in early 

stages of HD (reviewed in(Cattaneo et al., 2005).  

In summary, a loss of htt function is proposed to play an important role in HD 

pathology, and this may include htt functions in the maintenance of normal AT.  As 

discussed below, dominant gain-of-function mechanisms are also thought to play a 

key part in neuropathology of HD. 

1.6.2 Gain-of-function toxicity and aggregation of pathogenic htt-polyQ 

As the age of onset in HD sufferers has been negatively correlated to the length of 

the polyQ expansion (Andrew et al., 1993), and given the observed dominant 

inheritance pattern within HD families (Davenport, 1915), a toxic gain-of-function of 

the polyQ protein is also proposed to play an important role in HD pathogenesis.  As 

described below, support for this hypothesis has arisen from work with animal 

models of HD expressing only the extreme N-terminal portion of htt (which contains 

the polyQ expansion) that recapitulate several features of the human disease 

(Mangiarini et al., 1996;Steffan et al., 2001), and from evidence suggesting that full 

length human htt is cleaved to yield toxic N-terminal fragments in HD. 

Htt-polyQ aggregation. Much attention has been paid to the distribution, 

composition and physical properties of polyQ-containing IB aggregates (Fig. 1.1C), 

in part because they appear to form early within afflicted regions of HD brain 

(Vonsattel, 2008), and also because they are an important common feature of several 

other expanded polyQ protein - associated neurodegenerative diseases aside from 

HD (Ross, 1997).  Immunohistochemical and biochemical analysis of nuclear protein 
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aggregates in post mortem HD tissue suggests that they are enriched for N-terminal 

portions of htt relative to C-terminal regions (DiFiglia et al., 1997;Zhou et al., 2003). 

N-terminal fragments of htt, as small as the region of exon-1 surrounding the polyQ 

tract, also accumulate in knock-in mice expressing endogenous full length htt (FL-htt) 

with a precisely introduced pathogenic length polyQ tract (HdH150Q, Table 1.3), 

coinciding with the formation of nuclear N-terminal htt aggregates prior to the onset 

of behavioural phenotypes (Zhou et al., 2003;Landles et al., 2010).  Consistent with a 

toxic role for N-terminal htt during HD pathology, R6/2 model mice that express htt 

exon 1 with a pathogenic polyQ tract (HttEx1Q150) display earlier detectable and 

more severe behavioural phenotypes than HdH150Q mice (Mangiarini et al., 1996).  

N-terminal htt fragments also show a greater propensity than FL-htt for aggregation 

in vitro (Scherzinger et al., 1997). 

Mechanisms and consequences of Htt-polyQ cleavage. Caspase, calpain and 

unknown protease sites have been identified in htt and on N-terminal htt fragments 

(Goldberg et al., 1996;Landles et al., 2010).  Cleavage at these sites may be 

significant to HD pathology as, for example, inhibition of caspase-3 activity reduces 

htt aggregation and toxicity in vitro (Wellington et al., 2000).  Sequential htt 

cleavage by caspases and then calcium-dependent calpain activity has also been 

reported (Kim et al., 2001), and there is evidence to suggest that calpain activation 

contributes to nuclear aggregation and cell toxicity in HD (Gafni and Ellerby, 

2002;Gafni et al., 2004). 
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Table 1.3 Selected mouse and Drosophila models of HD 

The model name, number of htt amino acids (aa) expressed (excluding the polyQ), and polyQ tract 

length are shown in column 1.  Selected behavioural and neuro-anatomical features, with an emphasis 

on axonal/AT abnormalities, are listed in column 4.  The featured mouse models were chosen to span 

the range of htt constructs used and are amongst the most extensively characterised, but represent only 

a fraction of murine models with relevance to HD that are currently in use (Vonsattel, 2008). FL – full 

length htt. en – endogenous mouse htt. 

Model Species Expression Features Refs 

R6/2 

(69aa-150Q) 

Mouse Pan-cellular Motor deficits, nuclear & 

cytoplasmic aggregates, axon 

swellings, late cell death 

Mangiarini et al. 

(1996) 

HD-YAC 

(FL-72Q) 

Mouse Pan-cellular Motor deficits, nuclear & 

cytoplasmic aggregates, 

electrophysiological deficits, 

excitotoxicity, striatal cell death  

Hodgson et al. 

(1999) 

Hdh72Q 

(FLen-72-80Q) 

Mouse Pan-cellular Hyper-aggressive, no motor 

phenotype, striatal axonal & 

nuclear aggregates, swollen 

dystrophic neurites  

Shelbourne et al. 

(1999) 

Hdh150Q 

(FLen-150Q) 

Mouse Pan-cellular Motor deficits, striatal nuclear 

aggregates, gliosis but no overt 

cell death 

Lin et al. (2001) 

HttEx1Q93 

(63aa-93Q) 

Fly Retinal, pan-

neuronal 

Nuclear & cytoplasmic 

aggregates, axonal transport 

blockages, extensive retinal & 

minor CNS cell death 

Steffan et al. 

(2001), Gunwar-

dena et al. (2003) 

Htt142Q120 

(142aa-120Q) 

Fly Retinal Progressive nuclear aggregate 

formation, retinal neuron cell 

death 

Jackson et al. 

(1998) 

Htt548Q128 

(548aa-128Q) 

Fly Retinal, pan-

neuronal 

Retinal cell death, defective 

adult/larval locomotion, axonal 

transport blockages, axonal but 

no detectable nuclear aggregates 

Lee et al. (2004) 

HttFLQ128 

(FL-128Q) 

Fly Retina, pan-

neuronal 

No axonal transport blockages, 

elevated neuronal excitability & 

synaptic Ca
2+ 

, retinal 

degeneration, reduced longevity 

& motor performance 

Romero et al. 

(2008) 

 

N-terminal pathogenic htt fragments are more toxic to cultured cells than FL-htt of 

equivalent polyQ tract length, and the smallest N-terminal fragments cause the 

greatest toxicity, possibly related to a greater aggregation propensity of larger 

fragments (Hackam et al., 1998).  The detection of neurological phenotypes in R6/2 
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mice prior to any detectable cell death in striatum and cortex (Mangiarini et al., 1996) 

suggests that pathogenic N-terminal htt may also perturb neuronal function prior to 

causing cell death.  As discussed below, there is evidence to suggest that N-terminal 

htt with an expanded polyQ may disrupt AT, and several different mechanisms have 

been proposed to account for this effect. 

1.6.3 Axonal transport disruption by N-terminal htt-polyQ 

Direct inhibition of AT. Interestingly, acute inhibition of both anterograde and 

retrograde vesicular AT by pathogenic N-terminal htt-polyQ fragments has been 

demonstrated in vitro in isolated squid axoplasm preparations (Szebenyi et al., 2003).  

This occurred within 1h of the application of the htt fragments, and was not 

associated with any abnormal localisation or apparent aggregation of htt prior to 

transport inhibition.  One possibility is that the fragments used in this study (548 

amino acids) were sufficiently large to target correctly to vesicular AT complexes 

like full length wildtype htt, but once at this location dominantly interfere with 

transport complex structure and impede its function.  A similar mechanism was 

postulated to account for full length htt effects in disturbing BDNF transport in 

neuronal cells (Gauthier et al., 2004). 

In addition to nuclear aggregates, early cytoplasmic N-terminal htt aggregates have 

also been observed in human HD cases, and localised to cargo-enriched axonal 

swellings (DiFiglia et al., 1997), Fig. 1.1C).  This has prompted further investigation 

into how cytoplasmic aggregates are associated with AT disruption in HD animal 

models. 

Sequestration of AT components. Pan-neuronal expression of human N-terminal 
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mutant htt fragments (HttEx1Q93, Table 1.3) in Drosophila induced the 

accumulation of axonal cargoes in larvae in a similar fashion to endogenous htt 

reduction (Gunawardena et al., 2003).  In this and another Drosophila model 

expressing a larger N-terminal fragment of htt (Htt548Q128, Table 1.3), htt aggregates 

in larval MSN were associated with dilated axonal cross sections and accumulates of 

transport cargoes and organelles (Gunawardena et al., 2003;Lee et al., 2004).  

Although, in theory, cargo accumulates and htt aggregates could physically block 

transport within a narrow axon in these models, transport deficits were exacerbated 

by a concomitant reduction in KHC levels, indicating that mutant N-terminal htt may 

reduce the effective concentration of kinesin within the axon so that it becomes a 

limiting factor for transport (Gunawardena et al., 2003).  Several other cellular 

proteins containing non-pathogenic polyQ sequences were also sequestered to axonal 

aggregates in Htt548Q128 Drosophila larvae, and aggregates co-localised with 

accumulates of the stalled AT cargo, synaptotagmin (Lee et al., 2004). 

These findings are interpretable in light of the sequestration hypothesis for HD, 

which posits that numerous cellular proteins, often harbouring short polyQ tracts, are 

sequestered to pathogenic polyQ aggregates (Kazantsev et al., 1999), thus causing 

reduced levels and/or mislocalisation of the proteins and cellular dysfunction/toxicity.  

In support of this mechanism contributing to AT dysfunction, transport components 

were well-represented in insoluble pathogenic htt aggregates isolated from transgenic 

mice expressing FL-httQ72, and from human HD sufferer striatum, and the degree of 

sequestration positively correlated with the extent of pathogenic progression 

(Trushina et al., 2004).  N-terminal htt-positive axonal aggregates that co-localise 

with accumulated synaptic vesicles have also been detected in R6/2 mouse brain (Li 
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et al., 1999a).  Unlike nuclear aggregates, these markedly increase in frequency at the 

time of the onset of behavioural symptoms in this model (Li et al., 1999a), 

suggesting a link between N-terminal htt fragment aggregation, axonal abnormalities 

and neuronal dysfunction.  These findings collectively suggest that cytoplasmic 

aggregates, composed of FL-htt or N-terminal htt fragments, may perturb AT via 

sequestration of transport components from the cytoplasm into the aggregates, a 

process that could contribute to neuronal dysfunction and the onset of behavioural 

symptoms in several HD animal models. 

Nuclear aggregation.  Debate has also focused upon whether nuclear entry of N-

terminal htt fragments, possibly with associated nuclear aggregate formation, is 

required for pathogenic htt effects on AT.  Early and widespread transcriptional 

effects of pathogenic N-terminal htt have been described (Cha et al., 1998;Cornett et 

al., 2006), including changes in vesicular transport components such as RAB small 

GTPases, NSF and sortilin (Sipione et al., 2002).  It is conceivable that such changes 

could place additional strain on the AT system, especially given the documented 

drop in dynein-1 expression levels in aged human brain (Lu et al., 2004).  Although 

cytoplasmic, rather than nuclear, aggregate formation was proposed to more closely 

match the onset of behavioural phenotypes in R6/2 mice (Li et al., 1999a), whether 

visible aggregates are indicative of cell pathology in each compartment is unknown.  

In Drosophila larvae, expression of pathogenic N-terminal htt with a nuclear export 

sequence results in defective AT.  This is not the case, however, when it is expressed 

with a nuclear localisation signal, which instead results in apoptotic nuclear 

retraction (Gunawardena et al., 2003).  Whilst this may suggest that N-terminal htt 

effects on AT are not mediated predominantly from the nucleus in this model, 
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dynamic entry of both constructs into each cellular compartment could still 

contribute to transport perturbation.  Pathogenic FL-htt expression in primary striatal 

cells results in microtubule destabilisation and neurite retraction prior to the entry of 

the GFP-tagged htt N-terminus into the nucleus (Trushina et al., 2003).  Whether 

these effects were caused by liberated cytoplasmic N-terminal fragments or loss of 

endogenous htt function (via its sequestration to the pathogenic htt polyQ tract, for 

example) is unclear however. 

Modulation of cellular pathways with the potential to affect mutant htt localisation 

and/or misfolding in a genetically tractable organism such as Drosophila could shed 

further light on this debate, and help elucidate how N-terminal htt fragments disrupt 

AT and neuronal function in HD. 

1.7 Studying Pathological Mechanisms and Testing Candidate 

Therapies in Drosophila Models of Neurodegeneration 

1.7.1 Modulation of the pathological phenotype 

Genetic modulation of pathology in animal disease models aims to test existing 

hypotheses about the pathological process, implicate new pathways in pathogenesis 

and/or establish key therapeutic targets.  In Drosophila, rapid generation of 

transgenic animals and testing of disease phenotypes allows for unbiased genetic 

screens in which the expression level of many genes is modulated to test the effect on 

a disease phenotype, such as has been carried out in models of both tauopathy   

(Shulman and Feany, 2003) and polyQ disease (Kazemi-Esfarjani and Benzer, 2000).  

Although such screens are a valuable means of unearthing previously unrecognised  
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aspects of the pathological process, the testing of candidate modifiers is also 

important as it focuses upon already prioritised cellular pathways. 

A candidate approach was used in investigations into the pathological role of tau 

hyperphosphorylation in vivo, for example.  Genetic reduction in the levels of the 

candidate endogenous tau kinase, shaggy, reduced tau phosphorylation and the 

accumulation of axonal transport cargoes in Drosophila motor neurons (Fig. 1.4D), 

resulting in improved locomotor performance in 3Rtau larvae (Mudher et al., 2004).  

Subsequent delivery of general and specific tau kinase inhibitors to fly food was also 

found to ameliorate the 3Rtau phenotype, further demonstrating the therapeutic 

potential of targeting this pathogenic pathway in vivo (Mudher et al., 2004). 

Phenotypic modulation has also yielded promising results in Drosophila models of 

HD.  As pathogenic Htt-polyQ binds to and inhibits the activity of histone 

acetylation enzymes in vitro, levels of the Drosophila histone deacetylase (HDAC) 

enzyme Sin3A were genetically reduced in a candidate modulation test (Steffan et al., 

2001).  Sin3A reduction delayed retinal neurodegeneration and prolonged life span.  

Significantly, the application of a small molecule HDAC inhibitor, suberoylanilide 

hydroxamic acid (SAHA), similarly alleviated the mutant phenotype.  SAHA 

subsequently proved effective in preventing disease pathology in R6/2 HD model 

mice (Hockly et al., 2003).  HDAC inhibition, though not without hurdles to be 

overcome, continues to show significant promise as a means to retard and revert the 

effects of neurodegeneration in HD (reviewed in (Sleiman et al., 2009). 

1.7.2 Advantages/limitations of using Drosophila disease models 

Maintenance and genetics. The above examples show that modulation of disease 
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phenotypes in Drosophila benefits from rapid generation time and ease of 

maintenance.  Genetic tools that simplify complicated genetic crosses, such as 

balancer chromosomes and an abundance of dominant genetic markers, also greatly 

assists such studies.  As Drosophila has been a genetic model organism for many 

years, numerous well-characterised mutant stocks are available that are useful for 

genetic analysis.  Abundant tools for genetic manipulation are also moving forward 

at a rapid pace today, such as improvements in universal misexpression systems for 

temporal and local control of transgene expression (teracyline inducible genes and 

chemical inducible GAL4-UAS) and highly refined gene ablation techniques 

(FLP/FRT mediated recombination, targeted gene interruption by homologous 

recombination and improved UAS-RNAi lines).  Such methodologies,  reviewed in 

(Venken and Bellen, 2007), are invaluable additions for investigation of gain- and 

loss-of-function disease mechanisms. 

Conservation of disease genes.  As is the case for rodent disease models, Drosophila 

has a fully sequenced and well-annotated genome (Ashburner and Bergman, 2005).  

In an analysis of 287 human genes linked with disease, 62% had identifiable 

orthologs in Drosophila (Rubin et al., 2000).  Most cellular pathways implicated in 

disease will thus have associated targetable proteins in Drosophila (e.g. see Tables 

1.2, 1.5 and 1.7 for the AT and HSP systems), although some gaps exist and should 

be evaluated for individual pathways.  Drosophila also has half the number of 

predicted genes (~14 000, (Adams et al., 2000) compared to humans, meaning less 

gene redundancy for many target pathways.  This can simplify the choice of 

modifiable targets but makes Drosophila unsuitable for many studies of isoform-

specific effects in mammals. 
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Anatomy and Behaviour.  Although the Drosophila endocrine and nervous systems 

are less similar to that of man as rodent models, Drosophila possesses a segmented 

central brain and nervous system, many parts of which are comparable to the relevant 

human tissues (reviewed in (Nichols, 2006).  Such comparisons can have direct 

relevance to human disease.  Expression of human tau isoforms in Drosophila 

neurons required for associative learning behaviour, for example, leads to a 

behavioural phenotype reflective of early short term memory deficits in human 

tauopathy sufferers (Mershin et al., 2004).  This also demonstrates that relatively 

simple, quantifiable behavioural tests can be used to test the effects of genetic 

modulation in vivo.  Drosophila exhibits several other complex behaviours with 

relevance to neurodegeneration, such as circadian activity, social interactions and a 

range of locomotion activities (further discussed in section 1.7.4). 

Examples considered below demonstrate that Drosophila disease models have also 

been utilised for comparative screening of several candidate chemical compounds in 

a single study, a process that can inform upon therapeutic development. 

1.7.3 Advantages of Drosophila in chemical modulation screening 

Chemical modulation screening involves the delivery of small bioactive compounds 

to disease models to see if and how they affect the disease phenotype.  Many of the 

advantages of Drosophila models for genetic modulation screens (section 1.7.2), 

such as numerous tools for genetic manipulation, conservation of disease genes, and 

a simple but relevant neural anatomy and behaviour, are also applicable to the testing 

of chemical modifiers.  Examples of chemical modulation with relevance to 

tauopathy and HD, and how this complements genetic modulation, are described in 

section 1.7.1.  Instances of chemical compounds that are active against an aspect of 
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human disease and also modulate the disease phenotype in a Drosophila disease 

model have helped to validate this approach.  This has included the application of 

Lorenzo’s Oil to reduce long chain fatty acid accumulation in bubblegum mutant 

flies (Min and Benzer, 1999), and the amelioration of locomotion dysfunction in a 

Drosophila model of PD via the application of L-DOPA, or one of several dopamine 

receptor agonists, that are used to delay PD symptoms in the clinic (Pendleton et al., 

2002). 

A clear advantage of chemical modulation screening in a multicellular organism such 

as Drosophila as opposed to cell-based assays is that spurious or beneficial ‘side 

effects’ on a non-target tissue can often be detected that may inform importantly 

upon a particular disease pathways or drug mechanism.  This could apply to the 

chemicals that induce the expression HSPs (section 1.9.2), for example, as stress-

mediated HSP induction in glial sheath cells and the transfer of hsp70 from glia to 

neuronal axons has been reported (Sheller et al., 1998).  Such a non-cell autonomous 

effect is potentially detectable in a larval Drosophila model of tauopathy (Fig. 1.4) 

exposed to HSP-inducing compounds, but not in cultured neurons.  Chemical 

compounds are more likely to cause off-target effects as few, if any, will exert a 

cellular effect as precise as that of genetic manipulation.  This is especially true for 

poorly characterised compounds, such as several of the HSP-inducing agents 

described below (section 1.9.2). 

This benefit comes at the cost of decreased throughput compared to chemical 

modifier screening in cells, however.  Invertebrate models such as Drosophila have 

been placed near the threshold for ‘high-throughput’ chemical screening in 
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comparison with cell and animal models of human disease (Fig. 1.6).  Although  

 

Fig. 1.6 Comparative throughput of chemical testing in disease model systems. 

Diagramatic representation of the trade-off between relevance and efficiency in the testing of 

chemical modulators in human disease models.  Highest throughput systems that are considered to be 

of least relevance to humans are at the top of the list.  Reproduced from (Segalat, 2007). 

studies intending to use behavioural readouts and/or mature flies probably fall below 

this threshold, the application of multiple chemicals to Drosophila disease models 

has been described.  A Drosophila HD model was used to test the effects of 

candidate inhibitors of Htt-polyQ aggregation on retinal toxicity in adult flies (Desai 

et al., 2006).  Flies were kept on drug-treated food for seven days, a chronic 

treatment regime relative to the short lifespan and pace of neurodegeneration 

observed in this model, but considerably shorter than chronic treatment in rodent 

models.  Of nine compounds recovered from an initial high-throughput screen for 

inhibition of aggregation in cell culture, only five were found to ameliorate retinal 

neurotoxicity in this fly model (Desai et al., 2006).  This again underlines the 

importance of a functional readout for modulators of macroscopic aggregation in 

cells, and shows that a harmony between several model systems can prove 

particularly productive.  Investigators utilising Drosophila HD models have led the 

field in this respect, and have also tested the comparative effects of combinations of 
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chemicals targeting different cellular pathways in this model (Agrawal et al., 2005).  

Another study used a fly model of AD to compare the effect of γ- and β-secretase 

inhibitors on survival and a morphological wing defect (Greeve et al., 2004).  Overall, 

these studies demonstrate that Drosophila is particularly well suited to testing of 

several candidate chemicals in vivo, allowing the initial testing of safety and efficacy 

of candidate therapeutic chemicals prior to testing in the clinic. 

1.7.4 Readouts of Modulation Screens in Drosophila 

The examples discussed above demonstrate that several different readouts of 

pathology are commonly used for chemical modulation screens in Drosophila 

disease models.  Retinal toxicity is a popular readout, in which expression of a toxic 

neurodegenerative disease protein such as HttEx1Q93 causes a defined, quantifiable 

amount of cell death when expressed in the fly retina.  This provides a rapid readout 

of cellular toxicity because the external morphology of the adult eye reflects 

neuronal loss and can be assessed at relatively high throughput.  Such a ‘rough eye 

phenotype’, resulting from gross neuronal death, has been widely used in often 

unbiased genetic ‘ehancer/supressor’ screens in Drosophila.  These have proved 

useful in implicating new cellular pathways in the pathological process in Drosophila 

models of tauopathy (Shulman and Feany, 2003) and polyQ disease (Kazemi-

Esfarjani and Benzer, 2000).  They do not, however, provide information about 

neuronal dysfunction prior to cell death.  Alternatively, more complex behavioural 

readouts may also include a component of neuronal dysfunction, especially in 

models where the relevant tissue is suspected to exhibit low levels of cell death (such 

as the 3Rtau larval model described in Fig. 1.4).  

Locomotion. Of several behaviours in Drosophila models with relevance to 
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neurodegeneration (section 1.7.2), locomotion is of particular interest for this 

investigation.  This is partly because tau-mediated pathology is driven in motor 

neurons in the above larval model paradigm offering access to the axonal 

compartment (Fig. 1.4).  In addition, both HD and certain tauopathies involve motor 

deficits during relatively early symptomatic stages (Vonsattel and DiFiglia, 

1998;Josephs, 2008).  As demonstrated below, locomotion defects have been 

described for other neurodegenerative disease models in a range of assays at both 

larval and adult stages.  

Larvae. Third-instar Drosophila larvae (Fig. 1.4B) enter a wandering stage of 

development as they leave their food medium and search for a pupation site.  Open 

field tests, commonly on a flat agarose gel surface in a Petri dish (Fig. 1.7A), allow 

larvae to wander freely and quantify such parameters as contraction rate and velocity.  

This type of test was used with other assays (Fig. 3.1) to quantify defective 

locomotion in the 3Rtau larval model (Fig. 1.4B and further explored in Chapter 3, 

below).  Such testing was also used to show reduced crawling velocity in larvae 

expressing HttEx1Q93 throughout the nervous system (Lee et al., 2004).  This 

experimental paradigm has been extended to involve video recording of larval 

crawling followed by computerised analysis of crawling patterns, yielding further 

information such as turning rate and contraction strength (Wang et al., 1997), Fig. 

1.7B).  Whereas these tests involve testing one larva at a time, another assay tests 

many larvae together and quantifies the number reaching a central stimulus over a 

defined time period (Min and Condron, 2005), Fig. 1.7C). 

Adults.  Adult Drosophila normally climb the walls of their vial, jump and fly – 

particularly when the vial is agitated.  Flies modelling the human peripheral 
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neuropathy, HSPG (section 1.4), show qualitative signs of a severe locomotion 

deficit, such as dragging of hind limbs and an inability to fly despite apparently 

normal wing structure (Sherwood et al., 2004).  This latter observation was 

quantified by means of an assay in which flies are dropped into the top of a large 

cylinder with sticky sides (Fig. 1.7D).  Healthy individuals fly to higher parts of the 

cylinder wall than HSPG flies in this flight test (Sherwood et al., 2004).  Healthy 

adult flies also display a negative geotactic response after their vial is tapped onto the 

work bench (Fig. 1.7E).  Whereas healthy individuals climb to the top of the vial 

after the tap, HSPG model flies could not reach as far (Sherwood et al., 2004).  

Variations of this assay (Fig. 1.7E) have been used in an adult Drosophila PD model  

(Pendleton et al., 2002) and in flies expressing HttEx1Q103 in glial cells (Tamura et 

al., 2009).  In the latter model, flies also showed asynchronised spontaneous activity 

over a 12h light/dark cycle for ten days (Tamura et al., 2009).  This was shown using 

an infrared light sensor through which flies pass when active (Fig. 1.7F), and was 

proposed to model sleep disturbances observed in HD sufferers. 

In summary, Drosophila has proven useful for investigation of often complex 

chemical effects, and several locomotion assays have been described for both larval 

and adult stages to aid in quantification of chemical modulation effects at the whole 

organism level.  The above advantages of Drosophila models and examples of their 

use indicate that they can meaningfully contribute to understanding and therapeutic 

intervention of disease pathways.  As both tauopathy and HD involve protein 

misfolding and aggregation, much attention in this regard has been paid to the HSP 

systems.  HSP cellular functions, links with neurodegeneration and modulation of tau 

and htt-polyQ mediated pathology in disease models are analysed below. 
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Fig. 1.7 Typical assays of Drosophila locomotion. (A) Open field tests measure larval 

contraction rate or velocity on a flat, open surface. (B) Recording of open field activity and motion 

track analysis to measure larval turning rate. Inset – increased magnification analysis of larval 

contractile cycle. (C) Larval testing en-masse towards a yeast stimulus, towards which early L3 larvae 

are attracted.  The time taken for half of the larvae to reach the yeast (t1/2) is recorded. (D) Adult 

flight assay, utilising a box with oiled inner walls (yellow).  Adults are dumped into the top, and 

respond with immediate flight prior to getting stuck on the walls of the box.  (E) Tap test/climbing 

assay.  Flies in the vial/cylinder are tapped to the floor of the container before climbing back up 

towards the top of the vial.  (F) Spontaneous activity assay using a Drosophila Activity Monitoring 

System.  The number of times that flies pass through an infrared beam is automatically counted over a 

defined period of time.  Further larval locomotion tests are shown in Fig. 3.1. 

1.8 Modulation of Neurodegenerative Pathology by Molecular 

Chaperones 

1.8.1 HSP molecular chaperones 

Chaperone proteins are central regulators of protein-protein interactions within the 
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cell. They play important roles in de-novo protein folding, the prevention of miss-

folding and aggregation, the active refolding of denatured structures, and/or the 

targeting of irretrievably denatured protein molecules for degradation (McClellan 

and Frydman, 2001;Mayer and Bukau, 2005;Sun and MacRae, 2005). In addition, 

these chaperones can target specific substrates to regulate local cellular processes 

such as signal transduction, targeting and cellular transport (Young et al., 2003).  

Chaperone proteins are often described as ‘molecular chaperones’ (a term first 

applied to these proteins by Ellis, 1987) to discriminate from other small molecular 

weight electrolytes and compounds, or ‘chemical chaperones’, which also modulate 

protein folding events in some circumstances (Welch and Brown, 1996). 

Although chaperone activity is an essential housekeeping function for any cell, the 

demands for robust guidance towards appropriate protein folding pathways and 

cellular interactions is markedly increased during periods of chronic internal or 

environmental stress. Heat shock has traditionally been used to induce generalised 

protein misfolding and to define families of heat-inducible chaperones, HSPs, which 

play a prominent role in re-establishing standard cellular conditions.  In contrast to 

various other molecular chaperones in the cell that carry out some of these functions, 

HSPs are defined by the presence of one or more heat shock elements (HSEs) at their 

promoters, which respond to heat shock factor (HSF) binding to upregulate HSP 

gene transcription under stressed conditions (Tonkiss and Calderwood, 2005). 

Several subfamilies of HSPs have been extensively characterised, some of which are 

introduced below. 

Hsp90 is a highly conserved, ATPase molecular chaperone that operates as part of a 
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large cytoplasmic protein complex, including hsp70 and various co-chaperones, 

termed the ‘foldosome’ (Young et al., 2003).  It plays an important role in the 

stabilisation of metastable ‘client’ proteins in the cell (Rutherford and Lindquist, 

1998), including tau and numerous signal transducers, and is involved in the 

regulation of HSP gene expression (section 1.9). 

Hsp70 family chaperones catalyse the active, ATP-dependent folding of nascent or 

mis-folded polypeptides to their native state and regulate numerous inter-protein 

interactions, often in concert with Hsp40 cochaperones (Mayer and Bukau, 2005).  

Whilst Hsp70 is specifically induced under stressed conditions (Lindquist, 1986), its 

highly conserved heat-shock cognate 70 (Hsc70) homologue is constitutively 

expressed and essential for the prevention of deleterious protein aggregation during 

development (Elefant and Palter, 1999). 

Hsp40 cochaperones are characterised by the presence of an often N-terminal 70 

amino acid J domain, which interacts with Hsp70 and is essential for the latter’s 

ATPase activity and substrate interactions in vivo (Mayer and Bukau, 2005).  

Numerous J domain proteins are expressed in eukaryotic cells, where they appear to 

function in the targeting of Hsp70 chaperones to specific cellular substrates (Kelley, 

1998). 

Small HSPs (sHsps) are a highly diverse family of stress-induced, relatively low 

molecular weight chaperones that interact with the cytoskeleton and prevent protein 

aggregation whilst stabilising native protein structures (Sun and MacRae, 2005).  

Their common element is a conserved alpha-crystallin domain that is essential for 

dimerisation and chaperone function (Sun and MacRae, 2005).  sHSPs commonly 
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function in homo-oligomeric complexes to bind and release substrates in concert 

with hsp70 (Haslbeck, 2002).  sHSPs are also involved in other cellular functions 

such as redox homeostasis, membrane dynamics and stabilisation of protein 

complexes in the nucleus (reviewed in(Sun and MacRae, 2005). 

1.8.2 HSPs and neurodegeneration 

The prevalence of insoluble aggregates containing proteins in abnormal 

conformations is a prominent feature of neurodegenerative pathology (reviewed in 

(Muchowski and Wacker, 2005;Broadley and Hartl, 2009).  This suggests that 

protein misfolding could prompt a requirement for increased HSP activity during 

neuronal dysfunction and death. It has been hypothesised that mitotically inactive 

neurons may represent an ideal cellular context for misfolded molecular species to 

accumulate and aggregate over time, as persistent aggregates are not diluted with 

cytosolic partitioning during successive cell divisions (Muchowski and Wacker, 

2005). 

Molecular chaperones, and in particular HSPs, have been extensively investigated in 

the context of several neurodegenerative diseases in which protein misfolding is a 

prominent feature of molecular pathology (reviewed in (Wyttenbach and Arrigo, 

2006;Broadley and Hartl, 2009).  Examples of neurodegenerative diseases that have 

been linked with molecular chaperone function are listed in Table 1.4.  These include 

central neuropathies such as tauopathies and HD (further discussed below), PD, and 

several peripheral neuropathies in which links with sHSP function, cytoskeletal 

disruption and neuronal dysfunction are particularly well defined (Table 1.4).  This 

underlines why HSPs have received so much attention as potential modulators of 
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and/or therapeutic targets (section 1.9) in neurodegenerative disease. 

Environmental factors, HSPs and disease.  Given that HSPs are induced and protect 

cells from a wide range of external stresses (Lindquist, 1986), circumstantial 

evidence in favour of an important role for them in AD and HD comes from studies 

implicating environmental stressors as potential exacerbating factors during 

pathology.  Although HD exhibits a clear Mendelian autosomal dominant pattern of 

inheritance, variation in age of onset and symptoms has been identified between 

identical twins suffering from the condition (Georgiou et al., 1999), and 

environmental factors were proposed to account for up to 60% of such residual 

variation in a larger study of Venuzuelan kindreds (Wexler et al., 2004).  In the case 

of AD, exposure to metals such as aluminium and copper was associated with 

dementia in several retrospective studies, although controversy has arisen amidst 

conflicting results with respect to these findings (reviewed in(Coppede et al., 2006).  

Other potential environmental risk factors for AD include pesticide exposure (Baldi 

et al., 2003), head trauma (Jellinger, 2004), CNS inflammation (van Noort, 2008) 

and stroke (Schneider et al., 2003).  HSP function after exposure to such stresses 

could interact with HSP roles in relation to intrinsic neurodegenerative processes 

(discussed below), making HSPs particularly important to the pathological process 

during such periods. 

1.8.3 Modulation of HD pathology by HSPs 

Given that protein misfolding and the involvement of molecular chaperones is a 

common feature of several polyQ expansion disorders (reviewed in(Wyttenbach, 

2004), see also Table 1.4), it is unsurprising that much attention has been paid to the 

HSP system as a potential modulator of pathogenic htt-polyQ – mediated 
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Table 1.4 – Neurodegenerative diseases linked to molecular chaperones 

AD – Alzheimer’s Disease, SBMA – spinal bulbar muscular atrophy, MT - microtubule 

Disease Chaperone Association References 

AD and tauopathies 

 

Hsp70 

                

Hsp40 

 

sHsp 

Modulates tau aggregation & halflife 

 

Regulates tau-MT interactions 

 

Genetic link to late-onset AD symptoms 

Localise to and modulate tau/Aβ 
aggregates 

 

Regulate tau modification and halflife 

(Yaglom et al., 1999;Petrucelli 
et al., 2004;Shimura et al., 

2004b;Dickey et al., 2006) 

(Liang and MacRae, 
1997;Williams and Nelsen, 

1997;Tsai et al., 2000) 

(Clarimon et al., 2003) 

(Renkawek et al., 

1994b;Wilhelmus et al., 
2006b;Wilhelmus et al., 2006a) 

(Shimura et al., 2004a) 

Huntington’s 

Disease 

 

Hsp70 

 
Hsp40 

 

sHsp 

 

Torsin A 

Regulates aggregation of Htt-PolyQ 

 
Modulates Htt-PolyQ aggregation 

 

 

Modulate Htt-PolyQ aggregation and 

oxidative stress 

Localises to and modulates polyQ 
aggregates 

(Jana et al., 2000;Jana et al., 

2005) 

(Wyttenbach et al., 

2000;Chuang et al., 2002;Fayazi 

et al., 2006) 

(Wyttenbach et al., 2002;Carra 

et al., 2005) 

(Caldwell et al., 2003a;Walker 
et al., 2003) 

SBMA Hsp70 Regulates androgen receptor localisation 

and toxicity in vivo 

(Adachi et al., 2003) 

Ataxias and other 

polyQ disorders 

 

Hsp70 

Hsp70 &40 

 

 

Reduces ataxin3-polyQ toxicity in vivo 

Modulate ataxin1-polyQ aggregation and 

toxicity 

Reduce polyQ toxicity in unbiased screens 

 

 

 
Alter ataxin3-polyQ aggregate solubility 

(Warrick et al., 1999) 

(Cummings et al., 2001) 

 

(Fernandez-Funez et al., 
2000;Kazemi-Esfarjani and 

Benzer, 2000;Willingham et al., 

2003;Nollen et al., 2004) 

(Chan et al., 2000) 

Parkinson’s Disease 

 

Hsp70 

Hsp40 

 

Torsin A 

Modulates α-syn aggregation/degredation 

Modulates α-syn aggregation/pre-
aggregate species properties 

Modulates α-syn aggregation 

(Klucken et al., 2004) 

(Auluck et al., 2002;McLean et 
al., 2002) 

(Klucken et al., 2004) 

Torsional Dystonia Torsin A Nuclear/axonal transport regulation (Hewett et al., 2006;Muraro and 
Moffat, 2006) 

Amyotrophic 

Lateral Sclerosis 

 

Hsp70 

 

 

Hsp70 &40 

Directly modulates mutant SOD1 
aggregation & toxicity 

Defectively induced in motor neurons 

Modulate SOD1 aggregation 

(Bruening et al., 1999) 

 

(Batulan et al., 2003) 

(Takeuchi et al., 2002) 

Charcot-Marie-

Tooth Disease type 

II 

sHsp27 Motor axon neurofilament stabilisation (Evgrafov et al., 2004) 

Hereditary Motor 

Neuropathy 

sHsp27 

sHsp22 

Genetic link to familial inheritance 

Genetic link to familial inheritance 

(Evgrafov et al., 2004) 

(Irobi et al., 2004) 

Hereditary Spastic 

Paraplegia 

Hsp60 Genetic link to familial inheritance 

 

(Hansen et al., 2002) 
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neuropathology.  Additional interest has arisen amidst evidence from cell culture and 

animal disease models that a neuronal subtype – specific defect in HSP induction 

may occur in HD (Tagawa et al., 2007), and that a cumulative, age-related decrease 

in cellular chaperoning capability may occur with disease progression (Hay et al., 

2004;Huen and Chan, 2005), also see Fig. 1.8). 

 

Fig. 1.8 A model of Hsp70 expression changes during neurodegeneration in HD. 

(A) Robust Hsp70 induction response in primary cultured cerebellar granule cells, which are relatively 

refractory to neurodegeneration in early clinical phases of HD.  (B) Hsp70 is induced at a lower level, 

measured by microarray and western blot, in pathologically vulnerable neocortical and striatal cells, 

possibly contributing to their preferential dysfunction and death during early HD progression (Tagawa 

et al., 2007). (C) HSP protein levels may follow a biphasic course during chronic polyQ 

neurodegeneration, such that an initial induction phase (i), involving a heat shock response to neuronal 

stress, is followed by a chronic phase of pathological decline (d) in neuronal HSP levels (Huen and 

Chan, 2005). Such a progressive HSP deficit could contribute to pathological decline in HD. t – time. 

 

How a chronic deficit in HSP levels may occur in HD is controversial.  Although 

Drosophila expressing an isolated polyQ tract show a progressive inability to induce 

hsp70 expression (Huen and Chan, 2005), R6/2 mice exhibit a progressive decrease 

in hsp40 and hsp70 protein levels that, at least in the case of hsp40, is not reflected in 
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the corresponding mRNA level (Hay et al., 2004).  Whilst there is evidence to 

suggest that HSP proteins associate with both cytoplasmic (Qin et al., 2004) and 

nuclear (Wyttenbach et al., 2001;Cornett et al., 2006) htt-polyQ aggregates, this may 

represent a dynamic interaction rather than an irreversible sequestration that reduces 

the soluble cytosolic chaperone pool (Kim et al., 2002). Cell and animal HD models 

have been used to investigate the consequences of modulating HSP levels in the 

presence of pathogenic Htt-polyQ.  The mammalian sHSP, hsp22, blocks pathogenic 

htt-polyQ aggregation (Carra et al., 2005), and another, hsp27, reduces resultant 

toxicity and reactive oxygen species generation in cell culture (Wyttenbach et al., 

2002).  Genetic alteration of hsp70 and hsp40 levels causes complex, sometimes 

contradictory effects on pathogenic htt half-life, aggregation states and cell toxicity 

(Fig. 1.9A &B).  Variations between cell culture/animal model characteristics, and/or 

imprecise control of cellular HSP concentration (Muchowski and Wacker, 2005), 

may have contributed to such apparently contradictory results.  Interpretation of such 

findings is also complicated by the possibility that sub-macroscopic oligomeric 

species may play a pivotal role in toxicity, whereas many studies focus upon 

macroscopically visible htt IBs that may be passive or even have a protective 

function in the cell.   
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Recent evidence that hsp70 synergises with the cytosolic chaperonin TRiC to 

promote the formation of soluble benign ~500KDa Htt-polyQ species at the expense 

of cytotoxic ~200KDa species in yeast (Behrends et al., 2006) underlines the 

complicated relationship that exists between fibril size and toxicity.  This result also 

demonstrates the importance of using readouts of cellular dysfunction and/or toxicity 

when attempting to gauge the effects of molecular chaperone modulation in the 

context or a protein conformational disorder such as HD, rather than focusing solely 

upon the abundance of macroscopic aggregates.  These lessons also apply to HSP 

modulation of tau-mediated neuropathology, as considered below. 

1.8.4 Modulation of tau pathology by HSPs 

Analysis of post-mortem brain tissue from human tauopathy sufferers argues in 

favour of an important role for the molecular chaperone system in the context of tau 

pathology.  An inverse correlation between HSP levels, such as Hsp70 and Hsp90, 

and the levels of insoluble aggregated tau or NFT pathology (Dou et al., 2003;Sahara 

et al., 2007) indicates a possible association between HSP elevation and the 

suppression or removal of tau aggregates from afflicted neurons.  Increased binding 

of the small HSP, Hsp27, to hyperphosphorylated tau (Shimura et al., 2004a), and 

increased cross-linking of Hsp27 to NFTs within afflicted AD brain regions (Nemes 

et al., 2004), may also implicate this chaperone in aggregate formation to sequester 

toxic soluble tau species.  Increased expression of another small HSP, αβ-crystallin 

(ABC), was detected around glial inclusions and neuropil threads in human 

tauopathy brain tissue (Dabir et al., 2004), and is enriched around plaques and NFTs 

in AD sufferer brain tissue analysed post-mortem (Renkawek et al., 1994b). 

Modulation of molecular tau pathology by HSP chaperones has also been directly 
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observed in several cell and animal models of tauopathy (Fig. 1.9C).  Genetic 

elevation of inducible Hsp70 in aged mice resulted in a reduction in insoluble tau 

levels (Petrucelli et al., 2004), and the Hsp70 cochaperone CHIP (carboxyl terminus 

of Hsp70 interacting protein) appears to play a prominent part in the suppression 

and/or removal of sarkosyl insoluble tau species in mouse models of tauopathy 

(Sahara et al., 2005;Dickey et al., 2006).  Genetic elevation of ABC reduced both 

total tau, and specifically tau hyperphosphorylated at the S262 site (Fig. 1.4A), in 

cultured N2a cells (Bjorkdahl et al., 2008).  Another sHSP, Hsp27, preferentially 

binds hyperphosphorylated tau isolated from human AD brain homogenates, whilst 

transfection of the chaperone into HCN2a cells reduces hyperphosphorylated tau 

levels via phosphorylation blockade and proteasomal degradation (Shimura et al., 

2004a).  A concomitant decrease in tau-associated cell death was recorded, although 

this could at least partly be attributed to a direct Hsp27 caspase regulatory effect.  

Nevertheless, surprisingly few studies have recorded the functional consequences for 

neuronal activity of HSP modulation in a pathological tau context, such as what 

effect this may have on AT and associated synaptic dysfunction (further discussed in 

section 4.1, below). 

1.8.5 Effects of HSP modulation on the axonal transport system 

As alteration of tau folding and solubility could impinge upon its MAP functionality 

and MT stability within the axon, HSP-mediated modulatory effects could also affect 

AT in situations where stability of the MT cytoskeleton is compromised.  Similarly, 

modulation of htt-polyQ misfolding by HSPs, and of htt regulatory roles in motor 

complexes (Fig. 1.5) could affect AT.  Numerous potential sites of HSP activity in 

the context of tau/AD and htt/HD pathology are summarised in Fig. 1.10.
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In addition to effects related to tau- and htt-polyQ- mediated pathology, HSPs may 

act directly upon other components of the AT system.  sHSPs interact with various 

cytoskeletal components and may play direct roles in stabilisation of the MT (Day et 

al., 2003) and actin (Sun and MacRae, 2005) networks.  Hsp27 associates with distal 

axon-spanning clusters of actin filaments, or hirano bodies, in AD brain tissue 

(Renkawek et al., 1994a). The genetic linkage of mutations in sHSPs with familial 

peripheral neuropathies (Table 1.4), which involve axonal MT and neurofilament 

destabilisation and defective AT in large calibre motor neurons (Der and Quinlan, 

2004), further implicate sHSPs in the maintenance of a healthy AT system. 

Several cochaperone J domains have been found in trafficking and transport 

components, such as auxilin, which is involved in synaptic vesicle uncoating 

(Ungewickell et al., 1995), and the KLC, with which Hsc70 interacts to play a key 

role in regulated fast AT cargo release (Tsai et al., 2000).  Recent evidence from in 

vitro cargo labelling experiments and transgenic mice suggests that Hsc70 binding to 

KLC in axons allows a switch from vesicular AT to that of cytoskeletal cargoes, 

another instance of HSP function driving a change in cargo binding to an AT motor 

(Terada et al., 2010).  HSP modulation of signalling pathways that regulate these 

events, such as Jun N-terminal kinase signalling (JNK, Fig. 1.10B) has also been 

described (Yaglom et al., 1999).  Other non-HSP chaperone-like proteins linked with 

neurodegeneration, such as tubulin specific chaperone E (TBCE) and Torsin A, are 

also known to act on cytoskeletal (Bommel et al., 2002) or motor components  

(Kamm et al., 2004) that are important for AT (Fig. 1.10 and Table 1.5).  These and 

other results suggest that molecular chaperones such as HSPs may be recruited to the 

AT system to stabilise the transport environment, and/or to power the conformational 
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changes required for motor activity and cargo release (reviewed in (Sinadinos and 

Mudher, 2010).  HSPs are therefore prime candidates for modulation of AT under 

unstressed or stressed conditions per se. 

1.8.6 HSPs endogenous to Drosophila 

The above evidence indicates that HSPs may modulate both tau- and htt-polyQ-

mediated neurodegeneration, and that they are linked with axonal pathology and AT 

processes.  This makes HSP modulation in a disease model with access to the axonal 

compartment, such as the above 3Rtau larval model (Fig. 1.4), an attractive 

proposition to investigate links between AT and disease - modulating roles of the 

HSP system. 

When considering modulation of HSPs in a Drosophila disease model such as 3Rtau 

larvae, an important distinction should be made between genetic manipulation of 

endogenous chaperones in this species, and ectopic overexpression of human HSPs 

in Drosophila.  The latter approach was utilised to analyse the effects of human 

hsp70 expression on retinal toxicity caused by an expanded polyQ disease protein 

(Warrick et al., 1999), for example.  If, as the above discussion shows is often the 

case, multiple HSPs work together to alter disease protein misfolding and 

aggregation events, this strategy assumes that the ectopic human HSP can cross 

synergise with other endogenous HSPs in the system.  An alternative approach is to 

genetically manipulate endogenous Drosophila HSP candidates.  In both cases, an 

understanding of tissue and subcellular compartment – specific expression patterns 

of Drosophila HSPs, and a gauge of the extent of their homology with their human 

orthologues, is important as it informs on the likelihood of endogenous HSP function 

in the tissue of interest, and of faithful recreation of interactions with ectopically 
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expressed human protein/s.  As shown in Table 1.5, several Drosophila HSPs show 

developmental and stress – induced expression in nervous tissue (where this has been 

studied).  With the exception of sHSPs, which are highly divergent outside of the α-

crystallin domain, they also show a good degree of homology with human 

orthologues.  This information, including an understanding of homology between 

human and Drosophila HSP gene expression regulatory components (Table 1.7), is 

also advantageous when using the fly as a model platform to test chemical agents 

targeting the HSP system in vivo.
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Table 1.5 Molecular chaperone families in Drosophila 

Chaperone class names are according to convention for human proteins.  Examples of homology 

between amino acid sequence of an example human protein for each class (first protein in column 3) 

and the Drosophila orthologue (second protein in column 3) is shown. ID – identity, SIM – similarity, 

GAP – gaps in the amino acid sequence used to realign sequences in BLAST (analysed through 

homologene, NCBI).  Site of expression pertains to Drosophila unless otherwise indicated. 

Chaperone Class Drosophila 

Orthologue/s 

Sequence 

Identity/Similarity 

Site of Expression 

Hsp90 Hsp83 Hsp90 to Hsp83 

78% ID, 89% SIM, 0% 

GAP 

Levels induced x2/x3 

under stress; 

cytoplasmic, enriched 

in Drosophila gonads 

and CNS (Yue et al., 

1999) 

Hsp70 Hsp70 (6 genes); 

Hsp68; Hsc1, 2, 3, 4, 5 

 

HspA1B to Hsp70Bbb: 

75% ID, 86% SIM, 1% 

GAP 

Virtually absent under 

non-stressed conditions 

(Palter et al., 1986) 

Cytoplasmic, 

especially perinuclear 

(Palter et al., 1986) 

Expressed in all tissues 

(Lis et al., 1983) 

Hsp60 Hsp 60, 60B, 64 

 

HspD1 to Hsp60: 

73% ID, 85% SIM, 1% 

GAP 

Ubiquitous from early 

development, 

mitochondrial 

association (Timakov 

and Zhang, 2001) 

Hsp40 dMrj; dHdj1; dHdj2, 

other J-domain 

proteins of lower 

homology to human 

hsp40 

DnaJ to dMrj: 

45% ID, 56% SIM, 

11% GAP 

Mammalian Mrj 

enriched in mouse 

hippocampus and 

thalamus (Chuang et 

al., 2002) 

(small) sHSP sHsp22;23;26; 27; 

67Ba, 67Bb; 67Bc; 

12efl; CG14207;  

CG4461; CG7409; 

CG13133 

No direct homology sHSP 23 and 26 

cytoplasmic (Michaud 

et al., 2002) 

Enriched in larval CNS 

(Morrow and Tanguay, 

2006) 

(Non HSP)   TorA 

 

 

                     TBCE 

Torp4a 

 

 

 

dTbce (CG7861) 

TorA to Torp4A 

34% ID, 56% SIM, 0% 

GAP 

 

30% ID, 49% SIM, 9% 

GAP 

Expressed early in 

development, enriched 

in larval CNS but 

predominantly glial 

expression (Muraro 

and Moffat, 2006) 

Expressed ubiquitously 

in nervous tissue and 

other organs in mice 

(Bommel et al., 2002) 
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1.9 Pharmacological Chaperone Induction 

1.9.1 Limitations of genetic elevation of single HSPs 

Chaperones often serve to buffer the damaging effects of cellular stress, and viral 

delivery of single HSP genes has already been attempted (Magrane et al., 2004;Dong 

et al., 2005).  Multi-chaperone interactions, and the relative ratios of individual 

factors required for a particular effect, are complex and still poorly understood, 

however (reviewed in(Morimoto, 2008), and HSPs can have different effects when 

overexpressed in combination compared to in isolation, for example.  It is hoped that 

targeting upstream stress-induced triggers of HSP induction, such as HSF-1, with 

small bio-available chemical compounds may overcome this obstacle by inducing 

several HSPs from endogenous promoters in parrallel.  In the following section, 

potential mechanisms and neuroprotective effects of several such compounds are 

described. 

1.9.2 Chemical-mediated HSP Induction via the HSF-1 Pathway 

Inhibition of the cytoplasmic hsp90-HSF-1 complex. Artificial induction of HSPs can 

be achieved by targeting the Heat Shock Factor 1 (HSF-1) pathway, which is 

upregulated in response to cellular stress (Fig. 1.11).  The prototypical and most 

extensively studied HSF-1 activating compound is geldanamycin (GA), an 

ansamycin antibiotic that inhibits the ATPase activity of Hsp90 (Zou et al., 1998), 

Table 1.6).  Inhibition of Hsp90 forces it to release HSF-1, which trimerises and 

enters the nucleus for HSP gene induction (Fig. 1.11A). A derivative compound, 17-

allylaminogeldanamycin (17-AAG), and a third chemical, radicicol, induce HSPs by 

the same mechanism (Fig. 1.11 & Table 1.6). 
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Several non-hsp90 inhibitors are also thought to free HSF-1 for nuclear entry and 

HSP induction (Fig. 1.11A).  Geranyl-geranyl-acetone (GGA) binds directly to the 

C-terminus of Hsp70, which is thought to disrupt the hsp70/hsp90 complex that 

sequesters HSF-1 from nuclear entry (Otaka et al., 2007), Fig. 1.11A).  The natural 

triterpene, celastrol, activates HSF-1 with similar kinetics, but acts by a less well-

defined mechanism.  Celastrol may reduce structurally important thiol groups on 

hsp70 and/or hsp90, altering their function and thus freeing HSF-1 (Trott et al., 

2008). 

Modulation of regulatory signals to promoter-bound HSF-1.  Some HSP inducing 

agents appear to act on signal pathways that regulate promoter-bound HSF-1 

phosphorylation state and thus transactivation capability at the core HSP promoter 

(Fig. 1.11Bii).  Withaferin-A, a plant-derived steroidal lactone that reportedly 

induces hsp70 and hsp25 in cultured mammalian neurons (M. Duennwald, personal 

communication, 2007) could feasibly activate HSF-1 via inhibition of protein kinase-

C (PKC, Fig. 1.11Bii).  Other signal pathways involved in phosphorylation of 

promoter-bound HSF-1 may be affected by the HMG-CoA reductase inhibitor 

simvastatin, and the cyclooxygenase inhibitor curcumin (Fig. 1.11Bii), both of which 

have also been linked with HSP induction (Table 1.6).  Some of this activity may 

occur via an increase in HSF binding to HSEs within the hsp70 promoter, as was the 

case for HSF from extracts of cells exposed to curcumin (Kato et al., 1998). 
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Curcumin may also activate HSP gene transcription independently of HSF-1 activity 

via effects on p38 MAP kinase signalling (Tikoo et al., 2008).  p38 MAP kinase 

phosphorylates histone H3 on nucleosomes proximal to the hsp70 promoter, which 

remodels local chromatin to facilitate maximal transcription in a stress type-

dependent manner (Thomson et al., 2004). 

HSP co-induction. An important property of several of the compounds described 

above, most notably celastrol and curcumin, is that activation of increased HSP gene 
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transcription can depend upon a coinciding environmental stress.  Stress-induced 

HSF-1 trimerisation and nuclear entry may be required before HSF-1 is receptive to 

modulation by the above regulatory pathways.  This property has been called ‘HSP 

co-induction’, and is also demonstrated by the neuroprotective hydroxylamine 

derivatives bimoclomol and arimoclomol (Table 1.6 and Fig. 1.11). 

Neuroprotective effects of HSP inducing compounds. Pharmacological chaperone 

induction has received considerable recent attention within the neurodegeneration 

field.  HSP induction by GA was one of the first chemical treatments described to 

suppress htt-polyQ aggregation in cell culture (Sittler et al., 2001), and modulatory 

effects on neurodegenerative disease protein aggregation and/or toxicity have been 

described for most of the compounds discussed above (summarised in Table 1.6).  

Strong links with neuroprotection are underlined by the case of celastrol, which was 

recovered in a large, unbiased screen of bioactive compounds for inhibitors of 

pathogenic htt-polyQ aggregation (Wang et al., 2005). 
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Table 1.6 HSP-inducers that target the HSF-1 pathway 

Example links with neurodegeneration are provided.  ind – induction. co-ind – co-induction. agg – aggregation. 

Drug  Target/s   Ind Type/HSPs  Link with Neurodegeneration Availability References 

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Geldanamycin hsp90   ind/27,40,70  vs htt-polyQ agg in mice  commercial (Zou et al., 1998;Hay et al., 2004) 

17-AAG  hsp90   ind/27,70  vs polyQ agg in mice/flies  commercial (Waza et al., 2005;Fujikake et al., 2008) 

Radicicol hsp90   ind/40,70  vs htt-polyQ agg in mice/flies commercial (Hay et al., 2004;Fujikake et al., 2008) 

GGA  hsp70   ind/70,90  vs polyQ agg & toxicity in mice private  (Katsuno et al., 2005)  

Celastrol hsp70/hsp90  co-ind/27,70  vs htt-polyQ agg in cells  commercial (Wang et al., 2005) 

Bimoclomol membrane lipids  co-ind/60,70,90  vs diabetic retinopathy in rat private  (Biro et al., 1998;Torok et al., 2003) 

Arimoclomol unknown  co-ind/70,90  vs SOD1 toxicity in mice  private  (Kieran et al., 2004) 

Simvastatin HMG CoA reductase co-ind?/27  vs α-synuclein agg in cells  commercial (Kretz et al., 2006;Bar-On et al., 2008) 

Curcumin COX 1/2, NFk-B  co-ind/27,70  vs amyloid plaques/ROS in mice commercial (Kato et al., 1998;Lim et al., 2001) 

Withaferin-A annexin II, PKC  unknown/27,70  ↑ htt-polyQ agg in cells   commercial (Falsey et al., 2006;Sen et al., 2007)  

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
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Table 1.7 Sequence homology of regulatory components for HSP gene expression between human and Drosophila  

Extent of homology is expressed as the % of identical amino acid residues (Identity) and the % of residues with a positive similarity score (Similarity) based 

upon physical properties.  Gaps are regions of zero homology that are skipped in order to re-align sequences.  Analysis was conducted with Homologene and 

BLAST (NCBI).  Scores for hsp70 and hsp90 are repeated from Table 1.5 for clarity. 

Protein   Human   Drosophila   Identity (%)  Similarity (%)  Gaps (%) 

------------------------------------------------------------------------------------------------------------------------------------------------------------ 

Hsp70   Hsp70A1B  Hsp70Bbb   75   86   1   

Hsp90   Hsp90   Hsp83    78   89   0 

HSF-1   HSF-1   HSF    49   67   10  

PKC   PKCα   Pkc53E   68   82   2 

COX1   PTGS1   Pxt    23   38   11 

AKT   AKTγ   AKT1    63   77   5 

ERK1   MAPK1  rolled    81   89   0 

HMG CoA   HMG CoA   

  Reductase   Reductase  columbus   45   61   11 

------------------------------------------------------------------------------------------------------------------------------------------------------------ 
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In summary, HSP-inducers target two, or possibly three, major stages of HSP gene 

induction.  Firstly, they free HSF-1 from the cytoplasmic hsp90/hsp70 complex (GA, 

radicicol, celastrol).  Secondly, they activate promoter-bound HSF-1 via regulatory 

signalling pathways (curcumin, simvastatin, bimoclomol).  Thirdly, they may 

influence chromatin remodelling at the HSP promoter region (curcumin).  These 

chemicals also show widespread neuroprotective effects.  Notably, their molecular 

targets, where identified, are highly conserved between Drosophila and man (Table 

1.7), raising the possibility of using Drosophila models to compare their effects in 

the disease context in vivo, as has been done for other groups of candidate 

modulatory compounds in Drosophila disease models (section 1.7.3).  This may be 

particularly informative as, despite promise in ameliorating molecular signs of 

neurodegeneration in vitro (Table 1.6), little is known about the functional 

consequences of pharmacological HSP induction in vivo. 

1.10 Project Aims 

Specific aims, as they pertain to individual chapters in this report, are listed below. 

• To develop a Drosophila larval model of HD offering visual access to the axonal 

compartment in vivo, establish whether AT is perturbed, and whether HD-

associated pathology in motor neurons correlates with a locomotion phenotype 

(Chapter 2). 

• To develop increased-throughput locomotion assays with a view to candidate 

genetic or chemical modulation screening in an analogous, previously 

characterised Drosophila larval model of tauopathy (Chapter 3). 

• To utilise the tauopathy model in a chemical modulation screen using several 

compounds linked with increasing the levels of HSP chaperones (Chapter 4). 

• To test the effects of targeted elevation of hsp70 in Drosophila adults expressing 

human tau in the nervous system (Chapter 5).
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2. Characterisation of a Drosophila Model of Axonal 

Transport Dysfunction in Huntington’s Disease 

 2.1 Introduction 

As clinical progression can precede extensive neuronal death in HD (Vonsattel et al., 

1985), focus has centred on early pathological events that disrupt neuronal function 

prior to neuronal demise.  Axonal dysfunction may represent one such event (section 

1.6), as post mortem brain tissue from pre-symptomatic HD sufferers exhibits axonal 

degeneration of striatal projection neurons (Albin et al., 1992) and cortico-striatal 

afferents (Sapp et al., 1999). Dystrophic neurites, and swellings of accumulated 

cargoes indicative of axonal transport disruption, have been localised to aggregated 

htt inclusion bodies (IBs), a common biomarker for HD neuropathology (DiFiglia et 

al., 1997). Axonal abnormalities have also been described in presymptomatic HD 

mice expressing the first exon of htt (HttEx1) with a polyQ expansion (Wade et al., 

2008).  As outlined above (1.6.2 & 1.6.3), analysis of pathogenic human htt effects 

on axonal transport in transgenic animal models (Li et al., 2001;Gunawardena et al., 

2003;Lee et al., 2004;Trushina et al., 2004) demonstrates that a functional htt deficit 

and its aggregation into axonal IBs, which impede transport and sequester motor 

components, may be key pathogenic events.  While end-point indications of axonal 

transport disruption are intriguing, dynamic events underlying perturbation have, to 

date, only been assessed in vitro (Szebenyi et al., 2003;Trushina et al., 2004;Orr et al., 

2008), prompting the development of animal models to analyse such phenomena in a 

less biologically artificial environment in vivo. 

Transgenic expression of pathogenic HttEx1 induces HD-like pathology in mice   
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(Mangiarini et al., 1996) and neurotoxicity in Drosophila (Steffan et al., 2001).  

Furthermore, pan-neuronal expression of polyQ-expanded HttEx1 in Drosophila 

induces the accumulation of axonal transport cargoes within motor and sensory 

axons of the major larval peripheral nerves ex vivo (Gunawardena et al., 2003).  

Whilst previous work has utilised the pliable genetics of Drosophila to further 

understand transport disruption, demonstrating a reduced pool of functional transport 

motors (Gunawardena et al., 2003), mutant htt-mediated axonal transport 

perturbation remains unconfirmed in live animals, and dynamic events occurring 

prior to cargo accumulation have yet to be probed directly.  

2.1 Aim 

The aim of this study was to confirm findings suggesting that axonal transport is 

perturbed in HD, and further investigate the nature of any transport deficit, via an in 

vivo live analysis of axonal transport in Drosophila larval motor neurons within the 

major segmental nerves. This study aimed to further develop a technical strategy that 

was introduced in investigations into the molecular basis of tau-mediated pathology 

in a Drosophila model of tauopathy (Mudher et al., 2004). 

2.3 Materials and Methods 

2.3.1 Drosophila genetics and larval treatments 

Transgenic expression of Htt-polyQ was directed to Drosophila melanogaster motor 

neurons via use of the pUAS-GAL4 system (Brand and Perrimon, 1993), Appendix 1 

Fig. A1.8).  Male flies homozygous for UAS-Htt-exon1-93Q (HttEx1Q93), or UAS-

Htt-exon1-20Q control (HttEx1Q20), were crossed to neuropeptide-Y (vGFP) and 
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D42 driver (vGFP·D42) homozygous female virgins, as described previously 

(Mudher et al., 2004).  HttEx1Q93 and HttEx1Q20 UAS lines were kindly supplied 

by L. Thompson and L. Marsh and have been described previously (Steffan et al., 

2001).  Oregon R homozygous males (from Bloomington stock centre) not carrying a 

pUAS insert were crossed to vGFP·D42 virgins as a driver control (OreR).  UAS 

lines were crossed to elav pan-neuronal driver (Yao and White, 1994) female virgins 

(Bloomington) for developmental toxicity studies only.  F1 L3-stage larvae, 

manipulated with a fine brush dampened with standard Drosophila saline (Appendix 

A1.1), were selected by size and wandering behaviour for analysis.  Crosses were 

raised at 23
o
C or 29

o
C (to drive different levels of transgene expression) on standard 

fly food medium (Appendix A1.2).  For protein homogenate or RNA analyses, larvae 

were snap frozen in liquid nitrogen and stored at -20
o
C or -80

o
C respectively. 

2.3.2 Immunohistochemistry, HttEx1 aggregate and Hoechst analyses 

Live larvae were dissected with a microdissection apparatus (Fine Science Tools, 

Interfocus, UK) under a WM light microscope (Heerberg, Switzerland) in ice-cold 

Drosophila saline (Appendix A1.1) to reveal nervous tissue (as shown in Fig. 2.1B).  

For nerve analysis, dissected preparations (‘skins’) were fixed in 4% w/v 

paraformaldehyde (in 24.5mM disodium phosphate and 0.52M NaOH, pH 7.3) for 

90min, before a 10min wash in x1 PBS (Sigma) containing 0.1% v/v tween-20 

detergent (Sigma, 0.1% tPBS).  Skins were incubated for 30min in 2N HCl prior to 4 

(all 10min) washes in tPBS.  Skins were blocked for 30min (30µl/ml horse serum in 

0.1% tPBS) before incubation in primary antibody solution (S830 vs HttEx1 

independent of polyQ length, 1:2000, a kind gift from G. Bates [Kings College, 

London] and as described previously in (Sathasivam et al., 2001); EM48 vs 
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pathologically misfolded N-terminal Htt and described in Gutenkunst et al., 1999, 

1:100, Calbiochem; anti-HRP, 1:1000, MP Biochemicals) overnight at 4
o
C.  Skins 

were again washed 4 times in 0.1% tPBS, incubated in fluorescent secondary 

antibody (donkey anti-goat 555 for S830 or anti-mouse 555 for EM48, 1:100, 

Molecular Probes) overnight at 4
o
C, washed for 4 x 10min in 0.1% tPBS and 5min in 

PBS, mounted on glass slides in Vectashield fluorescence mount (Vector 

Laboratories, CA, US), and analysed on a Zeiss Axioplan2 Epifluorescence or 

Confocal Microscope.  Antibody incubations were in 400µl block solution with 

600µl 0.1% tPBS.  For ventral cord (VC) analyses, skins were processed in the same 

manner but were instead fixed in larval brain fix (4% v/v formaldehyde, 0.5mM 

EGTA, 5mM MgCl2) for 20min, and all washes were in a chloride-free buffer 

(68mM Na2HPO4, 33mM NaH2PO4, 0.5% v/v triton X-100). 

 

Fig. 2.1 Larval peripheral nerve analysis in Drosophila 

Larvae are analysed intact after anaesthetisation and immobilisation in agarose (A), or dissected and 

fixed for immunohistochemistry (B).  In the former technique, the central and peripheral nervous 

system is visualised directly through the transparent cuticle, whereas in the latter these tissues are 

fixed and preserved in situ.  The motor neuronal axonal compartment is visualised in the green/red 

shaded areas, whereas motor neuron cell bodies are located within the ventral cord. 
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Axonal HttEx1 – reactive aggregate sizes and peripheral nerve diameters were 

calculated in Metamorph software (Molecular Devices, CA, USA) and were defined 

as follows:  The diameter of circular and non-circular htt immunoreactive aggregates 

was measured as the largest cross sectional length.  Across the analysis, aggregates 

fell into two groups.  Small aggregates (SAg) measured from 0.7µm to 1.3µm in 

diameter, large aggregates (LAg) were equal to or exceeded 1.3µm in diameter, and 

tracks were accumulates of fluorescence appearing to run along a single axon for 

longer than 20 microns. 

For assessment of aggregate detergent solubility by filter trap assay, 15 larval VCs 

per genotype (approximately 25µg total soluble protein) were removed and 

homogenised in 40µl FTH buffer (50mM Tris-HCl, 100mM NaCl, 5mM MgCl2, 

0.5% NP40 v/v, x1 Roche protease inhibitor).  For positive controls, HeLa cells 

(Sigma) were seeded and transfected for 48h with HttEx1Q25-mRFP or HttEx1Q97-

mRFP by S. Hands in the laboratory (see Acknowledgments and Appendix A1.5A 

for detailed protocol).  Cells were lysed in FTH buffer (see above and Appendix 

A1.5B) with 1mM EDTA.  Cell lysates/larval brain homogenates were frozen for 

24h at -20
o
C, thawed and centrifuged at 13 000 rpm for 8min, and the pellet fraction 

washed twice with 500µl PBS before repeat centrifugation as above.  100µl DNAse 

buffer (20mM Tris-HCl, 15mM MgCl2, pH 8) with 0.5mg/ml DNAse-1 was added 

and each sample incubated at 37
o
C for 90min.  Each sample was adjusted to 2% SDS, 

20mM EDTA and 50mM DTT, boiled for 5min at 100
o
C, and added to 200µl 2% 

SDS.  Samples were passed through a dot blot vacuum filter (Biorad) fitted with a 

200nm pore cellulose acetate membrane (Porafil 0.2mm, type CA142, Macherey-

Nagel) and empty wells filled with 300µl 2% SDS.  All wells were washed twice 
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with 0.1% SDS between subsequent vacuum filtration steps.  The membrane was 

blocked in 3% BSA in PBS for 1h, incubated with 1/3000 S830 antibody in PBS at 

4
o
C overnight, washed 3 x 5min in 0.5% tPBS, incubated in 1/15 000 HRP-

conjugated anti-goat 2
o
 antibody in PBS for 1h, and washed 3 x 5min in 0.5% tPBS 

prior to processing for ECL detection according to manufacturers instructions 

(Amersham).  For Hoechst chromatin staining, skins were incubated in 1µg/ml 

Hoechst in tPBS for 20min prior to the final PBS wash. 

2.3.3 Semi-quantitative and quantitative RT-PCR 

For assessment of HttEx1Q20 and HttEx1Q93 mRNA levels, 15 HttEx1Q93 larvae 

were homogenised with Trizol reagent (Invitrogen) to isolate total RNA.  1µg of total 

RNA was reverse transcribed with the iScript cDNA synthesis kit (Biorad).  PCR 

was carried out with HotStar Taq hot start DNA polymerase (Qiagen) using 200ng of 

cDNA template per 25µl reaction volume.  PCR runs consisted of an initial melting 

step (94
o
C for 2min), melting step (94

o
C for 40s), annealing step (at the primer 

specific temps shown below for 30s), and extension step (72
o
C for 30s).  The short 

melting, annealing and extension steps were cycled 34 times for HttEx1 

amplification prior to a final extension step (72
o
C for 10min).  HttEx1 – specific 

primers were HttF (5’TGG CCG ACC CTG GAA AAG CTG-3’) and HttR (5’-TGA 

GGC AGC AGC GGC TGT GC-3’), annealing at 68
o
C.  RP49 was used as a control 

locus, with primers RPF (5’-GAT CGT GAA GAA GCG CAC-3’) and RPR (5’-CGC 

TCG ACA ATC TCC TTG-3’), annealing at 62.5
o
C (Tsichritzis et al., 2007).  PCR 

conditions were as shown above but with only 30 cycles of melting, annealing and 

extension. 

10µl of PCR product was loaded with 10µl of x2 DNA loading buffer (Appendix 
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A1.4) and analysed by electrophoresis in 1% agarose gels made up in x1 TBE buffer 

(Appendix A1.5) with 0.005% v/v ethidium bromide for visualisation of DNA bands 

under UV light.  For densitometry analysis, product bands from each of three 

different HttEx1 PCR cycle numbers were analysed in ImageJ 1.42 software and 

expressed as a ratio of RP49 expression, and the average of these ratios used for 

comparison between 23
o
C and 29

o
C HttEx1Q93 expression levels. 

For quantitative RT-PCR (qRT-PCR) analysis of Hsp70 levels, total RNA was 

extracted from five larvae per genotype using an RNeasy spin column minikit 

(Qiagen).  RNA integrity/concentration was assessed by A260/A280 ratio on an ND-

1000 Spectrophotometer prior to reverse transcription, as described above.  

Downstream PCR with 1µl of 1/10 cDNA template was carried out with RP49 

primers and the DNA product analysed by gel electrophoresis (as above) to confirm 

cDNA integrity by RP49 band intensity/size (approx. 325bp, see Fig. 2.5).  qRT-PCR 

was carried out in 96-well plates (Biorad) with optical caps (Applied Biosystems) 

using 12.5µl iQ SYBR Green supermix (Biorad), 1µl neat cDNA template and 

0.4µM forward/reverse primer.  PCR cycle conditions were as described for semi-

quantitative PCR, above.  Hsp70 primers, which detect mRNA of three out of the six 

known Drosophila hsp70 genes, were Hsp70F (5’-AGC CGT GCC AGG TTT G-3') 

and Hsp70R (5’-CGT TCG CCC TCA TAC A-3'), annealing at 48
o
C (Fujikake et al., 

2008).  To obtain a high level of Hsp70 mRNA for use in a standard dilution series to 

compare hsp70 levels between samples, wild-type OreR larvae were heat shocked at 

36
o
C for 1h, allowed to recover at 23

o
C for 30min, snap frozen in liquid nitrogen, 

and processed for RNA extraction and reverse transcription (as above).  cDNA from 

heat shocked larvae was used at x1, x1/5, x1/25, x1/125, x1/625 and x1/3125 
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dilutions for standard curve measurement.  Relative hsp70 levels were assessed in 

duplicate and corrected to relative RP49 levels, which were assessed in a separate 

plate using the above primers and corrected to a standard dilution (as above) from 

unstressed OreR control larvae.  qRT-PCR reactions were run on an Opticon2 DNA 

Engine (MJ Research).  C(t) values and melting curves (sampled at 60-95
o
C to 

ensure purity of PCR product) were analysed in Opticon Monitor 3.1 software 

(Biorad). 

2.3.4 Assessment of HttEx1 levels by western blot 

For isolation of total protein from whole larvae and larval VC, 10 larvae (chopped 

with a razor blade) or 15 VCs were physically homogenised in 100µl and 40µl 

respectively of protein homogenisation buffer (150mM NaCl, 50mM Tris base, 1mM 

EDTA, x1 Roche protease inhibitor).  Homogenised samples were kept on ice for 20 

min, centrifuged at 13 000 rpm for 5 min at 4
o
C, and the aqueous soluble protein 

supernatant kept at -20
o
C.  Total protein concentration was assessed according to 

manufacturer’s instructions (Biorad).  As a positive control, 10µl of HttEx1Q97-

transfected HeLa cell lysate was provided by U. Sajjad in the lab (see 

Acknowledgments and Appendix A1.5A &C for details of HeLa cell culture, 

transfection and lysis).  For SDS – polyacrylamide gel electrophoresis (SDS-PAGE), 

appropriate sample volumes (25µg total protein) were mixed with x2 protein sample 

buffer (0.125M Tris-HCl, 4% w/v SDS, 20% v/v glycerol, 10% v/v β-

mercaptoethanol, 0.004% w/v bromophenol blue, pH 6.8) and boiled at 95
o
C for 5 

min prior to loading into a 0.75mm 5% stacking, 10% resolving polyacrylamide gel 

(for gel and buffer compositions, see Appendix A1.6).  The gel was run (1h at 150V 

on a 300w Biorad HC PowerPac) in x1 running buffer and transferred in a semi-dry 
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transfer cell (Biorad TransBlot SD, 1h at 15V) in x1 transfer buffer onto a 

nitrocellulose membrane (Amersham Hybond C extra).  Total protein loading and 

transfer was assessed with Ponceau-S (Sigma), and the membrane blocked in 3% 

BSA in 0.5% v/v tween-PBS for 1h at room temperature.  The blot was incubated in 

primary S830 anti-HttEx1 antibody (Sathasivam et al., 2001) at 1/3000 (all 

antibodies were diluted in block solution) overnight at 4
o
C, then washed (3 x 5min) 

in 0.5% tPBS, incubated in anti-goat 680 fluorescent secondary antibody (Molecular 

Probes) for 1h at room temperature, washed (2 x 5min) in 0.5% tPBS and washed 

once in PBS (5 min) prior to band visualisation on a Licor Odyssey Infrared Scanner. 

Samples were run with Biorad Kaleidescope Protein ladder (10µl) for estimation of 

band sizes from western blots.  Expected protein sizes were calculated from the 

amino acid sequence of human HttEx1Q20 (NCBI Reference Sequence: 

NP_002102.4), with an additional Q63 added for HttEx1Q93, or an additional Q67 

and mRFP (25.4KDa) added for HttEx1Q97-mRFP, using an online protein 

molecular weight calculator (www.sciencegateway.org). 

2.3.5 In vivo axonal transport analysis 

Axonal transport analysis was conducted as previously described (Mudher et al., 

2004).  Drosophila L3 larvae were anaesthetised in diethylether vapour for 10min, 

immobilised in 1% agarose made up in Drosophila saline (Appendix A1.1) ventral 

face up on glass slides, and mounted under glass coverslips at pressure for analysis 

(as shown in Fig. 2.1A and Appendix 1 Fig. A1.7). vGFP accumulates were defined 

as regions of more intense GFP fluorescence that covered a greater area than the 

typically diffuse vGFP staining observed in OreR control nerves (example shown in 

Fig. 2.6A, compare 20Q and 93Q panels). To calculate the total area of vGFP 
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accumulates, peripheral nerves were analysed between the 2nd and 4th dentical 

bands (Fig. 2.1A).    Accumulates were imaged at x63 on a Zeiss Axioplan2 

Epifluorescence Microscope, thresholded in Metamorph software (as above, 2.3.2), 

and the total area of all accumulates in the region summed for each larva.  Movies of 

vesicular movement (Table 2.1) were captured at x100 magnification for 30s (see 

enclosed CD). 6 larvae of each genotype from a single experimental cross were 

analysed, and four movies of vesicular traffic were captured from four different 

regions of peripheral nerve per animal (see Table 2.1).  For each region, five 

relatively bright, easily identifiable vesicles were selected and tracked in Metamorph 

for calculation of vesicle average velocity and maximum velocity.  Stalls and circles 

(defined as in Table 2.1) were identified manually and the total number per region 

quantified.  

2.3.6 Developmental, larval locomotion and statistical analyses 

For developmental analysis, single transgenic crosses were established 

simultaneously with age-matched virgin females.  Parents were removed 7d after 

cross initiation and eclosing adults scored and removed from test vials daily.  Line-

crossing and contraction tests (Mudher et al., 2004) were conducted on a 1mm bed of 

1% agarose in Drosophila saline (Appendix A1.1).  For both tests, larvae were 

allowed to acclimatise to the test area for 2min prior to testing.  In the line-crossing 

assay, the number of lines crossed on a 20x20 square grid (10cmx10cm), with the 

larva starting at the grid’s middle point, was counted over 30s.  In the contractions 

assay, the number of full peristaltic body wall contractions was counted over 30s.  

Both assays are depicted and further described in Fig. 3.1A &B.  For acute heat 

shock prior to locomotion tests, larvae were housed individually in plastic eppendorf 
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vials and incubated at 39
o
C for 5min, before transfer to 1% agarose plates at room 

temperature for an extra 1min cooling period (3min total) and testing for locomotion 

ability as described above.  For statistical analyses, the unpaired student’s t-test was 

used in Microsoft Excel. 

2.4 Results 

2.4.1 HttEx1Q93 aggregates in Drosophila motor neuron axons  

To understand the effects of pathogenic htt on axonal transport, a human HttEx1 

fragment comprising of 63 N-terminal amino acids, flanking a non-pathogenic 

(HttEx1Q20) or pathogenic length (HttEx1Q93) polyQ tract (Steffan et al., 2001), 

was expressed in Drosophila motor neurons with the D42-GAL4 driver (Yeh et al., 

1995).  N-terminal htt, consistent with the size of HttEx1, is cleaved during HD 

pathology and found in HD IBs in human brain (Zhou et al., 2003), and N-terminal 

fragments are liberated by proteolysis of full length Htt in HD knock-in transgenic 

mice (Landles et al., 2010). As axonal mutant HttEx1 aggregates may contribute to 

transport disruption (Gunawardena et al., 2003), the axonal distribution of HttEx1 

was studied in fixed motor neuron axons within the peripheral nerves of dissected 

larvae.  Immunohistochemistry with the S830 antibody, directed at the N-terminus of 

human htt (Sathasivam et al., 2001), reveals characteristic HttEx1 accumulation in 

the nerves of HttEx1Q20 and HttEx1Q93 larvae raised at 23
o
C that is absent in 

Oregon R (OreR) wild-type controls (Fig. 2.2A &B).  Staining is not observed upon 

omission of primary antibodies (Appendix 2 Fig. A2.1).  Annular (Fig. 2.2Ai) or 

spherical (Fig. 2.2Aii) aggregates of HttEx1 that exceed 1.3µm in diameter, classed 

as large aggregates (LAg), are present in larval nerves in this model (Fig. 2.2A-E; 
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Fig. 2.3 D &E) (see methods section 2.3.2 for further details on classification of 

aggregates).  LAg are significantly elevated in HttEx1Q93 larvae raised at 23
o
C 

relative to OreR (Fig. 2.2B &C, p<0.05, n=5) and there is a trend towards increased 

LAg in HttEx1Q93 versus HttEx1Q20 (Fig. 2.2C, p=0.13).  Small aggregates (SAg), 

with a diameter below 1.3µm (Fig. 2.2Aiii), or tracks (TRs) that appear to run along 

a single axon (Fig. 2.2Aiv), are unchanged in HttEx1Q93 larvae relative to 

HttEx1Q20 (Fig. 2.2C).  EM48 antibody, which reacts with HttEx1 and is relatively 

selective towards aggregated htt species (Zhou et al., 2003), reveals a significantly 

greater number of SAg structures in HttEx1Q93 nerves (Fig. 2.2 D &E, p<0.001, 

n=4), although LAg detected by this antibody are rare (Fig. 2.2E).  HttEx1 

aggregate-like structures thus form within the nerves of HttEx1Q20/Q93 larvae 

detected with two different antibodies, with an increase of SAg in mutant larvae 

detected by the EM48 antibody. 

As UAS-GAL4 transgene expression can be temperature-sensitive (Phelps and 

Brand, 1998), HttEx1Q93 larvae raised at 23
o
C may display moderate levels of htt 

aggregation due to low mutant transgene expression levels.  The effect of raising 

larvae at 29
o
C on the axonal distribution and expression levels of HttEx1Q93 was 

therefore investigated.  HttEx1Q93 larvae raised at 29
o
C show a striking increase in 

LAg, SAg and TR numbers, as detected with S830 antibody in peripheral nerves, 

with all accumulate types significantly more prevalent compared to HttEx1Q20 

controls (Fig. 2.2F &G, LAg p<0.001, SAg p<0.01, TR p<0.01, n=5). 
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When HttEx1Q93 larvae raised at 29
o
C are analysed with EM48 antibody (Fig. 

2.2H), LAg are 8 times more prevalent than in HttEx1Q20 (Fig. 2.2I, p<0.05, n=3). 

To further define axonal aggregate dimensions, Z-stack confocal images were 

collected of EM48 immunoreactivity in HttEx1Q93 and HttEx1Q20 peripheral 

nerves (Fig. 2.3), confirming that LAg can span the 1-2µm width of a normal larval 

peripheral nerve axon (Hurd and Saxton, 1996;Gunawardena et al., 2003). 

Motor neuron cell bodies within the ventral nerve cord were also analysed by 

epifluorescence and confocal microscopy.  Mainly nuclear EM48 immunoreactive 

aggregates are prevalent in HttEx1Q93 larval ventral cord but are not detectable in 

control animals (Fig. 2.3B, C, F-I &M, p<0.001, n=3).  EM48 immunopositive 

aggregates were next characterised biochemically by filter trap assay.  Aggregated, 

N-terminal htt immunopositive material that is resistant to solubilisation in 2% SDS 

detergent is recoverable from cultured human cells expressing mutant htt-polyQ-

mRFP (Scherzinger et al., 1997), Fig. 2.3N wells 4-8).  Despite this, no HttEx1 

immunoreactive material is detectable in HttEx1Q93 via filter trap analysis of 

ventral nerve cords homogenised in 2% SDS (Fig. 2.3N), suggesting that 

immunohistochemically visible aggregates are either more detergent soluble in this 

model, or that they are not abundant enough to be detectable on the filter with the 

amount of tissue homogenate used.  Analysis of nuclei by Hoechst staining (Fig. 

2.3J-L), no difference in the number of detectable neuromuscular junctions (Fig. 

2.4A-J), and no significant change in the overall diameter of peripheral nerves (Fig. 

2.4K) across the three genotypes could be detected, which argues against cell loss in  
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HttEx193Q versus HttEx1Q20 ventral cord.  The above results indicate that 

HttEx1Q93 forms visible aggregates in motor neuron axons and nuclei in 

Drosophila larvae without causing extensive axonal/synaptic retraction or cell death.  

2.4.2 HttEx1Q93 expression increases at higher raising temperature 

To compare HttEx1Q93 transgene mRNA levels between larvae raised at 23
o
C or 

29
o
C, semi-quantitative RT-PCR was performed on larval total RNA (Fig. 2.5A).  

Analysis of the resultant HttEx1Q93 band, absent in controls, indicates a significant 

elevation in expression at 29
o
C versus 23

o
C (Fig. 2.5B, p<0.05, n=3).  Sequence-

specific restriction enzyme digest of the amplified PCR product was used to confirm 

the identity of the HttEx1Q93 band (Appendix 2 Fig. A2.2).  HttEx1Q93 

accumulation and aggregation may thus be dependent on raising temperature (and 

thus possibly transgene expression level dependent) in Drosophila larval motor 

neuron axons, although other chronic effects of a higher raising temperature on htt 

axonal localisation and/or aggregation state cannot be ruled out.  HttEx1Q93 protein 

is also detectable by western blot of larval VC homogenate (Fig. 2.5C), although 

neither HttEx1Q20 mRNA nor protein was detectable by these methods (Fig. 2.5C 

and data not shown).  As expected, the HttEx1Q93 protein band migrates well above 

the predicted molecular weight due to altered migration in SDS-PAGE of polyQ-

containing proteins (Mangiarini et al., 1996;Wyttenbach et al., 2002). 
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2.4.3 Expanded HttEx1 perturbs axonal transport in vivo 

To assess whether axonal HttEx1Q93 expression and aggregation perturbs axonal 

transport within intact live Drosophila, double transgenic HttEx1Q20 and 

HttEx1Q93 larvae that co-express a human neuropeptide Y-GFP fusion protein 

(vGFP) in motor neurons were utilised.  Neuropeptide-Y is a fast axonal transport 

cargo (D'Hooge et al., 1990), and vGFP is diffusely distributed in wild-type nerve 

but accumulates into large deposits within the axon when transport is compromised 

in a Drosophila model of tauopathy (Mudher et al., 2004).  While vGFP accumulates 

are not visible in HttEx1Q93 larvae raised at 23
o
C, which show an even, diffuse 

distribution of vGFP (Fig. 2.6C), the peripheral nerves in HttEx1Q93 larvae raised at 

29
o
C show a 2-fold increase in total vGFP accumulate area relative to HttEx1Q20 

larvae (Fig. 2.6A &B, p<0.05, n=6).  HttEx1Q20 larvae, in turn, show significantly 

more accumulated fluorescence than OreR controls (Fig. 2.6B), indicating that the 

observed effect on vGFP distribution is to some extent attributable to transgene 

expression irrespective of polyQ tract length in this model.  

To investigate potential mechanisms by which vGFP accumulates in axons of 

HttEx1Q93 larvae, dynamic vesicle movement was analysed along the peripheral 

nerves of intact anaesthetised larvae raised at 29
o
C.  Bright vGFP vesicles were 

tracked in 30s video recordings in several regions of analysis per larva, as described 

in section 2.3.5 and Table 2.1.  Both continuously moving and stalling vesicles were 

observed, which pause for significant time periods, in larval nerves (see Movies M1-

M3, supplementary material to (Sinadinos et al., 2009), on the enclosed CD, and 

legends in Appendix 2.5).  The average velocity of uninterrupted vesicle transport 

(excluding vesicle stalling times) along several separate regions of nerve is not 
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reduced upon HttEx1Q93 expression relative to HttEx1Q20 or OreR control nerve 

(see Velocity column in Table 2.1).  However, average velocity of vesicle movement 

in HttEx1Q93 nerve is significantly lower when stalls are included (Vel(s)) 

compared to when they are omitted (Velocity) from the analysis (Table 2.1, p<0.05), 

indicating that stalling events significantly reduce vesicle velocity in HttEx1Q93 

larval nerve. 

Table 2.1.  In vivo vGFP vesicle dynamics in larval peripheral nerve 

Four separate nerve regions were analysed from each of three larvae, and five vesicles analysed within 

each region.  Average velocity includes travel in anterograde and retrograde directions and excludes 

stalls.  Vel. (S) - average velocity for all vesicles including stalling events.  Vel. (M) - maximum 

velocity, the average velocity for the fastest moving vesicle in each region.  Stalls were defined as 

pauses in vesicle locomotion during which less that 0.2µm was attained within 1s, and circles as local 

successive oscillatory changes in vesicle direction.  Errors are SEMs. 

 Velocity 

(µm s
-1

) 

Vel. (S) 

(µm s
-1

) 

Vel. (M) 

(µm s
-1

) 

Stalls 

(/region) 

Circles 

(/region) 

OreR  0.93±0.02 0.87+0.03 1.11±0.04 1.08±0.39 0.25±0.12 

20Q 0.89±0.04 0.82+0.04 1.06±0.07 1.33±0.28 0.75±0.22 

93Q 0.93±0.04 0.79+0.03† 1.13±0.06 2.75±0.54* 0.83±0.27 

Significance within a column (*) or row (†) is indicated (p<0.05, n=12 regions). 

This was not the case in HttEx1Q20 or OreR control nerves (Table 2.1, p=0.24 and 

p=0.20 respectively, n=12).  In addition, the number of vGFP vesicle stalling events 

is significantly increased in HttEx1Q93 versus HttEx1Q20 or OreR nerves (Table 

2.1, p<0.05, n=12 regions).  Despite this, the Vel(s) parameter is not significantly 
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different between HttEx1Q93 and HttEx1Q20 controls (Table 2.1), suggesting that 

other factors, in addition to stalling, may contribute to the difference in vGFP 

distribution between HttEx1Q93 and HttEx1Q20 larval nerve.  A peculiar 

“circulatory” motion of vesicles, involving repeated switches between anterograde 

and retrograde movement, shows a trend towards being more frequent in both 

HttEx1Q20 (p=0.09 n=12) and HttEx1Q93 (p=0.08 n=12) larvae relative to OreR 

controls (Table 2.1), but there is no difference between the two HttEx1-polyQ lines, 

and may thus be an artefact of transgenic HttEx1 expression in this system (see 

Movies M1-M3 on enclosed CD and legends in Appendix 2.5).  These results 

nevertheless demonstrate that HttEx1Q93 expression disrupts axonal transport in 

different ways: it increases retention of transport vesicles (accumulates) in the axon, 

and promotes stalling of motile vesicles. 

2.4.4 Neuronal function is impaired by pathogenic HttEx1 

To assess whether HttEx1Q93 expression detrimentally affects neuron function, 

mutant HttEx1 was expressed pan-neuronally using the elav-GAL4 driver (Yao and 

White, 1994).  Drosophila pupation and metamorphosis, prior to emergence 

(eclosion) as a pharate adult, is a period of intense physiological change and 

sensitivity to toxic insult. Previous work indicates that pan-neuronal HttEx1Q93 

toxicity in Drosophila allows only 20-30% of embryos to eclose (Steffan et al., 

2001;Wolfgang et al., 2005).  Similarly, in this study, 20.9% of HttEx1Q93 larvae 

raised at 29
o
C eclose as adults relative to HttEx1Q20 (Fig. 2.7A).  However, such a 

defect is not observed for HttEx1Q93 animals raised at 23
o
C (Fig. 2.7B).  This 

observation reflects the effect of HttEx1Q93 on vGFP distribution in motor neurons 

(Fig. 2.6), which was only observed in larvae raised at higher temperature.  When 
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expression is directed only to motor neurons with the D42 driver (Yeh et al., 1995) 

at 29
o
C, 52.7% of HttEx1Q93 larvae eclose as adults relative to HttEx1Q20, and 

development is also delayed (Fig 2.7C).  This data suggests that motor neuron-

specific HttEx1Q93 expression subtly impedes development to adult eclosion, 

whereas HttEx1Q93 pan-neuronal expression more severely perturbs this stage in a 

temperature-dependent manner.  HttEx1Q93 expression may therefore be toxic in, 

and/or impede the function of, neuronal cells in Drosophila. 

 

Fig. 2.7 Developmental effects of HttEx1Q93 expression in Drosophila.    

(A)  Total number of adult eclosures after pan-neuronal transgene expression at 29
o
C.  HttEx1Q93 

expression is severely toxic, preventing development to adult of all but a few specimens, whereas 

OreR and HttEx1Q20 controls develop normally.  (B)  HttEx1Q93 animals raised at 23
o
C develop 

normally into adults (C).  HttEx1Q93 expression in motor neurons allows some larvae to reach 

adulthood but causes a developmental delay.  Six pUAS transgenic males were crossed to 10 

driverfemales in a single test cross for each genotype. 
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2.4.5 Acute heat shock unveils a behavioural phenotype in HttEx1Q93 larvae 

In late ‘wandering’ L3-stage Drosophila larvae, body wall contraction capability and 

locomotion provides a direct, quantifiable readout of motor neuron function and 

behaviour.  To quantify larval locomotion ability, larval contraction and line-

crossing assays were used as previously described (Mudher et al., 2004), depicted 

and further explained in Fig. 3.1).  Surprisingly, HttEx1Q93 animals do not exhibit a 

significant reduction in contraction rate over 30s when raised at either 23
o
C or 29

o
C 

(Fig. 2.8A &B). The total number of lines crossed by each larva over a grid for 30s 

was also quantified in a line-crossing assay that gauges free crawling ability.  As in 

the contractions assay, HttEx1Q93 larvae raised at either temperature are not 

deficient in this line-crossing assay (Fig. 2.8C &D).  This suggests that HttEx1Q93 

larvae either do not exhibit a locomotion deficit under normal environmental 

conditions, or that the behavioural assays used are insufficiently sensitive to detect it. 

Although HD is a fully penetrant condition, environmental factors are likely to 

contribute to variations in age of onset and disease progression (van et al., 

2000;Wexler et al., 2004) (section 1.8.2).  Given that polyQ expression and external 

heat stress synergise to promote neuronal toxicity in C. elegans (Gidalevitz et al., 

2006), the effect of an acute heat shock prior to locomotion tests was assessed.  

When raised at 23
o
C or 29

o
C, all genotypes display a significant deficit in 

contraction rate and line crossing ability following acute heat shock (Fig. 2.8A-D, 

p<0.01, n=15). However, the performance of mutant htt larvae after heat shock in 

both assays is significantly reduced compared to HttEx1Q20 and OreR larvae when   
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Fig. 2.8  Locomotion deficit in HttEx1Q93 expressing Drosophila larvae.   

(A) The number of body wall contractions over 30s before (unstressed baseline) and after acute heat 

shock (HS) when raised at 23
o
C.  HttEx1Q93 animals complete fewer contractions than controls after 

HS only.  This was also observed for larvae raised at 29
o
C (B).  (C &D)  The number of lines crossed 

over a square grid for 30s before and after acute HS.  As for contractions, HttEx1Q93 animals raised 

at 23
o
C (C) and 29

o
C (D) cross fewer lines than controls after HS only.  (E &F)  Comparison of the 

relative post-HS locomotion deficit in HttEx1Q93 animals raised at 29
o
C and 23

o
C.  15 animals raised 

at 23
o
C and 5 animals raised at 29

o
C were tested for each genotype. Statistically significant 

differences for relevant comparisons are indicated by stars *p<0.05; **p<0.01; ***p<0.001. Non-

significant, ns. 
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raised at 23
o
C (Fig. 2.8A &B p<0.05, n=15) or 29

o
C (Fig. 2.8C &D p<0.05, n=5).  

Interestingly, the performance of HttEx1Q93 larvae reared at 29
◦
C showed a trend 

towards worse performance than HttEx1Q93 larvae reared at 23
◦
C (Fig. 2.8E, p=0.08, 

2.8F, p=0.13, n=5).  Larval progeny from undriven HttEx1Q93 parent flies did not 

display perturbed locomotion ability following heat shock relative to HttEx1Q20 

controls (Appendix 2 Fig. A2.3), arguing against a general insertion effect of the 

UAS-HttEx1Q93 transgene on locomotion behaviour under stressed conditions.  

Furthermore, subsequent development to adult is normal for mutant HttEx1 and 

control larvae exposed to acute heat shock (Appendix 2 Fig. A2.4), suggesting that 

maturation and behaviour in vulnerable HttEx1Q93 larvae is not generally disrupted 

by acute heat shock.  Heat shock therefore reveals a specific behavioural phenotype 

in HttEx1Q93 larvae compared to HttEx1Q20 and wildtype larval controls. 

One explanation for the vulnerability of HttEx1Q93 expressing neurons to external 

heat stress in this model is that mutant HttEx1-induced protein misfolding places a 

strain upon the protein quality control machineries such as molecular chaperones and 

protein turnover/degradation pathways, as suggested for a C. elegans model of polyQ 

disease (Gidalevitz et al., 2006).  To begin to test this possibility, Drosophila Hsp70 

mRNA levels were assessed by quantitative RT-PCR in larvae raised at 29
o
C.  

HttEx1Q93 larvae display a 14.7 fold elevation in Hsp70 mRNA levels relative to 

HttEx1Q20 controls (Fig. 2.9, p<0.05, n=3), indicating that an underlying protein 

folding stress response is already occurring in HttEx1Q93 larvae prior to any 

additional environmental stress. 
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Fig. 2.9 Drosophila Hsp70 mRNA levels in whole HttEx1Q93 larvae and 

controls.  For each experiment, total RNA was isolated from five pooled larvae per genotype 

(driven by D42 for motor neuron expression and raised at 29
o
C) and analysed by quantitative RT-PCR.  

mRNA levels for Drosophila hsp70 were corrected to mRNA expression levels of the ubiquitous 

housekeeping ribosomal protein, RP49.  Hsp70 mRNA expression is significantly elevated in 

HttEx1Q93 larvae compared to HttEx1Q20 and wildtype OreR controls (* p<0.05, n=3).  

2.5 Discussion 

2.5.1 HttEx1Q93 aggregation in Drosophila motor neuron axons 

The above results show that HttEx1Q93 expression perturbs axonal transport and 

neuronal function in larval Drosophila motor neurons in vivo.  Axonal accumulation 

and aggregation of HttEx1Q93 correlates with transport disruption, which involves 

increased stalling and a modest accumulation of GFP-labelled neuropeptide Y 

transport vesicles compared to HttEx1Q20 controls.  Although expressed and 

aggregated in the cell body, N-terminal htt-polyQ fragments (Li et al., 1999a;Lee et 

al., 2004) or full length htt (Li et al., 2001) accumulate within axons in HD and in 

animal models.  The largest HttEx1Q93 EM48-immunoreactive aggregates in this 
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Drosophila model exceed the normal diameter of peripheral nerve axons (Fig. 2.2A-

E, Fig. 2.3D &E), shown to be up to 1µm in wildtype larvae (Hurd and Saxton, 

1996), suggesting that HttEx1Q93 aggregates could potentially form a blockage to 

impede AT flow in motor neurons in this model.  Observations of swollen peripheral 

nerves and retention of cargo has been reported in other polyQ Drosophila models 

(Gunawardena et al., 2003).  Pathogenic polyQ-containing proteins could disrupt 

axonal transport either by producing space-occupying aggregates within axons that 

physically impair transport, or by sequestering and/or interacting abnormally with 

various proteins involved in axonal transport (Gunawardena and Goldstein, 2005).  

Insoluble htt IBs isolated from human HD brain are enriched for such proteins 

(Trushina et al., 2004), and transport cargo accumulation in HttEx1Q93 Drosophila 

larval nerve is worsened by genetic reduction of motor proteins such as kinesin and 

dynein (Gunawardena et al., 2003). 

Detergent solubility of aggregates.  Interestingly, HttEx1-immunoreactive aggregates 

are present in this model (Fig. 2.2 &2.3), but HttEx1-positive material that is 

insoluble in 2% SDS is not detectable (Appendix 2 Fig. A2.2). This is unlike material 

isolated from cultured human cell and mouse N-terminal HD models (Scherzinger et 

al., 1997).  Although this suggests that HttEx1-positive aggregates may have 

different biochemical characteristics to those from human cell/rodent models, it is 

possible that the filter trap assay was insufficiently sensitive to detect a small 

quantity of HttEx1-positive, detergent insoluble material (that is enriched and 

therefore visible in motor neuron axons and nuclei).  This could be further 

investigated through the use of more larval tissue, and/or the application of a graded 

series of lower SDS concentrations.  It is unknown if, or how, detergent solubility 
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relates to the ‘stickiness’ of a mutant htt aggregate for other soluble proteins in the 

cell.  Although N-terminal htt-polyQ aggregates have been causally linked to axonal 

transport disruption in Drosophila (Lee et al., 2004), they could also perturb axonal 

transport without microscopically visible aggregation, as has been shown in cultured 

cells expressing mutant HttEx1 that exhibit mitochondrial transport defects without 

obvious aggregate formation (Orr et al., 2008). Interestingly, pan-neuronal Htt-full-

length-Q128 expression in Drosophila did not result in detectable aggregation or 

transport cargo accumulation within the larval peripheral nerves (Romero et al., 

2008), suggesting that proteolytic cleavage of htt and N-terminal fragment liberation 

may be an important step preceding transport perturbation in HD, and helping to 

justify the use of N-terminal models to study this process in Drosophila. 

HttEx1-polyQ  levels.  Although significantly greater in HttEx1Q93 larval nerve, 

some signs of HttEx1 accumulation/aggregation were observed in HttEx1Q20 larval 

nerve in this study (Fig. 2.2 &2.3).  This argues that transgene expression may cause 

some degree of HttEx1 axonal retention in a polyQ length-independent manner.  It 

also is interesting to note that despite alterations in HttEx1 immunohistochemical 

staining in HttEx1Q20 larvae relative to wildtype controls, HttEx1Q20 mRNA and 

protein (Fig. 2.5) was undetectable by conventional RT-PCR and western blotting 

methods.  This was not the case for HttEx1Q93, which was detectable by western 

blot probed with the S830 anti-HttEx1 antibody (Fig. 2.5C).  Although the 

HttEx1Q93 band ran at a considerably larger size than expected from amino acid 

sequence (Fig. 2.5C &D), such aberrant migratory behaviour has been observed for 

HttEx1Q93 in Drosophila (Wolfgang et al., 2005) and for HttEx1Q150 in R6/2 mice 

(Mangiarini et al., 1996). One explanation for the inability to detect an HttEx1Q20 
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band could be a high turnover rate of this compared to HttEx1Q93 mRNA and/or 

protein.  Previous work suggests that N-terminal htt fragments with a non-pathogenic 

length polyQ tract have a shorter half life than that of fragments with a pathogenic 

length tract (Chandra et al., 2008).  Future work should employ more sensitive 

protocols, such as RT-PCR with RNA from ventral cord tissue or protein pull down 

assay, to detect HttEx1Q20 expression levels and understand how/why they differ 

from that of HttEx1Q93. 

2.5.2 Live axonal transport analysis in HttExQ93 larval nerves 

Visualisation of axonal transport in living intact larvae shows that continuously 

moving GFP-tagged vesicles travel along HttEx1Q93 nerve at a velocity of 

0.93±0.04µm/s (Table 2.1), consistent with the lower limit of fast axonal transport 

(Brown, 2003).  This value contrasts with an acute 25-30% reduction in transport 

vesicle velocities following perfusion of pathogenic N-terminal htt fragments over 

isolated squid axoplasm (Szebenyi et al., 2003). This discrepancy could relate to 

artefacts caused by the preparation of the squid axoplasm system in vitro, and/or to 

the exclusion of stalling vesicle times in calculations of average velocity in this study.  

When vesicle stall times were included in the velocity calculation in addition to the 

continuously moving GFP-tagged vesicles, the average velocity was significantly 

reduced in HttEx1Q93 nerve to 0.79µm/s, which was not the case for OreR or 

HttEx1Q20 control nerve (Table 2.1). These results highlight the importance of 

stalling events: more stalling events were observed in HttEx1Q93 nerve (Table 2.1), 

and this is in agreement with an increase in ‘stop-go’ vesicular motion detected in 

axons of cultured primary striatal neurons derived from Htt-FLQ72 knock-in mice 

(Trushina et al., 2004).  It is possible that GFP-tagged vesicles detach from fully 
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active motor proteins during stalling, particularly if there is a total motor protein 

deficit due to local sequestration to htt aggregates, and thus excessive competition 

with other fast axonal transport cargoes in HttEx1Q93 axon.  Consistent with this 

notion, GFP–tagged vesicles accumulate in the motor axon upon HttEx1Q93 

expression (Fig. 2.6A &B).  Accumulation of GFP-tagged vesicles was also reported 

in a Drosophila larval model of tauopathy, following the expression of human tau in 

motor neurons (Mudher et al., 2004).  In this model, a much larger increase in vGFP 

accumulate area was observed in larvae expressing human 3R-tau relative to wild-

type control (Mudher et al., 2004) than the 4-fold increase in HttEx1Q93 larvae (Fig. 

2.6B).  This difference could relate to the structural role of tau for the axonal 

transport system, its axonal location and/or its resistance to degradation when 

hyperphosphorylated (Garcia and Cleveland, 2001), whereas huntingtin plays a 

regulatory role in axonal transport and N-terminal fragments may exhibit limited 

entry into the axonal compartment. 

2.5.3 Neuronal viability and nuclear HttEx1Q93 aggregation 

Despite the disruption of axonal transport in this HD model (as inferred from vGFP 

vesicle stalling and accumulation), several identified larval neuromuscular junctions 

were present (Fig. 2.4A-J), nerve thickness was unchanged (Fig. 2.4K) and no overt 

cell loss in the ventral cord was observable via Hoechst staining of neuronal neuclei 

and cell bodies (Fig. 2.3J-L).  Although further investigation, using the TUNEL 

staining method to detect apoptotic DNA fragmentation and/or 

immunohistochemistry for cell death markers in the ventral cord for example, are 

required to rule out the possibility of some neuronal loss in HttEx1Q93 larvae, these 

results suggest that the observed transport defects are not a consequence of gross 
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neuronal death or axonal retraction, but are instead due to HttEx1Q93-induced 

neuronal dysfunction.  This is consistent with neuronal dysfunction caused by N-

terminal mutant htt in R6/2 HD model mice (expressing HttEx1Q150) at stages when 

little or no cell death is detectable (Mangiarini et al., 1996). 

It is possible that the axonal transport defects observed in this HttEx1 model could be 

associated with, or even due to, nuclear events such as abnormal transcription, as 

HttEx1Q93 aggregates were abundant in the motor neuron nuclei (Fig. 2.3F-I &M).  

In fact, the p value for the difference in nuclear aggregate numbers between 

HttEx1Q93 and HttEx1Q20 (Fig. 2.3M, p<0.0001, n=3) was considerably smaller 

than that calculated for EM48 immunopositive aggregates from larval nerves (Fig. 

2.2I, p<0.05, n=3).  This is consistent with the notion that aggregate-associated 

nuclear events may precede axonal transport disruption in this model, and highlights 

such phenomena as a likely priority for future investigation.  It is well-documented 

that mutant htt-polyQ widely disrupts gene transcription (Cha, 2007), possibly via a 

mechanism involving polyQ-containing transcription factor sequestration to mutant 

htt aggregates (Yamanaka et al., 2008).  Furthermore, the expression of numerous 

transport-related genes is dysregulated in HD models (Sipione et al., 2002).  It would 

therefore be interesting to assess if transcriptional abnormalities occur in this 

Drosophila model and, if so, whether they contribute to the observed AT defect.   

2.5.4 HttEx1Q93 larval locomotion in a normal and stressful environment 

Despite previous work showing that defective axonal transport in Drosophila motor 

neurons can perturb larval motor neuron function and locomotion (Hurd and Saxton, 

1996;Mudher et al., 2004), HttEx1Q93 larval locomotion is not affected under 

normal environmental conditions, even if larvae are reared at 29°C (Fig. 2.8). This 
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could be due to compensatory cellular mechanisms in the axonal compartment, such 

as HSP modulation of misfolded aggregate intermediates or increased expression of 

AT components that have been sequestered into aggregates. In R6/2 mice, several 

studies have reported compensatory cellular reactions to polyQ stress, or even 

increased resistance to excitotoxic stress, in mutant animals (Zuchner and Brundin, 

2008).  

Significant induction of hsp70 mRNA in HttEx1Q93 larvae (Fig. 2.9) also suggests 

that HSP induction could serve to buffer damaging effects of mutant HttEx1-induced 

protein misfolding in this model, and flies harbouring an Hsp70 gene deficiency 

display increased levels of HttEx1Q93 – induced protein aggregation in vivo 

(McLear et al., 2008).  It remains to be investigated whether Hsp70 protein is also 

elevated as a consequence of its transcriptional induction in this model.  Hsp70 

protein levels drop progressively in R6/2 mouse brain, albeit shortly after the onset 

of behavioural symptoms (Hay et al., 2004).  Another possibility is that an initial 

induction of hsp70 mRNA in this system could be followed by an age-dependent 

decline in hsp70 mRNA levels, as has been shown in a Drosophila polyQ disease 

model (Huen and Chan, 2005).  Such a later phase of decline could be related to 

transcriptional dysfunction of HSP expression caused by mutant Htt (Hands et al., 

2008). 

It is interesting to note that hsp70 protein was elevated in the presence of 

HttEx1Q111 in primary cultured cerebellar neurons, which are relatively spared early 

in HD pathology (Vonsattel, 2008), and that RNA-mediated interference of hsp70 

induction increases the vulnerability of these neurons to HttEx1Q111-mediated cell 

death (Tagawa et al., 2007).  Hsp70 protein is similarly induced in HttEx1Q97 – 
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expressing sympathetic neurons in culture, and is involved in preventing apoptotic 

cell death in this cell type (King et al., 2008).  In contrast, vulnerable striatal neurons 

showed little endogenous hsp70 induction but were protected from HttEx1Q111-

mediated toxicity by hsp70 overexpression (Tagawa et al., 2007), suggesting that 

hsp70 protein may be an important determinant for differential vulnerability of 

neuronal subtypes in HD.  If hsp70 protein does prove to be elevated in the 

HttEx1Q93 larval peripheral nervous system, HSP induction could therefore suffice 

to maintain neuronal function under normal environmental conditions at this stage, 

but become overwhelmed in the presence of additional environmental stress. 

Environmental factors are showing an emerging clinical significance in HD 

pathology (section 1.8.2).  Individuals with genetically equivalent htt-polyQ 

expansions show considerable variation in the age of onset of clinical symptoms  

(Georgiou et al., 1999;Wexler et al., 2004).  Residual genetic variation outside of the 

htt gene locus accounted for only 40% of such variation, leading investigators to 

implicate undefined environmental factors in the remaining 60% (Wexler et al., 

2004). Furthermore, environmental effects can influence pathology in HD rodent and 

C. elegans models (van et al., 2000;Gidalevitz et al., 2006). Work with temperature 

sensitive mutants in C. elegans demonstrated that htt-polyQ misfolding synergises 

with heat shock to perturb the function of ‘metastable’ proteins in the neuron 

(Gidalevitz et al., 2006), and acute heat shock prior to locomotion assays uncovers a 

defective locomotor phenotype in HttEx1Q93 larvae (Fig. 2.8).  These findings 

demonstrate that protein misfolding and aggregation, due to expression of mutant 

HttEx1Q93, sensitises neurons to external stressful stimuli in vivo, unveiling 

behavioural phenotypes that would not otherwise be apparent. 
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2.5.5 Conclusions 

Drosophila larvae that express HttEx1Q93 in motor neurons exhibit axonal and 

nuclear aggregation of HttEx1 but show little sign of overt cell death, axonal 

retraction or synaptic loss in this model.  HttEx1Q93 perturbs axonal transport of the 

transgenically expressed human cargo protein, neuropeptide-Y, leading to increased 

stalling of transport vesicles and cargo accumulation in the axonal compartment in 

vivo.  Despite this, a specific locomotion deficit was not detected in HttEx1Q93 

larvae, except directly following an acute heat shock.  A molecular dissection of 

neuropathology in this Drosophila model, via genetic manipulation of additional 

axonal transport components and/or the visualisation of various other transport 

cargoes for example, could reveal more about how axonal transport fails in HD. 

Furthermore, this model will allow exploration of how intrinsic htt-polyQ and 

extrinsic environmental stressors, such as potentially toxic dietary components, 

converge to override various cellular protection mechanisms and perturb essential 

aspects of neuronal function, giving rise to functional deficits observed in the human 

condition. 

The lack of any detectable baseline behavioural phenotype in HttEx1Q93 larvae 

complicates analysis of how modulation of molecular chaperone levels may impact 

upon neuronal dysfunction, a key aim of this study.  The following chapter 

investigates behavioural analysis as a readout for a molecular chaperone modulation 

strategy in a larval model of tauopathy that does show perturbed locomotion under 

normal environmental conditions.  Future work could possibly apply any established 

protocols from these studies, if sufficiently sensitive, to prevention of the HttEx1Q93 

locomotion deficit after environmental stress.
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3. Development of Increased Throughput Assays to Measure 

Locomotor Dysfunction in a Drosophila Larval Model of 

Tauopathy 

3.1 Introduction 

Behavioural assays in animal disease models are desirable as they offer a functional 

readout of pathology in the context of an intact, living organism.  Despite this, 

complex behavioural traits can be difficult to quantify and adapt to genetic or 

chemical modulation screens of the pathological phenotype.  Tests of locomotion 

phenotypes in transgenic mouse models of tauopathy, which tend to display the 

earliest molecular signs of tau pathology in the spinal cord and peripheral nervous 

system, commonly use qualitative descriptions of posture, grip strength and gait 

(Ishihara et al., 1999;Lewis et al., 2000).  Numerous locomotion assays that test a 

variety of quantifiable behavioural parameters in rodents are also available (Brooks 

and Dunnett, 2009), some of which were used in the characterisation of another 

tauopathy model (Spittaels et al., 1999).  Invertebrates such as Drosophila or C. 

elegans, however, offer the advantage of rapid development to testable age and are 

commonly available in greater numbers, allowing for increased statistical strength 

when analysing complicated behavioural traits and the opportunity to measure a 

greater number of behavioural readouts. 

A range of locomotion tests have been described for both adult and larval Drosophila 

(section 1.7.4).  Wandering-stage third-instar larvae move via successive telescoping 

peristaltic body wall contractions as they roam outside of their food medium (Wang 

et al., 1997), and 3Rtau larvae (Fig. 1.4) display locomotion defects in several 
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previously-characterised behavioural tests (Mudher et al., 2004), Fig. 3.1).  These 

include counting the number of body wall contractions made by larvae wandering on 

an open field agarose test surface over a 30s period, and also the number of lines 

crossed by the larva over a square grid (Fig. 3.1A &B).  Larval turning ability is 

assessed by timing how long it takes for larvae to turn back onto their ventral surface 

(upon which they crawl) after being inverted (Fig. 3.1C).  A fourth assay times how 

long it takes for larvae to crawl 3cm along a narrow lane, and is conducted in an 

alternative ‘lane crawling’ plate (Fig. 3.1D), rather than in the open field. 

Although these tests robustly detect the pathological 3Rtau phenotype and its genetic 

or chemical modulation (Mudher et al., 2004), they suffer from certain limitations 

with regard to modulation screening.  As in the case of a C. elegans model of 

tauopathy, which exhibits a reduced thrashing rate upon pan-neuronal expression of 

human 4R-tau (Kraemer et al., 2003), behavioural testing is to some extent subjective 

to the investigator and open to experimenter bias or fatigue. Furthermore, animals are 

tested one-by-one and in series.  This limits the throughput of the assay when a large 

number of animals are available and ready for testing, and increases the chance of 

introducing unintended time-dependent environmental variables between 

comparisons. 

One way to address several of these limitations is to record several moving larvae at 

once and use a computerised image tracking system such as Ethovision (Noldus et al., 

2001).  Ethovision software converts an animal into a moving object defined by its 

X-Y coordinates within a user-defined arena, and has been utilised to study open 

field locomotion in non-human primates (Walton et al., 2006), rodents  
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Fig. 3.1 Previous locomotion assays used in the characterisation of the 3Rtau 

phenotype.  Line crossing (A), contractions (B) and righting (C) open field assays were conducted 

on a square plastic Petri dish containing a thin layer of pre-set 1% agarose made up in standard 

Drosophila saline (Appendix A1.1).  To commence open field assays (A-C), the larva was placed on 

the central dot as indicated.  (A) For line crossing, a grid (20 x 20 squares) was placed beneath the 

Petri dish and the number of lines crossed by the head of the larva was counted for 30s.  (B) For 

contractions, the number of telescoping peristalsis contraction cycles (single cycle shown) completed 

in 30s was counted. (C) In the righting test, the larva was turned upside down with a fine paint brush 

and the time taken for it to right itself was recorded.  (D) In the crawling test, the larva was placed at 

the position marked ‘X’ before the start line (s), and the time taken for its head to cross the finish line 

(f), a distance of 30mm towards a ball of moistened bakers yeast (y), was recorded.  This assay was 

conducted in a Perspex plate with race lanes (E – equilibration lane, T - test lanes) etched into it as 

shown.  Start/finish lines are in blue.  Dimensions of apparatus are shown in mm.  Direction of larval 

locomotion is shown in red.  For further details on test procedures, see section 3.3.2. 
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(Dunne et al., 2007), fish (Wong et al., 2010) and invertebrates (Krober and Guerin, 

1999).  Ethovision was uniquely developed to allow several objects (e.g. larvae) to 

be individually identified and tracked at the same time in adjacent arenas (Noldus et 

al., 2001).  This allows for greater assay throughput and the testing of comparative 

genotypes/treatments simultaneously.  It can also yield several different locomotion 

parameters, such as velocity and turning rate, from a single experimental run.  This 

system is thus well suited to the analysis of larval open field roving behaviour, as 

was previously analysed manually by the experimenter during characterisation and 

use of the 3Rtau model (Mudher et al., 2004). 

As image analysis with Ethovision can be conducted at a later time than the actual 

assay via analysis of pre-recorded videos, testing and quantification stages can be 

separated to reduce confounding effects of experimenter bias.  An additional 

advantage of temporal separation of movie recording and image analysis is that it 

allows the investigator to conduct a more procedurally complex assay without the 

distraction of time spent in immediate quantification.  The lane crawling assay 

reported for the 3Rtau model (Mudher et al., 2004), Fig. 3.1D), was designed to test 

larval locomotion capacity in a directed, constrained space towards a nutritional 

stimulus.  This is a relatively complicated assay to carry out in which a single animal 

can sometimes take more than ten minutes to analyse, as larvae often escape from the 

side of their lane (Fig. 3.1D) prior to completing the race and have to be re-tested.  If 

the experimenter can concentrate on allowing larvae to complete the race without the 

distraction of quantification, this makes it feasible for more than one animal to be 

tested simultaneously by a single experimenter (as larvae ‘race’ each other in parallel 

lanes) and increase test throughput.  Although movies of lane crawling are unsuited 
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to analysis with Ethovision, which is designed to measure open-field behaviour, the 

concept of motion image capture and later analysis of video recordings (in this case 

to manually measure race completion times) is therefore also applicable to this assay. 

3.2 Aim 

The aim of this series of experiments was to develop higher throughput assays for 

candidate pharmacological/genetic modulation of defective locomotion in 

Drosophila larvae, utilising the 3Rtau locomotion phenotype as a validation tool.  To 

do this, the previous locomotion tests used to describe the 3Rtau model would be 

adapted to incorporate video tracking and manual or Ethovision-based post-recording 

analyses.  Functionality of the new assays would be defined by the ability to detect 

the pathological locomotion deficit in 3Rtau larvae and its exacerbation via genetic 

elevation of an endogenous tau kinase, as was reported using the previous 

locomotion tests (Mudher et al., 2004). 

3.3 Materials and Methods 

3.3.1 Drosophila genetics and larval treatment 

Transgenic expression of human 3R-tau was directed to Drosophila melanogaster 

motor neurons as outlined in section 2.3.1.  Male flies homozygous for UAS-0N 

3Rtau were crossed to D42 driver homozygous female virgins, as described 

previously (Mudher et al., 2004), yielding progeny that express 3R-tau in motor 

neurons (3Rtau larvae).  Oregon R homozygous males not carrying a pUAS insert 

were crossed to D42 driver virgins as a driver control (OreR larvae).  Stocks and 

transgenic crosses were kept on a 12h light/dark cycle at 23
o
C and raised on a 
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standard fly food medium (Appendix A1.2), except for a single set of crosses on a 

basic food mix (Appendix A1.3) that lends itself to chemical supplementation to fly 

food.  F1 L3-stage larvae were selected by size and wandering behaviour for 

behavioural analyses, and moved or manipulated with a fine brush wetted with 

Drosophila saline (Appendix A1.1).  The brush was instead wetted with distilled 

water for manipulation of larvae in the 5 lane crawling assay. All behaviour assays 

were conducted in a temperature and light controlled room at 23
o
C and during the 

first half of the 12h light period for transgenic crosses. 

3.3.2 Previous line crossing, contractions, righting and crawling assays 

Apparatus for previous locomotion assays, conducted to confirm the 3Rtau 

locomotion phenotype, is shown in Fig. 3.1.  For open field testing, agarose plates 

were positioned beneath a cold laboratory light source of fixed position and only one 

plate was used per larva tested.  In all assays, larvae were allowed 2min to 

acclimatise to the test environment prior to testing, and were then tested in three 

successive ‘trials’, for which the third trial result was used to quantify OreR and 

3Rtau performance. 

Line Crossing. To test line crossing ability, a larva was placed in the centre of the 

plate and acclimatised for 2min (Fig. 3.1A).  The larva was then replaced to the 

centre and allowed to wander for 30s, and the total number of grid lines (Fig 3.1A) 

crossed by the head of the larva was counted.  This constituted the score for trial 1.  

The process was repeated for two further trials, and the score from trial 3 used for 

quantification. 

Contractions. Larvae were acclimatised to the test plate as above (Fig. 3.1B).  For 

each trial, the larva was placed on the central spot and the timer started upon 
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commencement of larval wandering behaviour with the first contraction.  The 

number of subsequent contractions in 30s was recorded, and the number of 

contractions during the third trial used for quantification. 

Righting.  Following acclimatisation to the plate, the larva was allowed to crawl for 

10s and gently turned up-side down onto its dorsal side (Fig. 3.1C).  The amount of 

time taken for the larva to right itself and resume crawling was recorded for each trial, 

and the time recorded from the third trial used for quantification. 

Crawling.  The crawling assay was conducted in narrow lanes etched into a Perspex 

plate (Fig. 3.1D).  The left-most lane (no yeast, the ‘equilibration lane’, ‘E’ in Fig. 

3.1D) was wetted with a thin film of Drosophila saline (Appendix A1.1), and the 

larva placed in the centre of the lane to acclimatise for 2min.  If the larva left its lane 

during this time, it was replaced to the centre of the lane.  After acclimatisation, the 

larva was transferred to the centre of the next unused lane on the right (containing a 

yeast ball at the end of the lane and also with a wetted surface, the ‘test lane’, ‘T’, in 

Fig. 3.1D), so that it faced the yeast ball beyond the finish line and its head was 

positioned just before the start line (Fig. 3.1D, ‘X’ marks starting position of larva).  

After this, the time taken for the larva to crawl from the start to finish line was 

recorded in each of three trials, and the third trial time used for quantification.  If the 

larva left the side of the lane, it was replaced to the centre of the lane and that trial 

repeated.  Larvae were allowed to touch the yeast ball briefly after each trial but 

never to bury their head within it.  After completion of the third trial, subsequent 

larvae were acclimatised in the same equilibration lane but tested in a separate, 

adjacent test lane (T2, T3, etc., Fig.3.1D).  Any larva taking longer than 5min in a 
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trial was time barred and assigned a time of 300s for that trial. 

3.3.3 ‘4 plate’ open field larval locomotion assay 

Equipment. The 4 plate assay was conducted on 1% agarose plates dyed with 0.25% 

w/v alcian blue dye (Hopkin and Williams, UK).  Dye was dissolved into one volume 

of Drosophila saline over gentle heat whilst stirring for 1h to ensure dye 

solubilisation, and then mixed with one volume of pre-dissolved molten 2% agarose 

prior to pouring of plates.  Set plates were stored at 4
o
C and warmed to room 

temperature for at least 30min prior to the assay. 

The assay was conducted on four precisely positioned blue agarose plates (arenas 1-4) 

with constant light source, as shown in Fig. 3.2. 

 

Fig. 3.2 Recording equipment layout for the Ethovision 4 plate assay 

Lns – camera lense, L – lamp, Tbl – tabletop, A1-A4 – arenas 1-4, black cross – area of table top at 

which lamp light is directed. E – position of experimenter.  Distances are shown in mm. 

Larval activity was recorded with an Ikegami digital video camera and 5mm digital 

video camera lense (Tracksys, UK). The camera was positioned above assay plates 

(Fig. 3.2) with a Benbo Trekker camera tripod (Tracksys, UK) and larval movement 

viewed live on a connected monochrome monitor (JVC 66W 15’’ TM1500PS).  
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Assays were recorded on a Panasonic Diga digital video recorder (HDMI DMR-

EZ27, Tracksys, UK) to R+ writable DVDs (Mediastar gold).  Lamps (‘L’ in Fig. 3.2) 

were 2.5A 250V halogen (Ring Lighting, UK). 

Recording. An initial 10s recording of empty plates was made prior to the 

introduction of larvae.  This allowed background subtraction in Ethovision and was 

repeated every few recordings.  A larva was positioned in the centre of each plate 

and allowed to acclimatise for 2min.  Larvae were then replaced to the centre of the 

plate and their open field activity recorded for 2min.  This DVD chapter constituted 

trial 1 for this cohort of larvae.  Further 2min recordings were made for trials 2 and 3.  

The four larvae were then replaced with the next cohort of animals for testing in the 

same way.  In one experiment, recordings of only 30s per trial were made for 

comparative purposes.  Wherever possible, larvae of a different genotype would 

follow on the same plate, i.e. an OreR larva in arena 2 would be followed by a 3Rtau 

larva in that arena in the subsequent cohort of larvae. 

Video analysis. Videos of larval crawling were analysed in Ethovision 3.0 software 

(Noldus Information Technology, kindly supplied by P. Newland, see 

Acknowledgements).  The image source was specified to pre-recorded DVD 

according to manufacturers instructions (Ethovision Reference Manual Version 3.0).  

With the assay recording set to play in the first chapter devoid of larvae, the image of 

the empty plates was set as a background reference image.  Four separate arena 

boundaries were defined above each plate in this image (Fig. 3.6D-G).  After larval 

introduction, the image was thresholded to maximise contrast between larvae and the 

background for consistent tracking of larvae without excess noise.  To help this, the 

reference image was refreshed on each occasion that a ‘blank’ recording devoid of 
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larvae was made.  The identity of larvae for each trial was specified as independent 

variables prior to commencing trials.  Larval movement was analysed for each trial 

using a frame sample rate of either 5 frames/s (fps) (for measurement of larval 

meander and angular velocity), or 1fps (for open field velocity).  Generally, only the 

third trial for each cohort was analysed, except for when comparing larval 

performance in each of the three trials.  Data for larval locomotion parameters was 

copied into Microsoft excel for statistical analysis with the unpaired Students T-test 

using 95% confidence limits. 

3.3.4 Recorded ‘5 lane’ crawling assay 

Equipment. The 5 lane assay was conducted in Perspex plates (Fig. 3.1D) that were 

modified by addition of a 3mm thick layer of Sylgard polymer (Sylgard 184 Silicone 

Elastomer, Dow Corning) to each lane (Fig. 3.3A).  Unlike the previous crawling 

assay (Fig. 3.1D), five test lanes (T1-T5) were used in parallel with unused lanes 

(dashed lines in Fig. 3.3B) between test lanes.  A separate adjacent equilibration 

plate (Fig. 3.3B) was used to acclimatise larvae to the lane environment in five 

equilibration lanes (E1-E5) prior to testing.  For most tests, yeast was placed outside 

the end of the lane (Fig. 3.3A &B).  Recording equipment was as specified in section 

3.3.3, but with camera/lights assembled in different positions specific to this assay 

(Fig. 3.3C). 
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Fig. 3.3 Plates and recording equipment for the 5 lane crawling assay. 

(A) Crawling lane dimensions (in mm), showing the layer of sylgard polymer and position of the yeast 

ball (y – in yellow). (B) The orientation of the test and equilibration plates and position of lanes that 

house larvae for crawling tests.  T – test lane, E – equilibration lane, s – start line, f – finishing line.  

Dotted lines indicate lanes not used by larvae. (C) Recording equipment layout for the 5 lane assay. 

Lns – camera lense, L – lamp, Tbl – tabletop, test – test plate, equilibrate – equilibration plate, cross – 

position on table at which lamp light is directed, E – position of experimenter.  Distances are shown in 

mm. (D) An ‘assay sheet’ used by the experimenter to note essential information during experimental 

runs. ‘Chapter’ - the chapter for the recording on the DVD; ‘Temp./Hum.’ - temperature and humidity 

at run onset. 

Recording. Prior to commencing tests, lanes E1-E5 (Fig. 3.3B) were wetted with a 

film of distilled water and a larva placed into the centre of each lane (larvae in each 

cohort were of mixed genotypes wherever possible).  Larvae were allowed 5min to 

equilibrate to the lane.  Meanwhile, each of the test lanes T1-T5 (Fig. 3.3B) were 

equally wetted with a thin film of water.  After equilibration, larvae were transferred 

to the start line and recording commenced.  Recording continued until all of the 

animals had passed the finish line (Fig. 3.3B), exited the side of the lane, or reversed 

and crawled in the opposite direction.  If none of this occurred after 5min, larvae 

remaining in their lanes were time barred and assigned a trial time of 300s.  Animals 

that ended their trial whilst others were still testing were discretely removed from the 
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side of the test plate and replaced to their equilibration lane for the remainder of the 

test run.  Only larvae that crawled the full 3cm in their own lane and passed the 

finishing line progressed onto the next trial, whereas others repeated the same trial in 

the next experimental run.  After a larva finished its third trial, it was replaced with a 

new larva for testing, which was equilibrated in the equilibration plate during the 

next experimental run prior to introduction into the test plate.  The assay could 

continue in this way until the necessary number of larvae had been tested in full for 

three trials.  If any larva failed to complete a trial in five consecutive experimental 

runs, it was designated untestable and replaced by another larva.  An example data 

recording sheet, including information noted during race recordings, is shown in Fig. 

3.3D. 

Video analysis. Videos of 5 lane crawling were analysed later off line.  The time 

taken for each larva to complete its third trial (from start to end line) was measured 

manually by the experimenter from the recording of the appropriate experimental run, 

and data analysed in Microsoft excel with the unpaired Students T-test using 95% 

confidence limits. 

3.3.5 Western blotting to detect total human tau in 3Rtau larvae 

3Rtau larvae were homogenised and the presence of the 3R-tau band confirmed by 

SDS-PAGE and western blotting as outlined below in section 4.3.6.  The 3R-tau 

band was detected using polyclonal anti human tau antibody (DAKO, clone A0024) 

at a concentration of 1/15 000. 
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3.4 Results 

3.4.1 Defective locomotion in 3Rtau larvae 

3Rtau Drosophila larvae express human 3R-tau in motor neurons and exhibit 

locomotor disruption in several tests of larval crawling ability (Mudher et al., 2004).  

To confirm the behavioural phenotype in 3Rtau larvae and quantify the severity of 

the locomotion defect, 3Rtau larvae were tested in manual open field line crossing, 

contractions and righting assays, and for crawling ability along narrow lanes (Fig. 

3.1).  In this experiment, the presence of human tau in 3Rtau larvae, but not un-

driven UAS-3R-tau homozygous controls or driver controls lacking the UAS-3R-tau 

transgene (OreR larvae), was confirmed by western blot (Fig. 3.4A, band indicated 

by arrow).  As has been previously reported (Mudher et al., 2004), the 3R-tau band at 

50-55KDa is detectable with an antibody raised against human tau protein (A0024 

rabbit polyclonal, DAKO).  3Rtau larvae exhibit a defect in open field line crossing 

ability on clear agarose plates positioned over a square grid, crossing 54.7% of lines 

crossed by OreR control over 30s (Fig. 3.4B, p<0.001, n=10).  This agrees with 

previous measurements indicating that 3Rtau larvae cross 54.5% of lines compared 

to OreR controls in this assay (Mudher et al., 2004).  Furthermore, 3Rtau larvae 

complete 67.6% of the number of peristaltic body wall contractions on agarose plates 

compared to OreR over 30s (Fig. 3.4C, p<0.01, n=10), consistent with the value of 

68.0% calculated previously (Mudher et al., 2004).  However, 3Rtau larvae did not 

take significantly longer to right themselves when turned onto their dorsal side 

compared to OreR larvae in this experiment (Fig. 3.4D, p=0.13, n=10).  Although 

there was a trend towards a 1.4-fold increase in turning time for 3Rtau larvae versus  
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controls, this was not as large as the significant 2.2-fold increase previously reported 

for 3Rtau larvae in this assay (Mudher et al., 2004).  As this assay relies relatively 

heavily on experimenter technique, this discrepancy could have been due to 

investigator-specific differences.  Finally, larvae were also tested in the lane crawling 

assay (Fig. 3.1D).  On average, 3Rtau larvae take a 1.6-fold longer time to crawl 3cm 

than OreR animals (Fig. 3.4E, p<0.001, n=10).  Although this is a significant 

difference, it is of smaller magnitude than previously reported (2.1-fold,(Mudher et 

al., 2004), perhaps again due to differences in experimenter technique when carrying 

out this assay. 

These results confirm that 3Rtau larvae exhibit defective locomotion, as gauged from 

line crossing, contractions and crawling assays. 
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Fig. 3.4 3Rtau larvae express human tau and exhibit locomotor dysfunction. 

(A) Western blot showing the presence of human 3R-tau in whole 3Rtau larvae (t).  A band consistent 

with the size of hyperphosphorylated human tau is detected with anti-human tau antibody (indicated 

with arrow). w – wild-type OreR controls that lack the UAS-3R-tau transgene, h – homozygous 3R-

tau/3R-tau larvae lacking the D42 motor neuron driver, L – ladder. (B-E) Larval performance in 

previously utilised locomotion assays.  3Rtau larvae cross significantly fewer lines (B) and complete 

fewer contractions (C) in the open field plate assays, but show no significant difference in the time 

taken to right themselves after being turned upside-down (D) relative to OreR controls.  3Rtau larvae 

also take significantly longer to crawl 3cm along a narrow lane towards a yeast stimulus (E). n=10 

larvae per genotype for all assays. **p<0.01, ***p<0.001, ns – not significant.  Error bars are SEMs. 
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3.4.2 Several parameters of larval open field activity can be measured using 

Ethovision 

To reduce the effects of experimenter technique/bias and increase throughput of 

locomotion assays, the feasibility of video recording the crawling of multiple larvae 

on agarose plates and studying larval tracks later with movement analysis software 

was investigated. 

For analysis of animal movements with Ethovision software (Noldus et al., 2001), 

the animal needs to contrast with its background substantially in the recorded video.  

Drosophila larvae are white-beige in colour and contrast poorly with the 1% agarose 

plates used in previous open field assays (Fig. 3.1A-C).  Several blue or black 

chemical dyes were added to agarose for plates and the open field activity of larvae 

observed on the dyed plates for signs of larvae being affected by the presence of the 

dye.  Some dyes did not provide a dark enough shade to contrast well with larvae 

(e.g. nile blue at 0.2% w/v), whereas naphthol black provided excellent contrast 

(0.1% w/v) but appeared to leach onto larvae within minutes of their contact with the 

plate, causing signs of irritation such as reduced larval activity and abnormal 

writhing movements.  Alcian blue dye (0.25% w/v) was chosen for further 

investigation as it exhibited relatively little leaching onto larvae and did not cause 

any visible irritation to them during several minutes of open field roving activity on 

agarose treated with the dye.  Agarose plates containing alcian blue were used in line 

crossing and contraction assays (Fig. 3.1A &B) to test whether the dye affects 

locomotion performance of OreR and 3Rtau larvae.  There is no significant change in 

the performance of either genotype when tested on dyed agarose plates (Fig. 3.5), 

with 3Rtau larvae continuing to cross fewer lines (Fig. 3.5A, p<0.001, n=10) and  
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complete fewer contractions (Fig. 3.5B, p<0.001, n=10) than OreR controls over 30s.  

This indicates that the 3Rtau locomotion phenotype on agarose plates is unaffected 

by the presence of the dye. 

 

Fig. 3.5 Line crossing and contractions performance of 3Rtau larvae on a dyed 

agarose open test field.  Larvae were tested in open field line crossing (A) and contraction (B) 

assays (Fig. 3.1A &B) in which the agarose test medium was supplemented with 0.25% Alcian Blue 

dye.  n = 10 larvae per genotype in each test. ***p<0.001.  No significant difference was recorded for 

larvae tested on dyed relative to un-dyed agarose substrate (Fig. 3.2B &C). Error bars are SEMs. 

 

Meander and Angular Velocity. Previous studies involving the recording and analysis 

of the open field activity of Drosophila larvae have typically utilised video 

recordings of between 2 and 3min for each behaviour test (Wang et al., 1997;Suster 

et al., 2003) and used computer-assisted analysis to measure several open field 

locomotion parameters, such as velocity and turning rate.  A subset of these 

parameters is measurable in Ethovision, which uniquely allows the user to analyse 

recordings of several separate plates in parallel, allowing the testing of cohorts of 

animals simultaneously to increase throughput (Noldus et al., 2001).  To assess 

whether this approach can detect the 3Rtau locomotion deficit, dyed agarose plates 

were grouped into sets of four and wandering OreR and 3Rtau larvae (one larva per 

plate) recorded with a digital camera and DVD recorder (Fig. 3.2) in three 2min trials.  
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Upon analysis, two measures of larval turning rate, meander (degrees turned per 

distance travelled) and angular velocity (degrees turned per unit time) are 

significantly different between OreR and 3Rtau larvae (Fig. 3.6A, p<0.001, 1.6-fold 

change, and Fig. 3.6B, p<0.001, 1.5-fold change respectively, n=12 larvae per 

genotype). 

These results were reproducible in a second independent experiment (Appendix 3 Fig. 

A3.1).  Although 3Rtau meander and angular velocity parameters are lower than that 

of OreR larvae, this is on a negative measurement scale (Fig.3.6A &B), and traces of 

larval movements during the assays (examples shown in Fig. 3.6D-G) indicate that 

these low values should be interpreted as a greater magnitude of turning rate per unit 

distance travelled or unit time respectively.  Meander score is only significantly 

greater in 3Rtau larvae versus OreR controls in the third trial (Appendix 3 Fig. 

A3.2A, p<0.05, n=8), indicating that a full three trials are necessary to detect the 

pathological phenotype, as previously described (Mudher et al., 2004).  Unlike 

previous assays, however, a 30s trial is of insufficient duration to detect any 

difference in meander between the two genotypes (Fig. A3.3B, n=12).  These results 

suggest that 2min triplicate trials of the 4 plate assay allow for reproducible detection 

of the 3Rtau phenotype in terms of larval meander and angular velocity.  

Velocity. 3Rtau larvae also display a significantly lower open field velocity 

compared to OreR under these experimental conditions (Fig. 3.6C, p<0.01, n=11).  

Despite this, the magnitude of the velocity defect is lower than that observed for 

meander and angular velocity in 3Rtau larvae (83.9% of control), and this defect was 

not consistently significant in a subsequent experiment (Appendix 3 Fig. A3.1C, 

p=0.094).  This suggests that a slight, yet variably significant, deficit in 3Rtau open  
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Fig. 3.6 Open field larval locomotion parameters measured with Ethovision. 

Larval roving behaviour on dyed agarose was recorded in 2min trials, and video recordings were 

subsequently analysed using Ethovision.  Larvae were recorded in batches of four, with each animal 

on a separate adjacent plate.  Ethovision sampling rate was 5 frames per second (fps).  Output 

variables of interest included larval meander score (A), a measure of angular turning per distance 

covered, angular velocity (B), also related to larval turning but in proportion to time spent in the test 

arena, and larval open field velocity (C). n=17 (OreR) and n=11 (3Rtau) larvae. ** p<0.01, *** 

p<0.001.  Error bars are SEMs. (D-G) Example traces of larval movements (red) throughout the 2min 

duration of trial 3.  The outline of the designated arena for each plate is in yellow and larval start 

positions are indicated by white squares.  m – meander, a – angular velocity, v – velocity. 
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field velocity is detectable under these experimental conditions.  As defects in line 

crossing and contraction capability in 3Rtau larvae are of greater magnitude than this 

change in velocity and are invariably significant (Fig. 3.6 and Fig. A3.1), 3Rtau 

larvae might be expected to exhibit a more severe and consistent deficit in open field 

velocity than initially observed.  As 3Rtau larvae appear to turn more often than 

OreR controls (Fig. 3.6A &B), one possibility is that Ethovision detects a very high 

frequency of small movements in 3Rtau larvae, possibly related to turning 

movements of the body and swinging motions of the head, which cumulatively sum 

to a large total ‘distance’ covered and a larger velocity score.  Meanwhile, OreR 

larvae, which tend to travel for a greater proportion of the assay in relatively straight 

lines towards the periphery of the plate (e.g. see Fig. 3.6D), display fewer of these 

small turn-related displacements and do not benefit from this boost in distance 

coverage and velocity, despite a greater displacement across the assay plate.  To test 

this possibility, videos of larval movement were re-analysed at a lower sample rate of 

1 frame per second (1fps) in Ethovision, rather than the usual 5fps used for the 

measurements shown above.  This represents an attempt to ‘skip’ many of the small 

movements in 3Rtau larvae and give a better representation of their actual 

displacement across the plate (see Fig. 3.7C).  Analysis at lower frame rate results in 

a significantly lower velocity for 3Rtau larvae relative to OreR (Fig. 3.7B, p<0.001, 

n=12).  In a comparative analysis of a single assay recording, analysis at 5fps results 

in a 90.6% velocity for 3Rtau larvae relative to OreR (Fig. 3.7A, p<0.05), whereas 

analysis at 1fps results in a 69.8% velocity for 3Rtau larvae relative to controls (Fig. 

3.7B).  Consistent with this change in sensitivity for altered velocity in 3Rtau larvae 

being related to omission of small turning-related movements, meander score in both  
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Fig. 3.7 Larval open field velocity measured at two different frame sample rates. 

Larvae were recorded in 2min trials and their average velocity during roving behaviour within the 

arena was measured using Ethovision.  Analysis of video recordings was conducted at an Ethovision 

frame sampling rate of 5 frames per second (fps, A), or 1 fps (B). n=12 larvae per genotype. * p<0.05, 

*** p<0.001. Error bars are SEMs. (C)  Hypothesised OreR and 3Rtau path analysis at high (i) or low 

(ii) sample rates.  At high sample rate (high fps), 3Rtau turning results in a large total distance covered 

(total length between consecutive red sample spots) in (i), unlike at lower sample rate.  

3Rtau and OreR larvae is reduced at this lower frame rate (Appendix 3Fig. A3.3, 

compare A &B), and the difference in meander between the two genotypes is less 

defined at 1fps, with an increased p value for significance (Fig. A3.3A, p<0.01 for 

5fps and Fig. A3.3B, p<0.05 for 1fps, n=12). These results suggest that three open 

field locomotion parameters measured in Ethovision, meander and angular velocity 

at 5fps and velocity at 1fps, can be used to define the 3Rtau locomotion phenotype.  

These show that 3Rtau larvae turn more frequently and cover a shorter distance over 

the assay plate per unit time during open field testing. 
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3.4.3 Racing of multiple larvae in parallel towards a nutritive stimulus. 

Establishing lane conditions to record larval crawling. Unlike open field plate 

assays, the larval crawling assay is conducted in narrow ‘crawling lanes’, along 

which the larva crawls towards a yeast ball positioned at the end of the lane (Fig. 

3.1D).  To increase throughput of the assay, plates were developed for the recording 

of ‘races’ in which multiple larvae crawl in parallel.  The previous crawling assay 

utilised 4mm deep lanes in a Perspex plate (Fig. 3.1D), but it was not possible to 

record an entire plate of larvae crawling along the floor of these lanes using a 

standard camera and lighting setup (Fig. 3.3C) because the larvae were lost in 

shadow deep within the lanes.  To solve this issue, lanes were partially filled with a 

rubber-like polymer (Sylgard) to reduce their depth to 1mm (Fig. 3.3A), after which 

several larvae in lanes across the width of the plate were clearly visible in recordings 

and contrasted well with the plate.  Shallower lanes, however, have the disadvantage 

that larvae find it easier to escape from the side of the lane.  When larvae were tested 

individually for crawling ability in three trials towards a yeast stimulus (each larva 

was equilibrated in the left hand lane devoid of yeast prior to testing in its own 

sylgard test lane [as Fig. 3.3A, but with the yeast ball initially inside the end of the 

lane]), they escaped from the side of their lane at a high frequency (Fig. 3.3A, ‘dry’ 

lanes).  This is problematic as it increases the time taken to test animals (as they have 

to repeat more trials) and increases the chance, when attempting to test several larvae 

in parallel that adjacent larvae may physically interact with each other during testing.  

The previously described single lane crawling assay (Fig. 3.1D) involved the wetting 

of lanes with Drosophila saline solution (Appendix A1.1) prior to trials: as 

Drosophila larval survival depends upon remaining moist prior to pupation, this  
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encourages them to remain in their lane rather than straying onto dry areas of the 

plate outside of it.  When the Sylgard surface of the lane is moistened with a thin 

film of water (saline was avoided as the aim was to eventually test subsequent larvae 

in the same lanes, and evaporation with successive trials could cause cumulative 

concentration of salts in lanes), this results in a lower frequency of side escapes for 

both OreR and 3Rtau larvae (Fig. 3.8A, for ‘dry’ versus ‘wet’, p<0.001 for OreR and 

p<0.05 for 3Rtau, n=5).  OreR or 3Rtau crawling performance in a Sylgard lane 

moistened with water prior to each trial is unchanged relative to testing in previous 

crawling assay lanes (compare Fig. 3.5E with Fig. 3.8B for ‘new’ lanes), and 3Rtau 

larvae take a 1.8-fold longer time to crawl 3cm in these lanes than OreR controls (Fig. 

3.8B, ‘new’ lanes, p<0.05, n=5).   When successive larvae are tested in the same 

sylgard lane (‘old’ lane), there is no change in the crawling time of OreR or 3Rtau 

larvae relative to those tested on new lanes (Fig. 3.8B, n=5), and the difference 

between OreR and 3Rtau performance is unaffected (Fig. 3.8B, ‘old’ lanes, p<0.01, 

n=5).  Despite this, it was apparent that subsequent runs in the same lane were 

causing changes in the yeast ball, including cumulative moistening and loss of shape, 

which made it increasingly difficult to prevent larvae from burying within it.  To 

address this issue, yeast was transferred to the outside of the test lane, and this does 

not lead to any significant change in either OreR or 3Rtau crawl times (Fig. 3.8C, 

n=7).  These results suggest that larval crawling behaviour is recordable in shallow 

sylgard test lanes moistened with water, and that subsequent larvae can be tested in 

previously used test lanes without affecting the detection of the 3Rtau defective 

locomotion phenotype with this assay. 
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Fig. 3.8 Development of the crawling assay for testing of multiple larvae in 

parallel.  To record and visualise larvae during lane crawling, crawling lanes (Fig. 3.1) were filled 

with a 3mm thick layer of sylgard polymer (Fig. 3.3A) and the crawling behaviour of individual 

larvae was observed in sylgard lanes.  (A) The number of times that OreR and 3Rtau larvae escape 

from the side of their lane during the crawling test when the sylgard layer is coated with a thin film of 

water prior to each trial (wet) or left dry (n=5). (B) Time taken for OreR or 3Rtau larvae to crawl 3cm 

in their third trial when each larva is tested in a separate lane (as for the single lane crawling test, Fig. 

3.1), or when successive larvae are repeatedly tested in the same lane (n=5).  (C) OreR and 3Rtau 

crawl times when the yeast ball incentive is positioned inside the end of the crawl lane (as in Fig. 3.1), 

or outside of the lane (as in Fig. 3.3A, n=7). *p<0.05, **p<0.01, ***p<0.001, ns – not significant. 

Error bars are SEMs. 

Testing multiple larvae in parallel.  To test multiple larvae in parallel, an additional 

‘equilibration plate’ was introduced and placed adjacent to the test plate (Fig. 3.3B).  

Of the ten lanes in the test plate, five were designated ‘test lanes’, along which larvae 

were recorded in three crawling trials following a 5min equilibration in the 

equivalent lane of the equilibration plate (Fig. 3.3B).  5 test lanes were used as this 

was anticipated to be the maximum number of larvae testable by a single 

experimenter simultaneously, and it meant that an empty lane could be left between  
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each test lane to reduce the chance of side-escaping larvae from interfering with 

other adjacent races still in progress (Fig. 3.3B). Larvae were replaced with a new 

animal upon completion of their third trial until all individuals were tested, and crawl 

times were later measured manually from a video recording of the races.  On average, 

3Rtau larvae take a 1.85-fold longer time to complete their third trial in this 5 lane 

crawling assay than do OreR controls (Fig. 3.9, p<0.01, n=8). This is of greater 

magnitude than the deficit measured using the single larva crawling assay in this 

study (Fig. 3.4E), and close to the deficit previously reported in single lane crawling  

 

Fig. 3.9 Average crawl time of OreR and 3Rtau larvae in a 5 lane crawling test. 

Larvae were tested in parallel on wet sylgard lanes with the yeast ball incentive outside of the lane, as 

shown in Fig. 3.3A &B.  Larvae of different genotypes were recorded in parallel and, upon 

completion of the third trial, were often followed by a larva of the opposite genotype in the same lane.  

The time taken for each larva to crawl 3cm in its third trial was recorded off line from a video 

recording of the race.  **p<0.01, n=8. Error bars are SEMs. 

of 3Rtau larvae (Mudher et al., 2004), thus indicating that the 3Rtau locomotion 

deficit is detectable when using this assay to test multiple larvae in parallel.  OreR 

and 3Rtau performance in this assay, as in the case of all parameters measured in the 

4 plate assay (Fig. 3.6), is unaffected when larvae are raised on a basic food recipe 

(Appendix A1.3) that lends itself to the simple and rapid application of chemical 

agents (Appendix 3 Fig. A3.4), further streamlining the process of candidate 
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therapeutic testing in this model system.  

3.4.4 Genetic modulation of the 3Rtau phenotype is detectable with 4 plate and 5 

lane crawling assays 

The locomotion deficit in 3Rtau larvae, as measured in previous single larva assays 

(Fig. 3.1), was modulated genetically and pharmacologically via alteration of tau 

hyperphosphorylation in this system (Mudher et al., 2004).  Overexpression of the 

Drosophila homolog of the candidate tau kinase GSK-3β, shaggy (sgg), worsened 

3Rtau locomotion, causing a longer righting time than larvae expressing 3R-tau 

alone (Mudher et al., 2004).  In order to test whether the newly developed 4 plate and 

5 lane crawling assays can also detect such genetic exacerbation of the 3Rtau 

phenotype, larvae coexpressing 3R-tau and sgg in motor neurons (3Rtau/sgg) were 

assessed for open field and lane crawling parameters in the new assays.  

Overexpression of sgg in 3Rtau/sgg larvae significantly worsened all four 

behavioural parameters described in this study (Fig. 3.10).  In open field testing, 

3Rtau/sgg meander score was significantly greater in magnitude than that of 3Rtau 

larvae (Fig. 3.10A, p<0.05, n=12), as was angular velocity of 3Rtau/sgg compared to 

3Rtau (Fig. 3.10B, p<0.01, n=12).  When larval open field crawling was analysed at 

1fps, 3Rtau/sgg larvae exhibited a significantly lower velocity than 3Rtau animals 

(Fig. 3.10C, p<0.05, n=12).  In the 5 lane assay, 3Rtau/sgg crawl times were also 

significantly worse than those of 3Rtau larvae (Fig. 3.10D, p<0.05, n=8).  This 

indicates that all four of the locomotion parameters described in this study – meander, 

angular velocity, velocity and lane crawl time – can be used to measure a genetic 

exacerbation of the 3Rtau locomotion phenotype. 
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Fig. 3.10 Genetic exacerbation of the 3Rtau behavioural phenotype. 

To test the feasibility of utilising new locomotion tests for a modulation screen of the 3Rtau 

phenotype, OreR and 3Rtau larvae were compared to larvae overexpressing both 3R-tau and the 

Drosophila homolog of the tau kinase GSK-3β, shaggy, in motor neurons (3Rtau/sgg).  Larval 

meander (A), angular velocity (B) and velocity (C, calculated at 1 frame/s) were calculated from a 

recording of open field testing with the 4 plate assay (n=12).  Larval crawl times (D) were calculated 

from recordings of multiple larvae in parallel in the 5 lane crawling assay (n=8). *p<0.05, **p<0.01. 

Error bars are SEMs. 

3.5 Discussion 

3.5.1 Assaying locomotion in Drosophila larvae 

The results of this study indicate that the newly developed 4 plate and 5 lane tests are 

robust, sensitive and simple assays for the medium throughput testing of locomotor 

dysfunction in Drosophila larvae.  Like locomotion assays used in adult Drosophila 

(Sherwood et al., 2004;Tamura et al., 2009), the assays are compatible with the 

availability of relatively high numbers of testable individuals and the wide 

opportunity for genetic manipulation of this model organism.  The larva also offers 
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the additional benefit of an accessible, anatomically simple and well described 

peripheral nervous system for molecular dissection of cellular mechanisms of 

locomotor dysfunction. 

3.5.2 The 4 plate open field assay 

Larval turning rate. The 4 plate assay is useful for analysis of larval open field 

wandering behaviour, and can be used to detect a previously described locomotion 

deficit in 3Rtau larvae that express human tau in motor neurons (Mudher et al., 2004).  

The first locomotion parameters found to differ in 3Rtau larvae relative to wildtype 

controls, meander (deg/cm) and angular velocity (deg/s), relate to larval turning rate.  

Pauses and turning events are normal components of larval wandering open field 

behaviour, and are thought to represent periods of searching and decision-making 

prior to the resumption of linear peristaltic locomotion (Wang et al., 1997).  Various 

Drosophila mutants with defects in larval locomotion have been analysed by motion 

analysis of larval wandering behaviour, and exhibit a prominent increase in turning 

rate in open field plate tests.  Larvae with mutations in components of the 

chordotonal organ sensory system, involved in sensory feedback from hooks on the 

larval cuticle essential for normal crawling, show condensed, tortuous locomotion 

traces (Caldwell et al., 2003b) that are similar to those detected for 3Rtau larvae in 

the 4 plate assay (Fig. 3.6E &G).  Such traces are also observed for para mutant 

larvae, in which a major Drosophila Na
+
 ion channel is dysfunctional (Wang et al., 

1997), indicating that changes in open field turning behaviour are a sensitive 

indicator of a range of nervous system defects in Drosophila larvae.  Recordings of 

para mutant locomotion were analysed with an alternative program for motion 

behaviour analysis - dynamic image analysis software (DIAS), which was adapted to 
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measure larval turning, crawling rate and contraction capability in Drosophila (Wang 

et al., 1997).  When analysed in DIAS, para mutants exhibit a 1.5-fold increase in 

turning rate relative to wildtype laboratory strain larvae (Wang et al., 1997), which is 

equivalent to the magnitude increase in angular velocity calculated for 3Rtau larvae 

using Ethovision in this study (Fig. 3.6B). 

Larval open-field velocity. Further analysis of larval recordings with DIAS showed 

that para mutants move at an average open field velocity of 0.048cm/s, which is only 

57.8% of wildtype larval velocity (0.083cm/s, (Wang et al., 1997).  A similar 

velocity deficit was recorded for 3Rtau larvae, which crawled at an average velocity 

of 0.041cm/s, 69.5% of wildtype (0.058cm/s).  This indicates that Ethovision, like 

DIAS, is sufficiently sensitive to detect changes in larval turning rate and velocity in 

the open field, although no direct comparison can be made between systems of 

analysis in studies utilising different locomotion mutants.  When wildtype laboratory 

strain larvae are tested in DIAS, other studies have reported an average velocity of up 

to 0.1cm/s (Caldwell et al., 2003b;Suster et al., 2003), which is moderately higher 

than that reported for OreR larvae in this study (0.058cm/s, Fig. 3.7B).  This 

discrepancy could be related to differences between the size of the test field used in 

this and other studies (which is larger in this case due to the recording of 4 x 10mm 

plates in a single test field), resulting in differences in the pixel resolution for 

analysis between various studies.  Given that most assays of this type that have been 

described to date utilise a range of crawling surfaces, plate sizes, and assay durations, 

comparison of absolute locomotion parameter values between studies should 

nevertheless be approached with caution. 

It is encouraging to note that the 3Rtau behavioural phenotype is still detectable with 
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ethovision analysis despite the variable genetic background of the OreR and 3Rtau 

cross progeny used in the analysis.  The assay could be further improved through the 

use of isogenic parent stocks in future studies, and in particular through 

discrimination of allelic variation that is known to have an influence on locomotion 

behaviour in Drosophila larvae, such as the foraging locus on chromosome 2 (de 

Belle et al, 1989). 

Increased test throughput.  Previous studies of single larvae in open field locomotion 

with DIAS have described several locomotion parameters in addition to turning rate 

and velocity, such as the length and duration of linear locomotion, and parameters 

directly related to contraction capability, such as contracted body length and volume 

(Wang et al., 1997;Caldwell et al., 2003b;Suster et al., 2003).  Whereas some of 

these parameters are obtainable from Ethovision via manual analysis of larval tracks 

or video recordings, the main advantage of Ethovision is that it allows the testing of 

multiple larvae in parallel, each within their own testing arena (Noldus 2001 and Fig. 

3.6D-G), resulting in greater test throughput at the cost of a lower resolution of larval 

movement and less information about particular stages of the contractile cycle.  

Whereas the previous line crossing assay used to define the 3Rtau phenotype  

(Mudher et al., 2004) took, on average, 4min to test each larva, the 4 plate assay 

takes an equivalent of only 2.5min per larva (based on a test time of 8min, and 

recording analysis time of 2min, per batch of four larvae).  This is a clear advantage 

over this and other manually-quantified locomotion assays of this sort, such as 

counting of larval contractions (Mudher et al., 2004) or body bends in C. elegans 

(Kraemer et al., 2003), particularly where large numbers of animals are being tested.  

Besides reducing the influence of experimenter bias and/or fatigue (that can affect 
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numerous small choices, such as whether a particular movement constituted a 

contraction, or whether a line was indeed crossed, for example), this approach allows 

for simultaneous testing of animals under comparison, such as OreR and 3Rtau.  This 

is advantageous for demonstrative purposes and helps to cater for potential residual 

variation in controlled environmental variables, such as the crawling surface of each 

plate and the time of testing.  All of these factors make the 4 plate assay an ideal 

choice for increased throughput testing for the presence of a locomotion defect in the  

first instance, and a potentially useful screening tool when assaying for modulators of 

locomotion dysfunction in Drosophila larvae (see Chapter 4).  The assay would 

complement further in-depth analysis of contractile patterns in individual larvae with 

DIAS as part of follow-up investigations into interesting locomotion effects.  

3.5.3 The 5 lane crawling assay 

Testing for behavioural phenotypes in animal disease models generally involves the 

use of multiple assays in a range of environments (Sherwood et al., 2004;Brooks and 

Dunnett, 2009), as animal models can often exhibit defects in some experimental 

settings but not others.  The lane crawling assay, which was introduced as part of a 

battery of tests used to define the 3Rtau locomotion phenotype (Mudher et al., 2004), 

has been adapted in this study to allow the testing of up to five larvae in parallel 

lanes.  This conveys some of the advantages described above for the 4 plate assay, 

such as increased test throughput and the option to analyse larvae under comparison 

simultaneously.  In addition to locomotion capability, this assay particularly relies on 

sensory input for larvae, which possess a rudimentary olfactory system (Python and 

Stocker, 2002) and are capable of learning to react with stereotypic movements from 

both visual (Gerber et al., 2004) and olfactory cues (Scherer et al., 2003).  It is thus 
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likely that larvae learn during earlier trials to navigate the crawl lane towards the 

yeast stimulus, which may provide a nutritive and/or sheltering incentive.  Changes 

made to the assay environment to allow testing of multiple larvae, such as alteration 

of the test lane surface, lane depth and position for the yeast, did not affect the 

crawling time of either wildtype OreR or 3Rtau larvae, and left the percentage 

crawling deficit in 3Rtau larvae unaltered (Fig. 3.8). 

Drosophila larval locomotion towards a yeast incentive has previously been 

attempted in an open plate assay (Min and Condron, 2005), Fig. 1.6C).  Like many 

tests for locomotor function in adult Drosophila (Sherwood et al., 2004), this assay 

involved testing many individuals within the same test arena simultaneously, 

resulting in high n values.  Although density dependent effects were not detected 

(Min and Condron, 2005), it remains likely that larvae can influence the performance 

of others within the same assay in such tests.  This could occur, for example, if larvae 

reach the yeast incentive prior to others, and carry some of it to other parts of the 

plate to influence other larvae, for example.  This is less of a problem in the 5 lane 

assay, which endeavours to keep larvae separate during testing.  Separation of test 

larvae also benefits from the advantage that larval tissue can be stored individually 

and related directly to performance in the crawling assay, a record of which is kept in 

a video archive.  This is also true of the 4 plate assay, in which larval interaction with 

other test animals (and the side of the assay plate) is also minimised to simplify 

interpretation of results.  The 5 lane assay therefore represents a medium throughput 

incentive-based crawling assay, and an alternative testing platform to the agarose 

plate environment used in the 4 plate, and numerous other, open field plate assays. 
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3.5.4 Conclusions 

The 4 plate and 5 lane crawling assays represent an improvement on previously 

described assays for locomotor function in Drosophila larvae.  They are simple and 

inexpensive to establish, increase assay throughput, allow testing of comparative 

genotypes or treatments simultaneously, reduce effects of investigator bias or error, 

and are compatible with the creation of a video archive to aid further analysis and 

visual demonstration of a locomotion defect.  The assays complement both each 

other and other motion tracking systems for dissection of a locomotion phenotype, 

and are well suited to medium throughput screening for genetic or chemical 

modulators of locomotor dysfunction in Drosophila. 
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4. Drug Screen Targeting hsp90 Inhibition and HSP 

Induction in a Drosophila Model of Tauopathy 

4.1 Introduction 

Although the precise relationship between NFTs and neuronal dysfunction in AD 

remains undefined, tau pathology correlates closely with cognitive decline (Braak 

and Braak, 1991;Ball and Murdoch, 1997), genetic ablation of tau reduces memory 

deficits in both transgenic mutant tau and APP mouse models of AD (Santacruz et al., 

2005;Roberson et al., 2007), and therapeutic agents that target tau aggregation, rather 

than that of beta-amyloid, have shown particular promise in recent AD clinical trials 

(Opar, 2008).  Animal models of sporadic tauopathy commonly possess accumulates 

of abnormal, ‘misfolded’ tau epitopes that correlate with the severity of behavioural 

phenotypes or cell loss (Spittaels et al., 1999;Ishihara et al., 1999;Jackson et al., 

2002).  Interest has thus centred on cellular machineries, such as molecular 

chaperones, that could potentially modulate tau misfolding, aggregation and 

degradation in tauopathy. 

As has been described above (section 1.8.4), several lines of evidence suggest that an 

HSP chaperone induction response occurs in the context of tau pathology and AD  

(Dou et al., 2003;Shimura et al., 2004b;Sahara et al., 2007).  In addition, genetic 

elevation of HSPs reduces the level of insoluble tau aggregates in cell and animal 

models of tauopathy (Petrucelli et al., 2004;Sahara et al., 2005;Bjorkdahl et al., 

2008).  Hsp90 inhibition with small chemical ATPase inhibitors such as 

geldanamycin (GA) and its derivative 17-AAG can induce HSP gene transcription 

via the HSF-1 pathway (section 1.9.2).  Hsp90 is part of a master regulatory 
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cytoplasmic chaperone complex also encompassing Hsp70 and various cochaperones, 

and this complex additionally retains certain metastable client proteins (that continue 

to rely upon interactions with molecular chaperones to remain correctly folded and 

functionally active throughout their lifetime), including tau and several prominent tau 

kinases, within the cytoplasm and prevents their proteasomal degradation (Koren, III 

et al., 2009), Figure 4.1).  De-novo HSP induction via HSF-1 activation is an 

important mechanism by which GA, and 17-AAG, ameliorate the pathological 

phenotype in mouse models of HD (Hay et al., 2004) and motor neuron disease 

(Batulan et al., 2006). 

In a transgenic mouse model of tauopathy, Hsp90 inhibition by GA lowers detergent 

insoluble tau levels in a manner dependent upon Hsp70 induction (Dou et al., 2003).  

Other effects of Hsp90 inhibition, including reducing levels of both total tau and of 

certain hyperphosphorylated tau species (Dickey et al., 2006), and a reduction in the 

candidate tau kinases ERK (Dou et al., 2005) and p35 (Luo et al., 2007), may be 

HSF-1 independent (Dickey et al., 2007).  Rather than relying upon HSF-1 activation 

and de-novo HSP induction, these effects may instead rely upon altered constitutive 

Hsp90 chaperone complex function, CHIP ubiquitin ligase activity, and proteasomal 

degradation of client proteins such as tau (Fig. 4.1). 
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Fig. 4.1 Chemical modulation of HSP complexes involved in client protein 

stabilisation, degradation and the control of de-novo HSP synthesis. 

The hsp70/hsp90 cytoplasmic ‘foldosome’ complex is involved in active stabilisation of metastable 

client proteins such as tau.  1. Hsp70, along with co-chaperones CHIP and hsp40, bind to the substrate 

protein and prevent its aggregation in an ATP-utilising disaggregating complex.  2. The complex is 

recruited to an hsp90 intermediate complex via HOP.  This complex sequesters HSF-1 from entering 

the nucleus.  3. In association with various hsp90 cochaperones such as p23, a mature refolding 

complex is formed.  Hsp90 utilises ATP to maintain correct substrate conformations.  4. Inhibition of 

hsp90 ATPase function (e.g. with geldanamycin) results in re-recruitment of CHIP and substrate 

ubiquitination, with two potential consequences. 5. The ubiquitinated substrate can be degraded via 

the proteasome. 6. If HSF-1 is released from the complex, it can be phosphorylated to form active 

trimers that enter the nucleus and bind heat shock elements to induce HSP expression de-novo.  The 

non-hsp90 inhibitor HSP inducing compounds celastrol, simvastatin and curcumin activate HSF-1 via 

less well defined pathways that are independent of hsp90 activity. Adapted from Dickey et al., 2007. 

Although a growing body of work thus indicates that Hsp90 inhibition can lead to a 

reduction in molecular markers of tau pathology, virtually no attention has been paid 

to the possible consequences of such intervention on tau-induced neuronal 

dysfunction in vivo.  Nevertheless, Drosophila neurodegenerative disease models 

have been used to test the efficacy of both novel and established classes of chemical 

compounds in the context of neurodegeneration in vivo (Steffan et al.,  
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2001;Pendleton et al., 2002;Greeve et al., 2004), section 1.7.3).  Furthermore, 

pharmacological modulation of tau-induced neuronal dysfunction was reported in the 

Drosophila larval model of tauopathy (Mudher et al., 2004) and section 1.7.1), 

paving the way for a modulation screen with candidate therapeutic agents, such as 

HSP inducing compounds and/or hsp90 inhibitors, in this model.   Screening of such 

compounds in this animal disease model could set the foundation for an investigation 

into the possible functional consequences of HSF-1 activation and/or Hsp90 

inhibition in the context of human tauopathy. 

4.2 Aim 

The aim of this investigation was to compare the functional in vivo effects of several 

chemical compounds, each with previously described HSP-inducing activity, on 

defective larval locomotion in a characterised Drosophila model of tauopathy (Fig. 

1.4).  Unlike the HD model described above (Chapter 2), human tau-expressing 

larvae show a baseline mutant behavioural phenotype under non-stressed 

environmental conditions and are thus well suited to a chemical enhancer/suppressor 

screen.  The modulation screen was designed to benefit from the increased 

behavioural test throughput afforded by the newly-developed ethovision 4 plate and 

5 track crawling assays (characterised in Chapter 3).       

 4.3 Materials and Methods 

4.3.1 Drosophila genetics and larval treatments 

Transgenic expression of human 3Rtau (3RT) was directed to Drosophila 

melanogaster motor neurons as outlined in section 2.3.1.  Male flies homozygous for 
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UAS-0N 3Rtau were crossed to D42 driver homozygous female virgins, as described 

previously (Mudher et al., 2004), yielding progeny that express 3RT in motor 

neurons (3Rtau larvae).  Oregon R homozygous males not carrying a pUAS insert 

were crossed to D42 driver virgins as a driver control (OreR larvae).  Transgenic 

crosses were raised on Basic Fly Food (Appendix A1.3) supplemented with HSP-

inducing chemicals (section 4.3.3).  F1 L3-stage larvae were selected by size and 

wandering behaviour for behavioural analyses.  Crosses used to analyse chemical 

effects on development are described in section 4.3.3. 

4.3.2 qRT-PCR to measure baseline HSP mRNA levels in 3Rtau larvae 

Total RNA was extracted from five pooled larvae per genotype, assessed for quality, 

reverse transcribed, and analysed by qRT-PCR with RP49 and Hsp70 primers as 

described in section 2.3.3.  By this method, hsp40 mRNA levels were also analysed 

with primers Hsp40F (5’-CAT AAA GCA GCC CGT GTA GC -3’) and Hsp40R (5’-

AGA TGT TGA GGC ACC GAT TC -3’), annealing at 57
o
C (Fujikake et al., 2008).  

qRT-PCR cycle conditions for each set of primers were as outlined for Hsp70 

primers in section 2.3.3.  Hsp23 levels were analysed with primers Hsp23F (5’- CTT 

TGT CCG CCG CTA TGC TC -3’) and Hsp23R (5’- CGC TCG TTG CCC TTA 

TCC TC -3’), annealing at 57
o
C (designed for this experiment using the Drosophila 

hsp23 mRNA sequence [NCBI Reference Sequence: NM_079275.2] in 

OligoExplorer 1.2 software).  Finally, hsp90 levels were measured using primers 

Hsp90F (5’-CGA TTA AGC GAC CAG TCG AA -3’) and Hsp90R (5’-AAA CGA 

CAA CTG CTC TTG AAT G -3’), annealing at 57
o
C (Fujikake et al., 2008).  Heat 

shocked OreR larval RNA was used as an enriched source of HSP template to 

generate a C(t) standard curve for the hsp27 and hsp40 primer sets, as specified for 
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hsp70 in section 2.3.3.  OreR control larval total RNA was use to generate the C(t) 

standard curve for analysis of hsp90 levels, as for RP49 control. 

4.3.3 Chemical delivery to fly food 

Basic Fly Food (Appendix A1.3) was prepared and allowed to cool to below 55
o
C 

prior to the addition of the expected HSP-inducing chemicals 17-AAG, radicicol, 

celastrol, simvastatin, curcumin (a specific delivery method was used for curcumin: 

see *, below), and withaferin-A.  Each chemical was delivered at three final 

concentrations to fly food.  Table 4.1 shows the commercial source of each chemical, 

the vehicle used, the highest stock concentration used when solubilising each 

chemical, and the three final concentrations delivered to fly food.  Final 

concentration ranges were generally chosen to include, and also exceed by one or 

two orders of magnitude, concentrations previously shown to be effective at inducing 

HSPs in cell culture (see references in Table 4.1).  In the case of 17-AAG and 

radicicol, a previous study delivering the compounds to Drosophila orally was also 

taken into account (Fujikake et al., 2008), Table 4.1).  

Stocks for the two lower drug concentrations were prepared via a 2-step, 10-fold 

serial dilution of each stock concentration listed in table 4.1.  For drug delivery (with 

the exception of curcumin – see * below), either 2µl dimethyl-sulphoxide (DMSO) 

vehicle with/without drug (for 17-AAG) was delivered to 10ml fly food (dilution 

factor 1/5000), or 20µl ethanol vehicle with/without drug (for the lowest 

concentration of 17-AAG and all concentrations of radicicol, celastrol, simvastatin or 

withaferin-A) was dissolved in 10ml fly food (dilution factor 1/500).  Drug stocks 

were kept on ice until the addition of warm liquid food, after which food was mixed 

via three rounds of suction and release with an electronic pipette.  Food was 



                                                                                                                         Chapter 4 

 149 

immediately pipetted into standard glass vials (two vials with 5ml food in each) and 

allowed to cool at room temperature prior to establishment of transgenic crosses.  In 

cases where more than one drug concentration was prepared in parallel, unused drug 

food vials were kept in foil at 4
o
C and used within 1 week of food preparation. 

Table 4.1 HSP-inducing chemical stock solutions for delivery to fly food 

Chemical Source Vehicle Stock 

Conc. 

Final Conc. References 

17-AAG Sigma DMSO 

ethanol 

100mM 

1mM 

20µM, 2µM, 0.2µM 

0.2µM 

(Ibrahim et al., 

2005;Batulan et al., 

2006;Fujikake et 

al., 2008) 

radicicol Sigma ethanol 5mM 10µM, 1µM, 0.1µM (Hay et al., 

2004;Fujikake et 

al., 2008) 

celastrol Calbiochem ethanol 25mM 50µM, 5µM, 0.5µM  (Westerheide et al., 

2004;Zhang and 

Sarge, 2007) 

simvastatin Sigma ethanol 25mM 50µM, 5µM, 0.5µM (Wang et al., 

2003;Kretz et al., 

2006) 

curcumin Sigma ethanol 4mM* 100µM, 10µM, 1µM (Kato et al., 1998) 

withaferin-

A 

Calbiochem ethanol 5mM 10µM, 1µM, 0.1µM M. Duennwald, 

personal comm. 

*Compound dissolved directly into basic food preparation (see *, below) 

*For curcumin delivery, the solid compound showed only partial solubility in ethanol 

at a stock concentration of 50mM (that required to deliver the target concentration of 

100µM to food in 20µl of ethanol vehicle).  As an alternative delivery strategy, solid 

curcumin was instead solubilised in 250µl of ethanol, containing 10% nipagen 

antifungal agent that is normally added to basic fly food (Appendix A1.3).  Basic 

food was prepared without the addition of nipagen in ethanol, allowed to cool to 

55
o
C, and 10mls aliquoted into a falcon tube containing the 250µl of 4mM curcumin 

stock with nipagen (see table 4.1).  This was then mixed and added to fly vials as 
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indicated above.  As a control, basic food was prepared in this fashion in the absence 

of the dissolved solid compound (designated ‘basic food*’ in Fig. 4.12). 

4.3.4 Larval toxicity and developmental analyses 

To analyse the effects of administered chemicals on larval development, two 

different strategies were used.  For simvastatin and curcumin, three wild-type OreR 

males were crossed with five age-matched virgin D42 females on basic food alone 

with/without chemical treatment, as outlined in section 4.3.2.  Crosses were allowed 

to develop for 5d, after which parent adults were removed and the number of 

wandering L3 larvae, new late-stage dark pigmented pupae, and new eclosing adults 

was quantified once per day for each treatment.  Newly eclosed adult progeny were 

removed from test vials each day.  For celastrol and withaferin-A, transgenic OreR 

crosses were established on basic food with 20 virgin D42 females and 12 OreR 

males, allowed to lay eggs overnight, and 50 F1 embryos picked from the food vials 

and seeded onto the surface of fresh basic food with/without chemicals, prepared as 

outlined in section 4.3.2.  Wandering L3 larvae, late-stage pupae and new eclosions 

were quantified as described above.     

4.3.5 Larval locomotion analysis 

Larvae were tested in the ‘ethovision 4 plate’ and ‘5 lane crawling’ assays, as 

outlined in Chapter 3.  Where possible, larvae of different genotype and/or drug 

treatment were tested in parallel within the same assay, and their placement in each 

arena/lane varied so as to cater for variation between test platforms.  Larvae were 

only ever used once for either behavioural test, prior to snap freezing in liquid 

nitrogen and subsequent storage at -80
o
C.  12-16 larvae from a single cross were 

tested in ethovision open field tests, whereas eight larvae were analysed for each 
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treatment in the 5 lane crawling assay.  Statistical analysis of behavioural screen 

results was carried out using 2-way ANOVA and Bonferroni Multiple Comparison 

Tests (both with 95% confidence limits for significance), to compare each chemical 

treatment to that of the vehicle control, in Graphpad Prism 5.01 software.  Normal 

distribution of behavioural parameters was confirmed with the D’Agostino-Pearson 

normality test in Graphpad Prism 5.01 using 95% confidence limits.  OreR and 3Rtau 

performance was directly compared for certain treatments using the unpaired student 

t-test in Microsoft Excel. 

4.3.6 Larval homogenisation, coomassie analysis and western blotting 

To isolate larval total protein for analysis of endogenous hsp70 and human tau levels 

by western blot, three larvae per sample were homogenised with plastic pestles in 

1.5ml centrifuge tubes containing 60µl of x1 protein sample buffer (section 2.3.4, 

made up with an equal volume of dH2O).  As a positive control for hsp70 expression, 

larvae were heat shocked (section 2.3.3) and larval tissue processed as above.  

Samples were boiled for 5min at 95
o
C, centrifuged at 13 000 rpm for 4min, and the 

protein supernatant removed and stored at -20
o
C until use.  5µl of each sample, 

mixed with 15µl of x1 protein sample buffer (section 2.3.4), was separated by SDS-

PAGE, as described in section 2.3.4, except that 0.75ml gels (Appendix A1.6) were 

run in duplicate, and for 2h to achieve greater band separation.  One of the resultant 

gels was incubated in coomassie brilliant blue stain (50% methanol, 10% acetic acid, 

0.25% w/v coomassie brilliant blue, Sigma) at room temperature with gentle shaking 

overnight.  The gel was then washed for 6h at room temperature in coomassie destain 

(10% methanol, 10% acetic acid), with three changes of the destain solution at 

regular intervals during that period.  The stained gel was visualised at 680nm on a 
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Licor Odyssey Infrared Scanner, and whole lane band densities measured in Image J 

1.42 software.  The other protein gel was transferred to nitrocellulose membrane, and 

the membrane analysed with Ponceau-S and blocked in 3% BSA 0.5% tPBS, as 

outlined in section 2.3.4.  The membrane was first incubated with 1/600 anti-

Drosophila Hsp70 (d-40, Santa Cruz Biotech) in block solution at 4
o
C overnight.  

The membrane was then washed 3 x 5min (all washes were in 0.5% tPBS, and all 

washes/incubations were at room temperature with gentle shaking unless stated 

otherwise), incubated in anti-rabbit HRP-conjugated secondary antibody at 1/20 000 

in block solution for 1h, and washed 3 x 5min prior to ECL development and 

analysis as outlined in section 2.3.2.  Following ECL detection of Hsp70 protein 

bands, the membrane was washed 1x 5min and re-blocked for 1h.  After this, the 

membrane was re-incubated with 1/5000 anti-Drosophila kinesin antibody (AKIN01, 

Cytoskeleton) for 1h, washed 3 x 5min, and incubated in anti-rabbit HRP secondary 

antibody at 1/30 000 for 1h.  The membrane was then washed 3 x 5min and 

visualised by ECL (as above), washed 1 x 5min, and re-blocked for 1h.  The 

membrane was then incubated overnight with 1/15 000 anti-human tau (A0024 rabbit 

polyclonal, DAKO) at 4
o
C overnight.  Finally, the membrane was washed 3 x 5min, 

incubated with 1/30 000 anti-rabbit HRP secondary antibody for 1h, washed 3 x 

5min and visualised by ECL as described above. 

4.3.7 Chemical delivery to HeLa cells and western blotting of cell lysate 

17-AAG, celastrol, simvastatin and withaferin-A were delivered to cultured human 

HeLa cells in ethanol vehicle at final concentrations shown below in Table 4.2.  

These concentrations were chosen based upon previously documented HSP-inducing 

effects of the compounds in vitro (Table 4.1), and on the results of a preliminary 
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assessment of drug bioactivity in which three concentrations of each drug were 

delivered to cells to assess for likely toxicity and hsp70 induction effects (see 

Appendix 4 Fig. A4.2).  Each chemical stock solution was delivered into 1ml 

DMEM culture medium supplemented with 10% fetal bovine serum (Hands et al., 

2010), Appendix A1.5A) and used to replace medium over HeLa cells (100 000 

cells/well) cultured as outlined in Appendix A1.5A.  Cells were incubated in 

chemical-treated medium for 24h and then lysed to recover total soluble protein by P. 

B. Samson in the laboratory (see Acknowledgements and Appendix A1.5C). 

10µg of total protein lysate (concentration assessed with Biorad protein 

quantification assay) was loaded onto gels for SDS-PAGE and western blotting as 

described above (section 4.3.6).  Membranes were blocked in 3% BSA 0.5% tPBS 

for 1h and incubated in 1/3000 anti-human Hsp70 antibody (SPA-810, Stressgen) in 

block solution overnight at 4
o
C.  Membranes were then washed 3 x 5min (all washes 

in 0.5% tPBS unless stated), incubated in 1/10 000 fluorescent (800nm) secondary 

anti-mouse antibody (Rockland) for 1h, washed 3 x 5min, and finally washed 1 x 

5min in PBS prior to Hsp70 band visualisation on a Licor Odyssey Infrared Scanner. 

Table 4.2 Chemical concentrations delivered to cultured HeLa cells 

The dilution factor from stock to final concentration in 1ml culture medium is shown in italics.  Final 

delivered concentrations are based upon references in table 4.1 and the result shown in Fig. A4.2. 

Chemical Stock Conc. Vol. Stock Added 

(dilution factor) 
Final Conc. 

17-AAG 1.5µM 20µl (1/50) 30nM 

celastrol 0.25mM 2.8µl (1/357.1) 0.7µM 

simvastatin 0.25mM 8µl (1/125) 2µM 

withaferin-A 50µM 20µl (1/50) 1µM 
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Membranes were then washed 1 x 5min and re-blocked for 1h prior to re-incubation 

in 1/200 anti β-tubulin (E7, Hybridoma Bank) in block solution overnight at 4
o
C.  

Membranes were washed 3 x 5min, incubated in 1/10 000 fluorescent secondary anti-

mouse 800 antibody (Rockland) for 1h, washed 3 x 5min, and then finally washed 1 

x 5min in PBS before visualisation on a Licor scanner (as above).  Hsp70 and tubulin 

band densities were analysed in Image J 1.42 software. 

4.4 Results 

4.4.1 Untreated 3Rtau larvae do not exhibit a robust HSP induction response 

As human tau is hyperphosphorylated in 3Rtau larvae (Mudher et al., 2004) and adult 

Drosophila expressing 3R-tau display signs of tau misfolding (M. Sealey, 

unpublished observations, Fig. 1.4A),  3Rtau larvae were analysed to test whether 

they show elevated HSP expression and are suitable for a chemical modulation 

screen targeting HSP induction.  Whole larval RNA was analysed by qRT-PCR using 

primers that target endogenous Drosophila hsp70, hsp90, the hsp40 cochaperone, 

dHdj1, and small HSP hsp23.  Whereas larval heat shock leads to a several hundred-

fold induction of hsp70 levels (Fig. 4.2A, p<0.05, n=3), no significant difference in 

expression levels of Hsp70 was detected in 3Rtau larvae relative to OreR controls 

(Fig. 4.2B).  Although human tau expression is restricted to motor neurons in this 

model, and it is thus possible that a tissue-specific increase in Hsp70 expression 

could go undetected at the whole organismal level, expression of HttEx1Q93 in 

motor neurons does conversely lead to a significant elevation in Hsp70 levels (Fig. 

2.8).  3Rtau animals do, however, display a modest but significant elevation in hsp40 

mRNA levels relative to OreR controls (Fig. 4.2D, p<0.05, n=7 for OreR and n=9 for 
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3Rtau), although this increase is of much lower magnitude than that detected in heat 

shocked larvae (Fig. 4.2D, p<0.05, n=3).  No difference is detectable for hsp23 levels 

in 3Rtau animals relative to OreR controls (Fig. 4.2F), although a trend towards 

increased levels of hsp70 after HS in OreR versus unstressed larvae was marginally 

insignificant (Fig. 4.2G, p=0.069, n=3). This suggests that a greater n number may be 

required to detect a stress-induced change of hsp23 in OreR L3 larvae.  Hsp90 

mRNA levels are also unchanged in 3Rtau larvae versus controls (Fig. 4.2G).  

Overall, 3Rtau larvae do not therefore show a strong HSP induction response, 

although they do display a slight increase in hsp40 mRNA levels. 
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4.4.2 HSP induction by several poly-cyclic organic compounds in vitro 

Hyperphosphorylated human tau, which is detectable in 3Rtau larvae (Mudher et al., 

2004) and exhibits an AD-related pathological conformation in adult flies expressing 

3R-tau (Fig. 1.4A), also misfolds and aggregates in some in vitro (Alonso et al., 2001) 

and rodent tauopathy models (Ishihara et al., 1999;Andorfer et al., 2003).  Despite 

this, 3Rtau larvae do not display a detectable typical HSP induction response (Fig. 

4.2).  It is therefore possible that artificial overexpression of HSPs could modulate 

tau and the tau-mediated phenotypes in the 3Rtau model. 

Four chemical compounds with documented HSP-inducing activity (Table 4.2 and 

Appendix 4 Fig. A4.1) were initially delivered to cultured human HeLa cells to 

establish successful solubilisation and (for the first three compounds) to verify 

previously documented Hsp70-modulating activity in vitro (as described above in 

section 1.9.2).  These were 17-allylamino-geldanamycin (17-AAG,(Ibrahim et al., 

2005); celastrol (Westerheide et al., 2004); simvastatin (Wang et al., 2003); and 

withaferin-A (described in(Falsey et al., 2006).  Cells exposed to three 

concentrations of each chemical for 24h were analysed qualitatively for 

morphological signs of toxicity and processed for western blot analysis of hsp70 

levels in a single experiment. 

17-AAG, as gauged from relative hsp70 band density corrected to tubulin levels, 

causes a 2-fold induction of hsp70 at 30nM or above (Fig. 4.3A &B and Appendix 4 

Fig. A4.2) and does not exhibit any detectable toxicity at up to 300nM.  17-AAG 

also retains hsp70-inducing activity at 30nM following heating of the stock solution 

to 55
o
C (Appendix 4 Fig. A4.2), as required for delivery to liquid fly food.  
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Celastrol causes hsp70 induction at 0.7µM (Fig. 4.3A &C and Appendix 4 Fig. A4.2) 

and is toxic to HeLa cells at 70µM. Simvastatin also causes an increase in hsp70 (Fig. 

4.3A &D).  This was unexpected in light of reports of little effect of this chemical on 

hsp70 levels in other cell models (Wang et al., 2003;Kretz et al., 2006).  Here, hsp70 

levels increase at 2µM simvastatin, and HeLa cell toxicity is only observed at the 

higher concentration of 200µM.   

Finally, withaferin-A causes a moderate 1.5-fold increase in hsp70 levels at the 

highest delivered concentration of 1µM (Fig. 4.3A &E and Appendix 4 Fig. A4.2), 

and HeLa cell toxicity is not observed at this concentration of the compound.  The 

analysed chemicals were thus successfully delivered to cultured human cells and 

exhibit hsp70-inducing activity at concentrations that do not appear to cause 

extensive cell death. 
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Fig. 4.3 Hsp70 protein levels in HeLa cells treated with HSP-inducing chemicals. 

(A) Cultured human HeLa cells were exposed to media with the indicated concentration of HSP-

inducing chemical for 24h and lysed for western blot analysis in a single experiment.  Hsp70 protein 

band densities were corrected to β-tubulin band (tub) densities, assessed in triplicate (drug treatment 

repeats 1-3) using cell lysate from a single experiment, and expressed relative to untreated cells (UT) 

for 17-AAG (AAG, B), celastrol (Cel, C), simvastatin (Sim, D) and withaferin-A (Wit, E).  Relative 

band density equates to fold change for drug-treated samples relative to UT.  Error bars for chemical 

treated samples = SEMs. 
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4.4.3 HSP-inducing chemicals are well-tolerated during wild-type Drosophila 

development to adult 

Experiments were next undertaken to assess the potential toxicity of chronically 

applied HSP-inducing chemicals in a multicellular organism and gauge the suitability 

of Drosophila as a model to analyse any functional effects of HSP-inducing 

chemicals in vivo.  HSP-inducing chemicals were delivered to fly food and the 

development of wild-type OreR progeny from embryo to adult was charted on this 

food.  Up to 50µM 17-AAG was previously delivered orally to Drosophila and did 

not appear to cause gross toxicity, allowing development of apparently normal adults 

with intact retinal photoreceptor neurons in a screen for modulatory effects on cell 

toxicity in a polyQ disease model (Fujikake et al., 2008).  This was also true for the 

macrolactone alternative hsp90 inhibitor, radicicol (Schulte et al., 1999;Fujikake et 

al., 2008).  Given these findings and time limitations for the drug screen, 

developmental effects of 17-AAG and radicicol were not further assessed in this 

study.  However, the developmental effects of celastrol, simvastatin, the turmeric-

derived polyphenol and HSP-coinducer curcumin (Kato et al., 1998) and withaferin-

A, which have not previously been delivered to Drosophila in this manner, were 

assessed when delivered to fly food. 

Celastrol does not disrupt or retard development to L3 larval, pupal or adult stages 

when delivered in the concentration range of 0.5µM to 50µM (Fig. 4.4A-C). 
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Fig. 4.4 Development of wild-type Drosophila raised on celastrol-treated food.  

OreR development was monitored on food treated with celastrol at the final concentrations indicated.  

The cumulative number of wandering L3 larvae (A), darkly pigmented late stage pupae (B) and newly 

eclosing adults (C) was measured at the times indicated, after the seeding of newly-laid OreR/D42 

embryos onto treated food.  Results shown are totals from a single experiment.  veh – vehicle for 

chemical delivery (ethanol at 0.2% v/v in food). 

Simvastatin, in contrast to 0.5µM - 50µM celastrol, is toxic at the higher tested 

concentrations of 50µM and 5µM.  This is evidenced by the respective formation of 

only 19.4% and 47.2% of the late stage pupae from vehicle control 18d after cross 

initiation (Fig. 4.5B).  The emergence (eclosion) of only 41.7% (on 50µM) and 

20.0% (on 5µM) of adults compared to vehicle control 20d after cross initiation (Fig. 

4.5C) further supports the conclusion that these higher concentrations of simvastatin 

are toxic to Drosophila.  Simvastatin at the lower dose of 0.5µM does not have this 

effect, but instead appears to slightly increase the number of larvae and pupae (Fig. 

4.5A-C). 
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Fig. 4.5 Development of wild-type Drosophila raised on simvastatin-treated food. 

OreR development was monitored on food treated with simvastatin at the final concentrations 

indicated.  The cumulative number of wandering L3 larvae (A), darkly pigmented late stage pupae (B) 

and newly eclosing adults (C) was measured at the times indicated after establishment of the parent 

OreR/D42 cross.  Results shown are totals from a single experiment.  veh – vehicle for chemical 

delivery (ethanol at 0.2% v/v in food). 

Curcumin, in contrast to 0.5µM - 50µM simvastatin, has a positive impact on 

developmental fitness at the highest tested concentration of 100µM, on which 

228.2% of vehicle late stage pupae form after 18d, and an earlier exponential 

increase in the number of eclosions leads to a 60-fold increase in the number of 

eclosions after 17d (Fig. 4.6B &C).  Such an effect is not observed for lower 

concentrations of the compound – there is conversely a delay in reaching the L3 

stage for larvae reared on 1µM curcumin (49.0% of vehicle after 12d, Fig. 4.4A) and 

fewer eclosions of animals raised on 10µM (35.0% of vehicle after 20d). 



                                                                                                                         Chapter 4 

 163 

 

Fig. 4.6 Development of wild-type Drosophila raised on curcumin-treated food. 

OreR development was monitored on food treated with curcumin at the final concentrations indicated.  

The cumulative number of wandering L3 larvae (A), darkly pigmented late stage pupae (B) and newly 

eclosing adults (C) was measured at the times indicated after establishment of the parent OreR/D42 

cross.  Results shown are totals from a single experiment.  veh – vehicle for chemical delivery 

(ethanol at 0.2% v/v in food). 

Withaferin-A does not cause any obvious developmental effects, except for a subtle 

increase in the number of eclosions on the intermediate concentration of 1µM 

(125.6% of vehicle after 13d, Fig. 4.7C). 



                                                                                                                         Chapter 4 

 164 

 

Fig. 4.7 Development of Drosophila raised on withaferinA-treated food. 

OreR development was monitored on food treated with withaferin at the final concentrations indicated.  

The cumulative number of wandering L3 larvae (A), darkly pigmented late stage pupae (B) and newly 

eclosing adults (C) was measured at the times indicated, after the seeding of newly-laid OreR/D42 

embryos onto treated food.  Results shown are totals from a single experiment.  veh – vehicle for 

chemical delivery (ethanol at 0.2% v/v in food). 

In all cases, chemically-treated larval and adult individuals appear normal upon brief 

inspection of larval size, larval crawling behaviour, adult wing and limb morphology, 

and adult climbing/flight response to agitation of the housing vial. These 

observations and the above data suggest that HSP-inducing chemicals are generally 

well-tolerated by Drosophila at concentrations near to and, in some cases, several 

orders of magnitude higher than those used to induce HSPs in vitro (Table 4.1 and 

Fig. 4.3). 

4.4.4 Anticipated HSP-inducing chemicals tend to exacerbate the 3Rtau 

locomotion phenotype 

Larvae treated with anticipated HSP-inducing chemicals were screened for 

locomotion ability in new, medium throughput assays (Chapter 3), assessing for 
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modulation of neuronal dysfunction and/or abnormal locomotion mediated by 3R-tau 

expression in motor neurons in this model (Mudher et al., 2004) relative to OreR 

controls. 

Untreated controls. 3Rtau larvae raised on untreated fly food consistently display 

significantly lower open field meander and angular velocity scores (greater turning 

rate per distance/time respectively), and a reduced open field roving velocity 

(‘ethovision velocity’), compared to OreR controls (Fig. 3.6A &B and Appendix 3 

Fig. A3.1 &A3.4).  3Rtau larvae raised on such food also consistently exhibit a 

greater lane crawl time (directed, incentive-based locomotion) than OreR larvae (Fig. 

3.7B and Appendix 3 Fig. A3.1 &A3.4).  With the exception of the ethovision 

velocity score of DMSO-treated larvae (discussed below), these differences were 

generally maintained for larvae raised on food supplemented with the drug delivery 

vehicles DMSO or ethanol (compare red and orange bars in Fig. 4.8A-H).  Next, 

these values were compared to those obtained from larvae raised on food 

supplemented with anticipated HSP-inducing chemicals to test for any enhancement 

or suppression of the 3Rtau locomotion phenotype.  

17-AAG dissolved in DMSO.  3Rtau larvae raised on 17-AAG do not display any 

significant change in meander score, although those reared on 0.2µM 17-AAG do 

show an improvement trend relative to those raised on vehicle (Fig. 4.8A, n=0.150, 

n=14), and are no longer significantly worse in meander than OreR controls on this 

concentration (Fig. 4.8A, p=0.213, n=14).  Interestingly, the improvement trend is 

stronger for larvae raised on 0.2µM 17-AAG as compared to basic food larvae (Fig. 

4.8A, p=0.094, n=14).  3Rtau larvae also show an insignificant trend for increased 

ethovision velocity on both vehicle (Fig. 4.8C, n=0.078, n=14) and 0.2µM 17-AAG 
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(Fig. 4.8C, p=0.094, n=14) versus basic food.  Although 17-AAG has no significant 

effect on 3Rtau lane crawling ability (Fig. 4.8B) and angular velocity (Fig. 4.8D), a 

similar pattern, for larvae raised on 2µM rather than 0.2µM 17-AAG, was observed 

in the former assay (Fig. 4.8B, p=0.111 versus basic and p=0.174 versus vehicle, 

n=8).  Furthermore, an insignificant trend for improved ethovision velocity in 3Rtau 

larvae raised on 0.2µM 17-AAG versus those from basic food (Fig. 4.8C, p=0.095, 

n=14) is also reflected in larvae raised on DMSO food alone (Fig. 4.8C, p=0.098, 

n=14).  3Rtau larvae raised on DMSO-treated food also no longer exhibit a 

significantly lower open field velocity than OreR controls (Fig. 4.8C, p=0.138, n=14). 

These results suggest that the DMSO vehicle may itself have subtle effects on 3Rtau 

larval locomotion, and/or interact with any possible 17-AAG effects in this model. 

Overall, 17-AAG did not however show any significant effect on 3Rtau performance 

in these locomotion assays relative to untreated controls when delivered in DMSO.  

17-AAG dissolved in ethanol. Although 17-AAG has a relatively labile structure and 

is therefore normally solubilised in the apolar solvent DMSO (Ibrahim et al., 

2005;Waza et al., 2005), Appendix 4 Fig. A4.1), the compound could be solubilised 

in ethanol to a stock concentration of 1mM, so as to deliver 0.2µM to fly food and 

assess 17-AAG activity independent of possible confounding effects of DMSO.  

When delivered in ethanol, 0.2µM 17-AAG surprisingly causes a significant 

worsening of 3Rtau meander score (Fig. 4.8E, p<0.05, n=16), although a worsening 

trend is also present in OreR larvae (Fig. 4.8E, p=0.058, n=12).  3Rtau larvae also 

show an insignificant trend for slower lane crawl time on this concentration versus 

vehicle (Fig. 4.8F, p=0.129, n=8), and display significantly reduced ethovision 

velocity on 0.2µM 17-AAG in ethanol (Fig. 4.8G, p<0.01, n=16).  Again, this  
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concentration versus vehicle, although a trend for worse performance is stronger in 

A B 

C D 

E F 

G H 



                                                                                                                         Chapter 4 

 168 

3Rtau (Fig. 4.8H, p=0.064, n=16) than OreR (Fig. 4.8H, p=0.092, n=12).  In 

summary, 17-AAG, if successfully delivered to larvae at 0.2µM in ethanol vehicle, 

appeared to have a negative impact on locomotion that was more pronounced in 

3Rtau larvae than wild-type controls. 

Radicicol.  As radicicol is stable and retains HSP-modulating activity in ethanol at 

stock concentrations of up to 10mM (Hay et al., 2004), it was delivered to fly food in 

this vehicle at three final concentrations of up to 10µM.  Unexpectedly, radicicol 

severely disrupts L3 larval locomotion.  OreR (Fig. 4.9A, p<0.001, n=12) and 3Rtau 

(Fig. 4.9A, p<0.01, n=14) larvae show a significantly lower meander score on both 

0.1µM and 1µM radicicol, and OreR larvae also show a lower score at the highest 

delivered concentration of 10µM (Fig. 4.9A, p<0.05, n=12).  3Rtau larvae have 

worse lane crawl times when reared on 0.1µM (Fig. 4.9B, p<0.001, n=8) and 1µM 

(Fig. 4.9B, p<0.05, n=8) radicicol.  This worsening effect is interestingly absent for 

OreR wild-type larvae in this assay, resulting in a significant interaction between 

treatment and genotype at this concentration (2-way ANOVA p=0.0011, F=5.161).  

The greatest detriment to locomotion is in ethovision velocity, for which all radicicol 

concentrations severely worsen both 3Rtau and OreR performance (Fig. 4.9C, 

p<0.001, n=12 for OreR and n=14 for 3Rtau). OreR larvae also display significantly 

lower angular velocity on 0.1µM radicicol (Fig. 4.9D, p<0.01, n=12), whereas 3Rtau 

larvae are not significantly affected in this parameter at 0.1µM, but perform 

significantly poorer when raised on 1µM radicicol (Fig. 4.9D, p<0.05, n=14).  0.1µM 

radicicol was so detrimental to wild-type open field locomotion that OreR no longer 

out-competed 3Rtau larvae in any open-field parameter analysed (Fig. 4.9A, C &D).  

Overall, radicicol therefore perturbs larval locomotion in both a wild-type and 3Rtau 
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setting, and additionally exerts 3Rtau-specific detrimental effects, particularly in the 

5 lane crawling assay. 
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Fig. 4.9 Effects of radicicol on OreR and 3Rtau larval locomotion.   

Radicicol was delivered to fly food in ethanol vehicle for transgenic crosses, and OreR/3Rtau larval 

progeny were tested for locomotion ability in ethovision 4 plate and 5 lane crawling assays.  Open 

field meander (A), lane crawl time (B), open field ethovision velocity (C) and open field angular 

velocity (D) were measured at three different concentrations of radicicol.  For post test comparisons 

between treatments, * p<0.05, ** p<0.01, *** p<0.001.  Non-significance is not indicated, except 

where trends/comparisons of interest are indicated by p values above/below comparison lines. 

Instances where OreR and 3Rtau behavioural parameters are no longer significantly different are 

highlighted in red (with p value), and the treatment where this occurs is marked with a red hash (#).  

For all other treatments, 3Rtau performance was significantly worse than OreR. Error bars are 

SEMs. There was a significant interaction between chemical treatment and genotype for crawling 

assay results (B, p=0.0011, F=5.161). 

Celastrol.  Celastrol did not exert a significant effect on 3Rtau locomotion measures 

in open field testing (Fig. 4.10A, C &D).  The compound does, however, exert some 

toxic side effects in wild-type larvae, worsening the meander score of OreR raised on 

the highest delivered concentration of 50µM (Fig. 4.10A, p<0.001, n=11) and 
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reducing their open field velocity (Fig. 4.10C, p<0.05, n=11).  The intermediate 

concentration of 5µM is interestingly the only concentration of celastrol to 

significantly worsen tau locomotion, doing so in the lane crawling assay (Fig. 4.10B, 

p<0.01, n=8).  Although this concentration does not affect OreR crawling ability (Fig. 

4.10B), the interaction between celastrol treatment and genotype was insignificant in 

this test (p=0.0697, F=2.277).  The interaction between  
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Fig. 4.10 Effects of celastrol on OreR and 3Rtau larval locomotion.   

Celastrol was delivered to fly food in ethanol vehicle for transgenic crosses, and OreR/3Rtau larval 

progeny were tested for locomotion ability in ethovision 4 plate and 5 lane crawling assays.  

Primary behavioural readouts of open field meander (A) and lane crawl time (B) were measured at 

three different concentrations of celastrol.  Open field ethovision velocity (C) and angular velocity 

(D) were further measured for larvae reared on 5µM celastrol.  For post test comparisons between 

treatments,* p<0.05, ** p<0.01 ***p<0.001. Non-significance is not indicated, except where 

trends/comparisons of interest are indicated by p values above/below comparison lines.  Instances 

where OreR and 3Rtau behavioural parameters are no longer significantly different are highlighted 

in red (with p value), and the treatment where this occurs is marked with a red hash (#). For all 

other treatments, 3Rtau performance was significantly worse than OreR. Error bars are SEMs.  The 

interaction between chemical treatment and genotype was not significant for crawling assay results 

(B, p=0.0697, F=2.277) or ethovision velocity (C, p=0.0556, F=3.015).  
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drug treatment and genotype for ethovision velocity is marginally insignificant 

(p=0.0556, F=3.015). 5µM celastrol does not, however, significantly perturb 3Rtau 

ethovision velocity (Fig. 4.10C) or angular velocity (Fig. 4.10D), and is instead 

detrimental to OreR values for these parameters (Fig. 4.10C, p<0.05, n=13 and Fig. 

4.10D, p<0.01, n=13 respectively).  OreR meander and angular velocity values are 

worsened on 5µM celastrol so that they are no longer significantly different to 

3Rtau values (Fig. 4.10A, p=0.364 for meander and Fig. 4.10D, p=0.231 for 

angular velocity, n=13). Celastrol, therefore, has detrimental effects on either wild-

type or 3Rtau locomotion depending upon the behavioural test and parameters 

analysed. 

Simvastatin. Consistent with its toxic effect on development at the highest delivered 

concentration of 50µM (Fig. 4.5), simvastatin also significantly worsens OreR and 

3Rtau meander scores at this concentration (Fig. 4.11A, p<0.01, n=12 for OreR and 

p<0.05, n=12 for 3Rtau).  Simvastatin also worsens 3Rtau lane crawling speed at 

both 50µM and 5µM (Fig. 4.11B, p<0.001, n=8 for both concentrations), but does 

not significantly increase OreR crawl time at either concentration (Fig. 4.11B, 

p=0.064, n=8 for 5µM). A significant interaction between simvastatin treatment and 

genotype was detected for larval crawl times from this assay (p=0.0295, F=2.864).  

5µM simvastatin also worsens OreR ethovision velocity (Fig. 4.11C, p<0.05, n=12), 

whilst showing an insignificant worsening trend in 3Rtau larvae (Fig. 4.11C, 

p=0.090, n=12), and does not affect angular velocity of either genotype (Fig. 4.11D).  

Simvastatin therefore perturbs some measures of larval open field activity at 5µM 

and 50µM, and specifically affects 3Rtau lane crawling ability at the lower 

concentration of 5µM. 
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Fig. 4.11 Effects of simvastatin on OreR and 3Rtau larval locomotion.   

Simvastatin was delivered to fly food in ethanol vehicle for transgenic crosses, and OreR/3Rtau larval 

progeny were tested for locomotion ability in ethovision 4 plate and 5 lane crawling assays.  Primary 

behavioural readouts of open field meander (A) and lane crawl time (B) were measured at three 

different concentrations of simvastatin.  Open field ethovision velocity (C) and angular velocity (D) 

were further measured for larvae reared on 5µM simvastatin. For post test comparisons between 

treatments, * p<0.05, ** p<0.01, *** p<0.001.  Non-significance is not indicated, except where 

trends/comparisons of interest are indicated by p values above/below comparison lines.  For all 

treatments, 3Rtau performance was significantly worse than OreR. Error bars are SEMs.  There was a 

significant interaction between chemical treatment and genotype for crawling assay results (B, 

p=0.0295, F=2.864). 

 

Curcumin.  Curcumin worsens OreR meander score at the highest concentration of 

100µM (Fig. 4.12A, p<0.01, n=12).  This is surprising given that OreR animals 

appear to thrive developmentally on this concentration of the chemical (Fig. 4.6).  A 

similar worsening effect is not observed for 3Rtau meander at this concentration (Fig. 

4.12A), and there is a significant interaction between curcumin treatment and 

genotype for this parameter (p=0.0087, F=4.125).  Interestingly, 100µM curcumin 

does not affect line crawling ability for OreR or 3Rtau larvae (Fig. 4.12B), whereas 
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10µM curcumin causes significantly slower crawling of 3Rtau (Fig. 4.12B, p<0.05, 

n=8) but not OreR (Fig. 4.12B, p=0.071, n=8) in this assay, although no interaction 

between treatment and genotype is detectable (p=0.5536, F=0.7039).   
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Fig. 4.12 Effects of curcumin on OreR and 3Rtau larval locomotion.   

Curcumin was delivered to fly food in ethanol vehicle for transgenic crosses, and OreR/3Rtau larval 

progeny were tested for locomotion ability in ethovision 4 plate and 5 lane crawling assays.  Primary 

behavioural readouts of open field meander (A) and lane crawl time (B) were measured at three 

different concentrations of curcumin.  Open field ethovision velocity (C) and angular velocity (D) 

were further measured for larvae reared on 10µM curcumin. For post test comparisons between 

treatments, * p<0.05, ** p<0.01.  Non-significance is not indicated, except where trends/comparisons 

of interest are indicated by p values above/below comparison lines. Instances where OreR and 3Rtau 

behavioural parameters are no longer significantly different are highlighted in red (with p value), and 

the treatment where this occurs is marked with a red hash (#). For all other treatments, 3Rtau 

performance was significantly worse than OreR. Error bars are SEMs. ‘Basic Food*’ designates basic 

food in which ethanol with 10% nipagen was added to a 10ml food aliquot to facilitate curcumin 

delivery (section 4.3.3).  Solid curcumin was added directly to nipagen ethanol, and this treatment 

thus serves as a vehicle control. 

There is no significant effect of 10µM curcumin on ethovision velocity (Fig. 4.12C) 

or angular velocity (Fig. 4.12D), although there is a trend for a worsening effect on 
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3Rtau angular velocity at this concentration (Fig. 4.12D, p=0.067, n=12).  Curcumin 

therefore has detrimental effects on wild-type larval locomotion in the open field at 

100µM, and affects 3Rtau lane crawling (and possibly open field activity) at a lower 

concentration of 10µM. 

Withaferin-A.  No significant effect on OreR or 3Rtau open field meander or lane 

crawl time was observed for any concentration of Withaferin-A (Fig. 4.13A &B), 

although there is a slight worsening trend for meander score of both genotypes raised 

on a concentration of 0.1µM (Fig. 4.13A, p=0.142, n=12 for OreR and p=0.190, 

n=12 for 3Rtau). 
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Fig. 4.13 Effects of withaferin-A on OreR and 3Rtau larval locomotion.   

Withaferin-A (Wit) was delivered to fly food in ethanol vehicle for transgenic crosses, and 

OreR/3Rtau larval progeny were tested for locomotion ability in ethovision 4 plate and 5 lane 

crawling assays.  Primary behavioural readouts of open field meander (A) and lane crawl time (B) 

were measured at three different concentrations of withaferin-A.  Non-significance is not indicated, 

except where trends of interest are indicated by p values.  For all treatments, 3Rtau performance 

was significantly worse than OreR. Error bars are SEMs. 

4.4.5 Hsp70 expression is not elevated in chemical-treated larvae, but hsp90 

inhibitors reduce the level of total tau  

Homogenates from whole larvae were analysed by western blot in order to assess the 

levels of endogenous Drosophila hsp70 protein in the presence or absence of HSP-
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inducing chemicals.  Twin bands, running at approximately 70KDa, are detectable in 

vehicle-treated larvae with an anti-Drosophila hsp70 antibody (d40 clone, Santa 

Cruz Biotech, Fig. 4.14A). These bands correspond with the size of the dense hsp70 

bands detected in heat-shocked whole larvae or isolated ventral cord tissue from heat 

shocked larvae (Appendix 4 Fig. A4.3).  There is little change in hsp70 levels in 

vehicle control animals when band density is corrected to either coomassie stained 

whole protein levels or kinesin band density (Fig. 4.14B & Appendix 4 Fig. A4.4).  

As hsp90-inhibitors were used in the chemical screen, and hsp90 inhibition reduces 

tau levels (Dickey et al., 2006), the level of total transgenic human tau was also 

assessed.  Treatment with DMSO or ethanol vehicle does not affect tau levels in 

3Rtau larvae (Fig. 4.14C). 
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17-AAG.  Hsp70 protein levels were next compared between vehicle and 17-AAG 

treated larvae.  Treatment with 17-AAG does not, surprisingly, result in elevation of 

hsp70 in either OreR or 3Rtau larvae (Fig. 4.15A &B).  This result was confirmed in 

a repeat experiment with a different sample of larvae from the same chemical-treated 

cross (Appendix 4 Fig. A4.8A-C). Although 17-AAG and DMSO vehicle – treated 

3Rtau larvae show lower hsp70 protein levels than equivalently-treated OreR larvae 

(Fig. 4.15B), this is not confirmed by the vehicle-only analysis in Fig. 4.14.  Despite 

the lack of an HSP-induction effect, 17-AAG interestingly causes a reproducible, 

dose-dependent reduction of total human tau levels in 3Rtau larvae (Fig. 4.15C and 

Appendix 4 Fig. A4.9A-C). 
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Radicicol.  A similar effect on hsp70 and total tau levels was observed for radicicol 

compared to 17-AAG.  Radicicol does not detectably elevate hsp70 protein levels in 

OreR or 3Rtau larvae (Fig. 4.16A &B), and there is an apparent drop of hsp70 levels 

in 3Rtau (and to some extent OreR) larvae treated with the higher concentrations of 

the chemical (Fig. 4.16B).  Radicicol also causes a dose-dependent reduction in total 

tau levels in 3Rtau larvae (Fig. 4.16C), such that 10µM-treated animals exhibit only 

60% of the total tau observed in DMSO-treated control larvae.  This reproducible 

effect is apparent when tau bands are corrected to either total protein or kinesin band 

density (Appendix 4 Fig. A4.6C and A4.9A,D &E).  In summary, the hsp90 

inhibitors 17-AAG and radicicol do not cause a clearly detectable induction of hsp70 

protein in OreR or 3Rtau larvae, and reduce total human tau levels in a dose 

dependent fashion in the latter genotype. 
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Non-hsp90 inhibitors.  Other anticipated HSP-inducing chemicals, at concentrations 

with interesting exacerbatory effects in the locomotion behaviour screen, were 

investigated for potential effects on hsp70 and total tau levels in treated larvae.  

Celastrol (5µM) and curcumin (10µM) interestingly cause 1.5 fold increases in hsp70 

protein level in 3Rtau but not OreR larvae (Fig. 4.17A &B), and simvastatin shows a 

stronger induction (2.5 fold) in 3Rtau animals, although these effects are weaker 

when band density is corrected to kinesin band instead of coomassie lane density 

(Appendix 4 Fig. A4.7B).  However, the effects of 5µM simvastatin are variable, 

such that in a repeat experiment it caused a 1.5 fold increase in hsp70 in OreR, but 

not in 3Rtau larvae (Appendix 4 Fig. A4.8D-F). 5µM simvastatin and 5µM celastrol 

do not have any effect on total tau levels (Fig. 4.17C), although 10µM curcumin-

treated larvae possess 80% of the total tau detected in vehicle-treated animals (Fig. 

4.14C).  This effect is more pronounced when tau band density is corrected to that of 

kinesin (Appendix 4 Fig. A4.7C). Drugs not known to interact with Hsp90 therefore 

show weak, if any, induction of hsp70 protein levels in this model.  With the possible 

exception of curcumin, they do not affect total human tau levels at the concentrations 

delivered to fly food in this screen, contrary to the Hsp90 inhibitors 17-AAG and 

radicicol. 
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4.5 Discussion 

4.5.1 HSP mRNA levels in untreated 3Rtau larvae 

Results of this study suggest that untreated 3Rtau larvae do not exhibit a robust HSP 

induction response, as Hsp70 mRNA and protein levels are not significantly altered 

in 3Rtau larvae versus OreR controls (Fig. 4.2B and Fig. 4.14A &B).  This is an 

interesting finding given the propensity for hyperphosphorylated human tau, as is 

present in this model (Mudher et al., 2004), to misfold and aggregate in vitro (Alonso 

et al., 2001) and in rodent models of tauopathy (Ishihara et al., 1999;Andorfer et al., 

2003).  Such events are likely to impose a strain on the protein quality control of the 

neuron, resulting in a compensatory HSP-induction response.  Indeed, hsp70 protein 

is specifically elevated in AD sufferer frontal cortex, a region associated with early 

pathological changes, relative to non-demented controls (Perez et al., 1991;Yoo et al., 

1999;Sahara et al., 2005).  Although endogenous hsp70 levels in mice expressing 

wildtype human tau isoforms have surprisingly not been analysed, hsp70 is elevated 

in the brain of mice expressing mutated tau linked to familial tauopathy (Menendez 

et al., 2006), and genetic overexpression of hsp70 reduces insoluble tau levels in 

aged wild-type mice (Petrucelli et al., 2004).  Although the significance of hsp70 

induction for neuronal function in tauopathy had not been investigated prior to this 

study, one possibility is that a lack of hsp70 induction contributes to neuronal 

dysfunction in this tauopathy model. 

Similarly, there is no detectable difference in mRNA expression of the cytoplasmic 

Drosophila small heat shock protein hsp23 between 3Rtau and OreR (Fig. 4.2F).  

This argues against de-novo hsp23 induction in this model, but does not necessarily 
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preclude the possibility of a stress-induced redistribution of this small HSP to sites of 

tau accumulation within afflicted motor neurons.  Small heat shock proteins are 

thought to locally redistribute in this way following stress (Haslbeck, 2002), and the 

human small HSP, ABC, is elevated in glial tau inclusions in post-mortem brain 

tissue from human tauopathy sufferers (Dabir et al., 2004). 

Despite the apparent lack of hsp70 or hsp23 induction in 3Rtau larvae, levels of 

mRNA encoding the hsp40 cochaperone dHdj1 were modestly elevated relative to 

OreR controls (Fig. 4.2D).  dHdj1 was increased 1.4-fold in this model, relative to a 

25-fold increase detected after heat shock (Fig. 4.2C).  dHdj1 is homologous to the 

human cochaperone hsp40/Hdj1(Kazemi-Esfarjani and Benzer, 2000), which 

contributes to maintenance of hsp70 refolding activity in the cytoplasm (Kelley, 

1998) and see Fig. 4.1).  Overexpression of dHdj1 increased the toxicity of FTDP-17 

- linked mutant tau (V337M) in a retinal modulation screen in Drosophila (Blard et 

al., 2007), although this would likely have been at higher levels of mRNA induction 

than were detected in this model.  Conversely, dHdj1 suppressed retinal degeneration 

by toxic polyQ tracts in Drosophila (Kazemi-Esfarjani and Benzer, 2000) and 

increased the number of visible cytoplasmic polyQ aggregates (Fayazi et al., 2006).  

Whether hsp40 elevation in 3Rtau larvae has any significance with regard to tau 

molecular pathology and/or motor neuron function remains to be established. 

4.5.2 Chemical induction of hsp70 protein level in vitro 

This study confirmed that several chemical compounds can be used to induce hsp70 

protein expression in mammalian cells.  17-AAG caused a 2-fold increase in hsp70 

expression in HeLa cells at a concentration of 30nM (Fig. 4.3A &B).  17-AAG, like 

geldanamycin, induces hsp70 via HSF-1 (Zou et al., 1998), and activation of HSF-1 
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was previously observed after application of 30nM 17-AAG to non-environmentally 

stressed HeLa cells for 4h (Ibrahim et al., 2005). 

Celastrol similarly induced hsp70 protein levels in this experiment, although to a 

lesser extent than 17-AAG (Fig. 4.3A &C), doing so with maximum effect at 0.7µM.  

This is a 10-fold lower concentration than was found to cause maximal induction of a 

HSE-luciferase reporter in transfected HeLa cells in culture, and close to the 

concentration of 3µM used to induce hsp70 protein levels after 8h incubation 

(Westerheide et al., 2004).  A lower concentration of celastrol may have been 

sufficient for hsp70 induction in this study due to the longer chemical incubation 

time of 24h, as hsp70 was induced most strongly at 1.6µM in HeLa cells exposed for 

this amount of time in a previous study (Zhang and Sarge, 2007). 

Interestingly, simvastatin, a HMG CoA-reductase inhibitor, also caused a 2-fold 

induction of hsp70 protein when delivered at 2µM (Fig. 4.3A &D).  This result 

contrasts with an apparent lack of hsp70 induction in cultured osteoblasts at 3µM 

(Wang et al., 2003), or in axotomised retinal ganglion cells at 30µM (Kretz et al., 

2006), concentrations that instead appeared to lead to AKT or MAP kinase activation 

and specific hsp27 induction. This discrepancy could be due to any of numerous cell 

line-specific differences, such as in the activation state of signal transduction 

pathways related to cell growth and differentiation state. Nevertheless, this result 

suggests that simvastatin was solubilised successfully in ethanol vehicle and retained 

bioactivity at these concentrations. 

Finally, withaferin-A caused a 1.5-fold increase in hsp70 protein levels at 1µM (Fig. 

4.3A &E).  Preliminary work indicated that the compound could induce expression 
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of hsp70 in cultured neuronal cells at a concentration of 50-200nM (M. Duennwald, 

personal communication, 2007).  Although this was a single experiment and the level 

of induction when compared to that of 17-AAG and simvastatin was modest, this 

result suggests that withaferin-A remained stable in ethanol vehicle and induces 

hsp70 in vitro.  Overall, these results confirmed that these HSP-inducing chemicals 

show bioactivity for human cells in vitro, at least in the case of inducing hsp70 

protein over 24h in a single experiment. 

4.5.3 Chemical effects on Drosophila development 

Although the compounds used in this study did not detectably elevate hsp70 protein 

levels in whole larvae (Fig. 4.15-4.17), tissue specific effects and/or elevation of 

other HSPs cannot be ruled out, and HSPs have been extensively linked to numerous 

processes in animal development (Haass et al., 1990;Christians et al., 2003).  The 

chemicals could, however, have had developmental effects independent of HSP 

induction. 

17-AAG and radicicol have been administered to fly food previously (Fujikake et al., 

2008).  Although a developmental analysis of wandering larval, pupal and adult 

numbers was not undertaken, adult flies that had developed from embryogenesis on 

up to 5µM of each compound showed a normal number and distribution of retinal 

neurons in the compound eye (Fujikake et al., 2008).  This argues against gross 

developmental toxicity or perturbation of retinal development by these agents, but 

does not preclude the possibility of other developmental effects, within other parts of 

the nervous system or elsewhere, that could impinge upon behaviour – particularly at 

the wandering larval stage. 
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Other anticipated HSP-inducing agents showed some interesting effects on 

Drosophila development when delivered to fly food in this study.  In the case of 

celastrol, however, no effect on the number of larvae, pupae or eclosions was 

observed at up to 50µM (Fig. 4.4).  This could be due to tolerance of the compound 

during development (when, particularly at the stage prior to eclosion, toxic insult 

generally leads to a developmental delay in Drosophila), or to unsuccessful delivery 

of the compound due to, for example, instability in food, insufficient ingestion and/or 

metabolic processing/degradation of the compound. 

Simvastatin, in contrast, exhibited dose-dependent developmental effects (Fig. 4.5).  

At higher concentrations, it caused a reduced number of late stage pupae and adult 

eclosions versus untreated animals, indicating a toxic effect.  Simvastatin causes 

toxicity and cell death of neurons and glia in vitro, causing 60% death of cerebellar 

astrocytes in culture at 30µM (Marz et al., 2007).  This effect is dependent upon the 

inhibition of the cholesterol biosynthetic pathway by simvastatin, which targets 

HMG CoA reductase (Marz et al., 2007).  Although Drosophila do not synthesise 

cholesterol de-novo, they possess a homolog of human HMG-CoA reductase 

(Columbus) that is amenable to modulation by another statin, lovastatin, in vivo 

(Tschape et al., 2002).  Furthermore, synthesis of non-sterol isoprenoids with 

important signalling roles during development, such as the juvenile hormone, occurs 

downstream of Columbus activity in Drosophila (Monger et al., 1982).  Chronic 

statin treatment during Drosophila development could thus cause toxicity and/or an 

hormonal imbalance, resulting in the observed developmental delay. 

Positive developmental effects were also observed.  Simvastatin at 0.5µM 

interestingly caused an increase in the pace and productivity of development to pupa 
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(Fig. 4.5B), but not to eclosion (Fig. 4.5C) relative to controls.  This could be related 

to metabolic effects of Columbus inhibition; given that AMP-kinase inactivates 

Columbus at low cellular ATP levels in Drosophila (Tschape et al., 2002), Columbus 

inhibition could possibly promote energy conserving pathways and encourage larval 

feeding behaviour.  Interestingly, 100µM curcumin also boosted development to 

pupa and adult (Fig. 4.6B &C).  This may be related to antioxidant effects of 

curcumin, which affects several transcription factors via modification of key reactive 

thiol groups on these molecules (Calabrese et al., 2008).  This may allow larvae to 

ingest more food in less time, thus providing them with a fitness advantage over 

untreated individuals.  Interestingly, such an effect was weaker or absent for 

curcumin at lower concentrations (Fig. 4.6B &C), possibly due to inefficient dietary 

absorption of the compound, as is observed in mammals (Rahman et al., 2006).  

Withaferin-A also subtly increased the number of eclosions at a concentration of 

1µM (Fig. 4.7C).  This was unexpected: withaferin-A disrupts the actin cytoskeleton 

via an interaction with annexin II, as described in cell culture (Falsey et al., 2006), 

and would be expected if anything to be detrimental to development.  It is possible 

that this concentration acts on other, un-characterised cellular targets in Drosophila. 

4.5.4 Chemical effects on larval locomotion 

Anticipated HSP-inducing chemicals generally had detrimental effects on larval 

locomotion in the assays used.  Despite this, a trend for a partial improvement of 

3Rtau meander and ethovision velocity in the open field was observed for 0.2µM 

AAG in DMSO (Fig. 4.8A &C).  This rescue trend was also seen for DMSO vehicle 

alone, however (Fig. 4.8A &C).  It is possible that DMSO itself modulates tau 

pathology, as DMSO can act as a chemical chaperone to modulate misfolding of 
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amyloidogenic proteins in cell culture (Tatzelt et al., 1996;Nagao et al., 2000), and 

has been observed to modulate microtubule structure in vitro (Himes et al., 1976).  

Further work could focus on the development of alternative functional/behavioural 

assays to confirm or refute the hypothesis that DMSO affects pathology in 3Rtau 

larvae. 

When DMSO was replaced with ethanol vehicle, 0.2µM 17-AAG conversely 

appeared to worsen these behavioural parameters (Fig. 4.8E &G).  As 17-AAG did 

not consistently induce hsp70 protein at this concentration (Fig. 4.15), its worsening 

effect on locomotion may be unrelated to HSF-1 induction.  17-AAG has a relatively 

polar, chemically labile structure (Appendix 4 Fig. A4.1), and could breakdown in 

ethanol solvent, altering its structure, bioavailability and/or function.  Alternatively, 

if it remains intact, 17-AAG – mediated Hsp90 inhibition during development may 

have deleterious consequences due to instability and/or degradation of numerous 

hsp90 client proteins, as was shown for geldanamycin in causing morphological 

defects in Drosophila (Rutherford and Lindquist, 1998).  This possibility also applies 

to radicicol, which caused a severe worsening of locomotion in both open field and 

lane crawling tests (Fig. 4.9), but failed to strongly induce hsp70 (Fig. 4.16).  A 

future assessment for possible morphological and/or functional deficits in motor 

neurons of larvae reared on these chemicals, with a focus on motor terminal 

morphology and/or electrophysiological function, should be undertaken. 

In cases where 3Rtau animals were more severely affected than OreR controls, such 

as lane crawling of larvae raised on 0.1µM and 1µM radicicol (Fig. 4.9B), this could 

be a compound effect of chemical-induced developmental toxicity combined with 

underlying morphological and functional motor terminal deficits present in 3Rtau 
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animals (Chee et al., 2005).  This could interact with, or occur independently of, 

hsp90 inhibitor effects on total tau levels (discussed below). 

Non hsp90 inhibitors also had detrimental effects on the measured locomotion 

parameters.  Celastrol worsened meander and ethovision velocity in OreR, and lane 

crawling ability in 3Rtau larvae, at 5µM (Fig. 4.10).  This concentration also caused 

a subtle developmental delay relative to untreated controls (Fig. 4.4).  Whereas low 

concentrations of celastrol induce HSP expression and can be cytoprotective in a 

neurodegenerative context (Allison et al., 2001;Zhang and Sarge, 2007), 

concentrations above 3µM exerted toxicity on differentiated human neurons in cell 

culture (Chow and Brown, 2007), leading to cell rounding and neurite loss.  It would 

be interesting to assess whether such morphological changes occur in treated larvae 

and, if so, whether they contribute to the observed detrimental locomotion effects.  

Such toxicity was associated in vitro with lower HSP induction (Chow and Brown, 

2007), and 5µM celastrol did not induce hsp70 protein in this study (Fig. 4.17). 

Similarly, simvastatin also worsened locomotion at the higher concentrations of 5µM 

and 50µM (Fig. 4.11).  This coincided with deleterious developmental effects (Fig. 

4.5B &C) that could be related to simvastatin induced cell death (Marz et al., 2007) 

in cells/tissues that contribute to locomotion.   

Interestingly, simvastatin was particularly detrimental to 3Rtau performance in the 5 

lane crawling assay at these concentrations.  This was a common theme in results of 

the screen; 3Rtau larvae were also significantly affected by 0.1µM radicicol (Fig. 

4.9B), 5µM celastrol (Fig. 4.10B) and 10µM curcumin (Fig. 4.12B) relative to OreR 

in this assay.  It is possible that a specific behavioural requirement of this assay, such 

as ability to detect the yeast stimulus and/or manoeuvre effectively in a constrained 
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space, is particularly sensitive to outside influence in 3Rtau larvae relative to controls.  

Whether this implies that a behavioural rescue would be easier to detect in this assay 

for 3Rtau larvae in future modulation screens is difficult to predict.  It is nevertheless 

interesting that 10µM curcumin specifically perturbed 3Rtau locomotion in this assay.  

This could be related to curcumin signalling effects during 3Rtau development, or to 

increased generation of reactive oxygen species in the presence of curcumin under 

some cellular stress conditions (Fang et al., 2005).  A negative effect on OreR 

locomotion was most evident for meander of larvae raised on 100µM curcumin (Fig. 

4.12A).  Given the developmental boost caused by this concentration for OreR 

animals (Fig. 4.6B &C), this suggests that curcumin may have had a very specific 

effect on tissues required for locomotion at this concentration.  Curcumin perturbs 

the function of the sarcoplasmic reticulum ATPase in rabbit skeletal muscle at 5-

30µM, for example (Sumbilla et al., 2002). Chronic treatment in this screen could 

allow a high dosage of curcumin to accumulate to such concentrations in a tissue-

specific manner, leading to an inhibition of neuronal and/or muscle excitability and 

defective locomotion.  In summary, HSP-inducing chemicals tended to disrupt wild-

type locomotion and/or exacerbate the 3Rtau locomotion deficit depending upon the 

concentration delivered to fly food, and particularly affected 3Rtau locomotion in the 

lane crawling assay. 

4.5.5 Lack of hsp70 protein induction in chemically-treated larvae 

Unexpectedly, none of the anticipated HSP-inducing chemicals caused a detectable 

increase in Drosophila hsp70 protein levels in larvae (Fig. 4.15 – 4.17 & Appendix 4 

Fig. A4.5 – A4.8).  17-AAG and radicicol were a possible exception to this when 

delivered to OreR larvae (Fig. A4.8), although increases in hsp70 band density were 



                                                                                                                         Chapter 4 

 192 

modest (~1.5 fold) and variable (see lack of increase in Fig. 4.15 &4.16).  This could 

be due to species differences between Drosophila and mammals, as HSP-inducing 

activities of most of the chemicals in this screen were characterised in mammalian 

cell models (Soti et al., 2005), and important differences in HSP-induction response 

between species have been noted (Chow and Brown, 2007).  Nevertheless, 17-AAG 

in fly food caused a 60-fold increase in hsp70 mRNA in larvae expressing a toxic 

polyQ disease protein (Fujikake et al., 2008), but mRNA levels in wild-type larvae 

were not assessed, nor were hsp70 protein levels measured in either genotype.  It is 

possible that 3Rtau animals do not display a similar level of hsp70 induction to that 

of polyQ larvae, and that the mRNA increase in the latter disease model is not 

reflected in wild-type larvae as it represents a co-induction effect that is dependent 

upon an underlying protein folding stress. 

Alternatively, 3Rtau larvae could induce hsp70 induction at the mRNA but not 

protein level: an increase in hsp70 mRNA was detected at the larval stage in another 

polyQ disease model, but hsp70 protein levels were not elevated until the pupal stage 

(Huen and Chan, 2005).  Although hsp70 protein is clearly elevated in heat shocked 

OreR larvae (e.g. Fig. 4.15), hsp70 mRNA levels are induced to a much greater 

extent after heat stress than is normally detected in a neurodegenerative context 

(Fujikake et al., 2008), and compare Fig. 2.8 with Fig. 4.2A).  It is thus possible that 

a ‘low level’ protein folding stress (relative to acute heat shock) in 3Rtau larvae is 

insufficient to increase hsp70 protein levels until after the onset of pupation.  These 

issues could be clarified via measurement of hsp70 mRNA levels in treated and 

untreated 3Rtau and OreR larvae, and via assessment of hsp70 protein levels in 

3Rtau pupae.  In this respect, it would also be interesting to assess hsp70 protein 
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levels at pupal stage for chemical-treated animals, particularly if an increase in hsp70 

mRNA is detected. 

4.5.6 Effect of hsp90 inhibitors on human tau levels in 3Rtau larvae 

A dose-dependent reduction of total human tau levels was detected in 3Rtau larvae 

treated with 17-AAG and radicicol (Fig. 4.15, 4.16 and Appendix 4 Fig. A4.9). This 

is a documented effect of hsp90 inhibition as it favours the formation of a chaperone 

complex that targets tau for degradation (see Fig. 4.1), and suggests that these 

chemicals were successfully delivered to the motor neuron system where 3R-tau is 

expressed. 

Given that 3R-tau expression and hyperphosphorylation is a prerequisite for motor 

neuron dysfunction and locomotor deficits in 3Rtau larvae (Mudher et al., 2004), it is 

interesting that these hsp90 inhibitors reduced total tau but were detrimental to 

locomotion (Fig. 4.8 & 4.9).  In a cell model of hereditary tauopathy, 17-AAG 

caused a 40% reduction in total tau levels, consistent with the 40% reduction caused 

by 20µM 17-AAG in this screen (Fig. 4.15C), but caused differential reduction of 

various tau phosphoisoforms (Dickey et al., 2006).  Whereas tau phosphorylated at 

S396/S404 (by proline directed kinases such as GSK-3β) was reduced by 77%, tau 

phosphorylated at S262/S356 (tauS262/S396-P, formed by non-proline directed 

kinases such as MARK kinase/Par-1) was reduced by only 30% (Dickey et al., 2006).  

Hsp90 inhibition (with 17-AAG or a small synthetic hsp90 inhibitor) also reduced 

the level of total and hyperphosphorylated human tau in a similar manner in 

humanised tau transgenic mice (Luo et al., 2007). Par-1 is an essential ‘initiator’ 

kinase for the sequential hyperphosphorylation of tau and neuronal toxicity in a 

Drosophila model of heritable tauopathy (Nishimura et al., 2004).  This suggests that, 
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if tauS262/S396-P (as is present in 3Rtau larvae, see Fig. 1.4A) is also relatively 

resistant to hsp90 complex – mediated degradation of wild-type human 3R-tau, a 

persistence of this modified tau species could account for the lack of a detectable 

ameliorative effect of hsp90 inhibition on defective 3Rtau larval locomotion.  Should 

this be the case, a smaller reduction in tauS262/S396-P (detected with 12E8 antibody, 

Fig. 1.4A) would be expected compared to the 60% reduction in total tau.  In this 

context, a closer correlation between the levels of tauS262/S396-P and the severity of 

the locomotion phenotype might also be expected, as opposed to other phospho-

isoforms (Fig. 1.4A) that, when reduced by hsp90 inhibition, do not rescue the 3Rtau 

mutant phenotype. 

Another possibility is that total tau levels are reduced due to gross neuronal cell loss, 

caused by the possible deleterious developmental effects of hsp90 inhibition 

considered above.  If this were true, indiscriminate loss of various tau isoforms and 

TUNEL-positive nuclear fragmentation/cell death markers would be detectable in the 

nervous system of 3Rtau larvae. 

4.5.7 Conclusions 

With the exception of a slight increase in dHdj1 levels, 3Rtau larvae do not exhibit a 

baseline HSP induction response at the mRNA level.  Chemicals that show in vitro 

HSP-inducing activity are generally well tolerated by wild-type Drosophila but do 

not result in a robust elevation of hsp70 protein and, at some concentrations, are 

detrimental to locomotion behaviour in larvae.  Future work should focus on 

neuronal morphology/cell death and an analysis of HSP mRNA levels in chemical 

treated larvae, in order to assess for chemical-mediated developmental toxicity and 

any initial HSP-induction response.  As hsp70 protein isn’t induced in 3Rtau larvae 
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using a range of HSP inducing chemicals, the choice of an L3 larval-stage model to 

assess interactions of HSPs with 3R-tau pathological events may have to be revised, 

or alternative modes of HSP elevation sought.  Hsp90 inhibition leads to a dose-

dependent reduction in total tau levels but to no detectable functional rescue effect.  

Changes in tau protein levels should be further investigated with regard to the 

balance of key toxic phospho-tau isoforms in this model.  This could shed light on 

key hurdles to be overcome if hsp90 inhibition is to meet its potential as a therapeutic 

strategy in human tauopathy. 
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5. Genetic Overexpression of Hsp70 Following Hypoxic 

Stress in a Drosophila Model of Tauopathy  

5.1 Introduction 

Results of the chemical HSP-induction screen described in Chapter 4 suggest that 

several HSP-inducing chemicals fail to rescue, and instead tend to exacerbate, the 

3Rtau larval locomotion phenotype.  These findings do not establish whether 

chemicals have a subtle and/or tissue-specific HSP inducing effect that worsens the 

observed behavioural phenotype, or whether they have acute or developmental side 

effects that worsen larval locomotion in this model (see discussion to Chapter 4).  If 

HSPs were induced, chemical side effects could obscure their true effect.  As tau 

accumulates and misfolds in 3Rtau larvae (Fig. 1.4) but hsp70 mRNA is not 

detectably induced (Fig. 4.2), it is even possible that there is a pathological block on 

hsp70 induction in this disease model.  Alternatively, the fast pace and short duration 

of tau pathology up to the larval stage may not allow enough time to induce hsp70 

expression, even after the application of HSP-inducing chemicals. One way to 

address these uncertainties, which preclude any definite conclusion about the role of 

HSPs in relation to tau pathology, is to genetically induce HSP expression 

specifically within the nervous system. 

Important questions to consider regarding this approach include the choice of HSP to 

be elevated, and which of several genetic tools to utilise for its delivery in 

Drosophila.  As the best-described molecular chaperone with important protein 

folding and disaggregating functions at numerous sites within the cell, hsp70 is  
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commonly delivered to animal models to investigate the role of these pathological 

processes in neurodegeneration (Auluck et al., 2002;Adachi et al., 2003;Dou et al., 

2003;Hay et al., 2004).   As described above in sections 1.8.4 and 4.1, hsp70 has also 

been specifically linked with the degradation of hyperphosphorylated tau, the 

solubilisation of tau aggregates, and even the interaction of tau with MTs (Dou et al., 

2003;Petrucelli et al., 2004;Sahara et al., 2007).  This suggests that hsp70 may be a 

good candidate HSP for modulation of tau-mediated phenotypes when overexpressed 

in vivo. 

The UAS-GAL4 transgenic expression system is the method of choice for targeting 

transgene expression to particular tissues in Drosophila (Brand and Perrimon, 1993), 

Appendix 1 Fig. A1.8). One option is to produce or utilise a Drosophila line in which 

either a human hsp70 gene, or an extra copy of an endogenous Drosophila hsp70 

gene, has been inserted downstream of a UAS sequence at a random site within the 

fly genome.  UAS-hsp70 lines have been used in this manner in Drosophila, be it 

with a human (Warrick et al., 1999) or endogenous Drosophila hsp70 (Xiao et al., 

2007).  Although hsp70 is commonly induced from early development in these 

studies, conditional GAL4-UAS systems have been developed for tissue-specific 

transgene expression to be induced by temperature shift (Gal80
ts
 system, described in 

(McGuire et al., 2003), or feeding of an activator chemical to flies (GeneSwitch, 

described in (Nicholson et al., 2008).  These systems are ideal for locally and 

temporally controlled induction of a transgene in isolation, but suffer from their own 

limitations, such as the possibility of introducing further undesired side effects of 

temperature shift or chemical treatment.  This is also true of an alternative 

tertracyline inducible system, for which only a limited number of tetO-responsive 
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transgenes have been described to date (Stebbins and Yin, 2001). 

Offering an alternative approach for conditional tissue-specific hsp70 expression in 

Drosophila, a line in which a UAS sequence is inserted upstream of an endogenous 

hsp70 gene has been described (Azad et al., 2009).  Interestingly, this line showed 

GAL4-dependent tissue specific overexpression of hsp70 in adult flies (Fig. 5.1), but 

only after an episode of external hypoxic stress.  As this induction effect is not 

observed at a later time point following hypoxia (Azad et al., 2009), it may represent 

a GAL4-dependent ‘co-activation’ of the hsp70 gene during hypoxia, possibly due to 

regulation of gene expression by the closely-situated endogenous hsp70 promoter 

(Fig. 5.1B).  Pan-cellular expression of hsp70 has a long term beneficial effect on 

Drosophila adult survival during extended hypoxia (Fig. 5.1D), and appears to do so 

in a tissue specific manner when expressed in heart and brain (Fig. 5.1E).  This 

suggests that the UAS has retained GAL4-dependent overexpression capability in 

this line, but that the hsp70 promoter may require additional stress events for 

detectable transcriptional induction of the gene.  Hypoxia, like HS- and chemical-

dependent conditional GAL4 systems, will have widespread effects in flies that 

complicate the interpretation of effects on the disease model phenotype.  Despite this 

disadvantage, some of the effects of hypoxia are likely to be relevant the course of 

tau-mediated pathology in human disease (described below). 

The above UAS line is primarily of interest as it offers a potential means of tissue 

specific hsp70 expression in the 3Rtau model.  In addition to this, overexpression of 

hsp70 following an external stress that is relevant to the course of neurodegeneration 

(given links between neurodegeneration and environmental factors considered in
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section 1.8.2) may offer more insight into the role of hsp70 during isolated episodes 

of particular HSP demand.  Hypoxia, as an acute stress that has been linked with both 

amyloid plaque and tau-related pathology in AD models (Zhang and Le, 2010), has 

parallels with periods of cerebral ischemia, in which a cessation of blood supply to 

the brain results in an acute deficit in oxygen and other metabolic requirements, 

followed by progressive cell death within and around the afflicted region (Sims and 

Muyderman, 2010).  Ischemic episodes were associated with an increased likelihood 

of developing dementia after cerebral infarction in aged human patients (Schneider et 

al., 2003).  An Alz-50 immunopositive, AD-related misfolded tau epitope 

accumulates into cytoplasmic granules around infarction regions in human cerebral 

cortex (Ikeda et al., 2000), and tau is hyperphosphorylated and forms sarkosyl-

insoluble filaments after transient cerebral ischemia in rodents (Wen et al., 2004).  

This data suggests that hypoxia is a relevant environmental stress to AD and 

tauopathy.  As the UAS-hsp70 line described above (Fig. 5.1) was characterised at 

the adult fly stage in relation to hypoxia, it is rapidly applicable to investigation of 

how aged 3R-tau expressing adult flies may respond to hypoxia with/without an 

artificially elevated hsp70 response after this type of environmental stress. 

5.2 Aim 

The aim of this study was to introduce the UAS-hsp70 and UAS-3R-tau bearing 

transgenic chromosomes into the same double transgenic line.  In a preliminary test 

for the co-overexpression of hsp70 and 3R-tau in this line, post-hypoxic behaviour 

and survival of adult flies expressing 3R-tau in the nervous system was to be tested, 

and whether this is modulated by hsp70 expression in this model. 
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5.3 Materials and Methods 

5.3.1 Generation of double transgenic Drosophila harbouring both UAS-3Rtau 

and UAS-hsp70 transgenes 

Starting stocks for the genetic combination of UAS-3Rtau and UAS-hsp70 

transgenes in the same fly are shown in Fig. 5.2.  Stock 1 were UAS-0N3Rtau 

homozygous flies, as utilised in Chapters 3 &4 and previously described (Williams et 

al., 2000;Mudher et al., 2004).  The full genotype of this line, listed as stock 181 in 

the Bloomington stock centre, is as follows: y[1]w[1118]; P{UAS-MAPT.A}59A.  

Stock 2 were flies with a UAS transgene cassette inserted upstream of the 

endogenous Drosophila hsp70 gene, hsp70Bbb on chromosome 3 (Fig. 5.1,(Azad et 

al., 2009).  The full genotype of this line, listed as stock 7349 in the Bloomington 

stock centre, is as follows: y[1] w[67c23]; P{y[+t7.7]=Mae-

UAS.6.11}Hsp70Bbb[UY2168].  Stock 3 were a four-way balancer line, 

Bloomington stock number 3703, with the following complete genotype: 

w[1118]/Dp(1;Y)y[+]; CyO/nub[1] b[1] noc[Sco] lt[1] stw[3]; MKRS/TM6B, Tb[1].  

This stock possesses a dominant mutation giving rise to a visible, easily identifiable 

morphological trait on each balanced copy of chromosomes 2 and 3 (four different 

markers in total: CyO, curly, mutants with abnormally curled wings; Sco, scutoid, 

mutants with fewer than four bristles emerging from the scutellum, Stb, stubby, 

mutants with abnormally short, fat bristles; Tb, tubby, mutants with abnormally short 

body length at larval and pupal stage). 

The mating scheme used to generate double transgenics is shown in Fig. 5.2 and is 

described in further detail below.  
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In step A of the mating scheme, 30 UAS-3R-tau virgin females were crossed with 10 

balancer stock males.  From this cross, only adult progeny that were both stubby and 

curly were selected for the next step.  In parallel with this, step B consisted of 

crossing 30 UAS-hsp70 virgin females with 10 balancer stock males.  Of the progeny 

from this cross, only tubby pupae giving rise to stubby adults were selected.  In step  

 

Fig. 5.2 Drosophila mating scheme for generation of UAS-hsp70/3RT double 

transgenics.  Initial stocks for use in the scheme were UAS-3R-tau homozygotes (1), UAS-hsp70 

homozygotes (2) and the 4-way balancer stock 3703 (3).  Bloomington stock codes are shown in green.  

Dominant mutations on balancer chromosomes giving rise to visible marker traits are shown in blue.  

CyO – curlyO, Sco – scutoid, Stb – stubby, Tb – tubby.  Stocks 1 (Step A) and stock 2 (Step B) were 

each crossed to balancer stock 3.  Of the progeny from this cross, flies carrying mutually exclusive 

balancers were crossed together (Step C).  Finally, progeny from this cross carrying Sco and Stb 

markers over UAS-3R-tau and UAS-hsp70 respectively were selected and crossed to like siblings in 

single pair matings (Step D).  Progeny of these crosses were double transgenic individuals possessing 

at least one copy of both UAS-3R-tau and UAS-hsp70.  A subset of these progeny were double 

homozygotes lacking both the Sco and Stb markers, and these were propagated as a permanent double 

transgenic stock. 
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C of the scheme, at least 10 selected progeny from steps 1 and 2 were crossed with 

each other.  Non-tubby pupae from this cross were collected into individual vials. 

Adults eclosing from these pupae were selected if they were non-curly, stubby and 

scutoid.  Finally, in step D, these individuals were single-pair mated with siblings of 

the same genotype.  This gave rise to progeny possessing copies of both UAS 

transgenes in the same genome – individuals lacking any of the visible markers 

described above were collected as double homozygotes (Fig. 5.2) into a separate 

stock. 

5.3.2 Induction of transgenic 3R-tau and endogenous hsp70 overexpression in 

the Drosophila nervous system 

In order to activate expression and confirm the presence of the UAS transgenes 

present in the Drosophila genome in single and double transgenic lines, these were 

crossed to a GAL4 driver line.  UAS-3Rtau, UAS-hsp70 and UAS-3Rtau/UAS-

hsp70 (double transgenic) virgin females were crossed with elav-GAL4 pan-neuronal 

driver  (Yao and White, 1994) male flies, as described for HttEx1-polyQ lines above 

(section 2.3.1).  Crosses were conducted at 23
o
C on standard food medium 

(Appendix A1.2).  Parent flies were removed from cross vials after five days.  

Progeny from elav-GAL4 crosses that express the transgene throughout the nervous 

system are referred to as 3Rtau adults, hsp70/3Rtau adults or hsp70 adults below.  

‘3Rtau adults’, driven with elav-GAL4, are to be differentiated from ‘3Rtau larvae’, 

driven with D42-GAL4 (Fig. 1.4 and Chapters 2-4). 

5.3.3 Application of hypoxia to 3Rtau and Hsp70 transgenic flies 

In order to apply hypoxic stress to induce UAS-hsp70 expression by a method that  

has been described previously (Azad et al., 2009), progeny from transgenic crosses to 
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the elav-GAL4 driver (Fig. 5.3A, section 5.3.2) were allowed to develop to adult 

stage.  Upon eclosion, newly emerged adults were removed from the cross vial and 

transferred to a fresh vial for aging.  Two populations of adult flies falling into two 

age groups were subjected to hypoxia in order to test whether hsp70 expression may 

affect the response of adult flies to hypoxia in an age-dependent manner.  After ten 

days, 3Rtau adult and hsp70/3Rtau adult progeny were separated into two 

populations by age – ‘young’ adults 1-6d old, and ‘mature’ adults 7-10d old (Fig. 

5.3B).  No separation by age was carried out for the hsp70 adult progeny due to an 

insufficient number of aged adults.  Prior to heat shock, adults from each group were 

split into 2 separate vials and allowed to acclimatise to these vials for 1h under 

normal conditions.  For hypoxia, one group of vials were transferred to an oxygen 

level controlled incubator and maintained at 1% O2 levels and 23-24
o
C for 2.5h (Fig. 

5.3C).  Meanwhile, the other vial for each cross/age group, serving as control, was 

kept at normal atmospheric oxygen levels (21% O2) at 23
o
C for the duration of the 

treatment (Fig. 5.3C).  Both hypoxia treated and control fly vials were kept in 

darkness for the 2.5h duration of hypoxia treatment.  At the end of the 2.5h hypoxia, 

all vials were collected together under normal environmental conditions for analysis 

of behavioural response and survivals. 
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Fig. 5.3 Experimental design to analyse UAS-hsp70/3Rtau response to hypoxia.  

(A) UAS-hsp70/3Rtau transgenics (cross 3), and the UAS-hsp70 and UAS-3R-tau parent lines 

(crosses 1 &2), were each crossed to the pan-neuronal elav-GAL4 driver line.  Progeny expressing 

transgenes in the nervous system were aged and grouped into 1-6d old (a) and 7-10d old (b) adult fly 

cohorts.  (C) For hypoxia, flies of each genotype/age group were separated into ‘+ hypoxia’ and ‘–

hypoxia’ treatment groups and housed in test vials for 60min under normal conditions.  Vials for 

hypoxia treatment were then transferred to an incubator stably controlled at 1% O2 levels for 2.5h, 

while negative controls were kept under normal environmental conditions for the same time period. 

(D) Following hypoxia, flies were subjected to climbing behavioural analysis and scored for survival 

rate, prior to freezing of adults for subsequent molecular analysis. 

5.3.4 Analysis of acute behavioural response and survival following hypoxia 

Immediately following hypoxia, all adult flies were inspected visually for 

climbing/flying activity within vials.  After 3min, vials containing treated individuals 

and controls were tapped gently to the bench top, and the percentage of flies having 

reached the top of the vial within 5s after the tap was counted.  This tap test was 

repeated 5min, 7min, 10min, 15min and 20min after the end of hypoxia.  Following 

the final tap test, any flies that remained completely immobile at the bottom of the 

vial were classified as dead and quantified.  All surviving flies were anaesthetised 

with CO2 gas and snap frozen in liquid nitrogen within 30min from the end of 

hypoxia.  Frozen adults were subsequently stored at -80
o
C. 
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5.3.5 Western blotting to detect tau and hsp70 levels from adult nervous tissue 

Frozen adult flies were thawed briefly and immediately decapitated with a razor 

blade on a cooled, de-contaminated glass surface.  Six fly heads for each 

treatment/age group (shown in Fig. 5.3C) were suspended in 60µl of adult fly 

homogenisation buffer (150mM NaCl, 50mM MES, 1% triton-X, 1% SDS, x1 Roche 

protease inhibitor cocktail).  Heads were physically homogenised with a plastic 

pestle and then centrifuged at 5000g for 5min.  The SN was removed to a fresh tube 

and mixed with an equal volume of x2 protein sample buffer (section 2.3.4), boiled at 

100
o
C for 5min, and stored at -20

o
C until use.  20µl of fly head homogenate for each 

sample was loaded into a 1.5ml polyacrylamide gel (Appendix A1.6).  For a positive 

control, OreR wildtype Drosophila adults were exposed to a temperature of 36
o
C for 

1h, allowed to recover at 23
o
C for 1h, and then snap frozen in liquid nitrogen prior to 

homogenisation of head tissue as outlined above.  Due to the anticipated high level 

expression of hsp70 in heat shocked adults, only 10µl of positive control homogenate 

was loaded into the gel.  SDS-PAGE and western blotting to nitrocellulose 

membrane was carried out as described in section 2.3.4.  Following transfer, the blot 

was analysed with Ponceau-S stain and blocked as outlined in section 4.3.6.  The blot 

was then sequentially incubated with anti-Drosophila Hsp70 (d-40, Santa Cruz 

Biotech, at 1/600), anti Drosophila kinesin (AKIN01, Cytoskeleton, at 1/5000) and 

anti human tau (A0024 rabbit polyclonal, DAKO, at 1/15 000) antibodies prior to 

visualisation of protein bands by ECL, as described in section 4.3.6. 
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5.4 Results 

5.4.1 Endogenous hsp70 is overexpressed in the nervous system following 

hypoxia in UAS-hsp70;3R-tau/elav-GAL4 adult Drosophila 

In order to analyse any possible effect of hsp70 overexpression in the context of tau 

pathology following hypoxic stress, the UAS-3R-tau line was genetically combined 

with UAS-hsp70 flies, which harbour a GAL4 - responsive UAS insert upstream of 

the endogenous Drosophila hsp70Bbb gene (Azad et al., 2009), Fig. 5.1A).  

Combination of the two lines was expected to yield a double transgenic UAS-

hsp70/3Rtau stock (Fig. 5.2).  Visual markers on balancer chromosomes segregated 

as expected at each stage of the genetic mating scheme (Fig. 5.2), and final suspected 

double transgenic progeny possess both red eyes and a darkly pigmented body 

pattern, consistent with the presence of both the UAS-3R-tau (delivering the white 

marker) and the UAS-hsp70 (delivering the yellow marker, Fig. 5.1B) transgenes in 

the same fly on a yw mutant background.  To confirm the presence of the transgenes 

and assert GAL4-dependent activation of the UAS in each case, the levels of 3R-tau 

and hsp70 expression were next assessed under conditions expected to result in 

transgene activity.  Adults, rather than larvae as in Chapters 2-5 were analysed due to 

time constraints.  An established protocol exists for hsp70 induction from the UAS-

hsp70 transgene after hypoxia in adult flies, (Azad et al., 2009), whereas this is not 

currently the case for larvae.  Further preliminary work is required to establish 

correct hypoxic conditions/duration for this effect in larvae. 

It was shown previously that short term hypoxia causes a 2-fold induction of hsp70 

mRNA in wild-type adult Drosophila that rises to a more than 7-fold induction in 
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UAS-hsp70 adult flies (Fig. 5.1C,(Azad et al., 2009).  In order to begin to establish 

whether this is recapitulated at the protein level and test for successful 

overexpression of Drosophila hsp70 and human 3R-tau in the same fly, double and 

single transgenic parent lines were crossed with the pan-neuronal elav-GAL4 driver 

(Yao and White, 1994), and adult fly heads processed for analysis of Drosophila 

hsp70 and human tau levels by western blotting.  Isolated heads are commonly used 

as a means to enrich for nervous tissue in adult Drosophila (Wolfgang et al., 

2005;Cowan et al., 2010). 

When the blot was probed with anti-Drosophila hsp70 antibody (d-40) in a single 

experiment comparing pooled nervous tissue from 12 adults per genotype, a 

suspected hsp70 band was visible at ~70KDa that was stronger in hsp70/3Rtau and 

hsp70 adults after hypoxia (Appendix 5 Fig. A5.1A, and interpretation in Appendix 

A5.2).  This result is currently inconclusive, however, due to a large amount of 

background staining caused by a dirty primary antibody (Fig. 5.1A), and by the semi-

quantitative nature of band comparisons from a single western blot.  The result 

therefore requires verification, possibly by repeating the experiment with a different 

anti-hsp70 antibody that has recently become available (7FB clone, further discussed 

in Appendix A5.2).   

As in the case of 3Rtau larvae driven with D42-GAL4 (Fig. 3.2 and Fig. 4.12), 

human tau protein is detectable from the heads of 3Rtau adults driven with elav-

GAL4 (Appendix 5 Fig. A5.1B, lanes 2 &6).  Human 3Rtau is also detectable from 

hsp70/3Rtau adult tissue (Fig. A5.1B, lanes 3 &7), confirming that the UAS-3R-tau 

transgene is present and active in the double transgenic line.   
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5.4.2 Hsp70 overexpression ameliorates 3R-tau – induced vulnerability to 

hypoxic stress in the nervous system 

As the analysis of hsp70 protein levels in 3Rtau and hsp70/3Rtau adults following 

hypoxia was inconclusive (section 5.4.1 and Appendix 5), the behavioural response 

of transgenic adults to hypoxic insult was also assessed to see if this is altered in 

suspected double transgenic adults in a way that is consistent with hsp70 

overexpression. 

Adult tap test response. Immediately following several minutes of anoxia or severe 

hypoxia, normal Drosophila adults display a brief period of inactivity termed a ‘post-

hypoxic stupor’, in which they do not climb or fly for a variable length of time 

related to the duration and severity of the prior hypoxic insult (Haddad et al., 1997).  

In order to test for any possible behavioural effects of neuronal 3R-tau and 

endogenous hsp70 overexpression in the nervous system following hypoxia, adult 

flies were subjected to a simple test for climbing ability in vials immediately 

following the application of hypoxic stress (Fig. 5.2).  As described above (section 

1.7.4), locomotion ability of Drosophila adults can be easily gauged in a simple vial 

tap test, which has been used to quantify behavioural defects in several disease 

models (Pendleton et al., 2002;Sherwood et al., 2004).  The climbing ability of 3Rtau 

adults after being tapped to the bottom of their vial was compared to that of 

hsp70/3Rtau adults in a single preliminary experiment.  In the first 20min following 

hypoxia, 3Rtau adults clearly show a defective climbing response in the 5s following 

a vial tap relative to OreR wild-type laboratory strain controls.  Whereas 85% of 

OreR adults reach the top of the vial following a tap 5min after hypoxia, and 100% 

reach the top after 10min, not a single 3Rtau adult reach the top of the vial after 5min, 
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and only 13% reach the top after 10min (Fig. 5.4A, n=26 adults for OreR in red and 

n=40 adults for 3Rtau in black). 

Interestingly, the behavioural response of hsp70/3Rtau adults, which also express 

human 3R-tau in the nervous system (Fig. A5.1B), appears to be less severe than that 

of the 3Rtau single transgenics (Fig. 5.4A, data in blue).  This is particularly 

noticeable 5min after hypoxia, when 44% of hsp70/3Rtau adults reach the top of the 

vial following a tap (Fig. 5.4A, n=43 adults).  After 20min, 81% of hsp70/3Rtau 

adults reach the top, which represents an approximately 5–fold increase relative to 

3Rtau adults at this time point (Fig. 5.4A).  hsp70 single transgenic adults do not in 

themselves display an altered behavioural response to hypoxia, although they do 

show a slightly slower recovery than OreR controls in the first 7min following 

hypoxia (Fig. 5.4A, data in green, n=23 hsp70 adults).  Overall, 3R-tau expression in 

the nervous system results in a slower recovery in climbing response following 

hypoxia, and this vulnerability to hypoxic assault appears from this preliminary test 

to be partially rescued by neuronal hsp70 overexpression.  Although this is a single 

experiment that requires verification with a second hypoxia experiment and 

independent transgenic crosses, the large difference between the response of 

hsp70/3Rtau and 3Rtau lines to hypoxia adds confidence to this being a genuine 

rescue effect. 
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Fig. 5.4 3Rtau adults show defective climbing ability after hypoxia that is 

ameliorated by hsp70 overexpression. 

All adults were driven with the pan-neuronal elav driver. (A) Climbing response after vial tap at the 

indicated time points following hypoxia (2.5h at 1% O2).  OreR wild-type in red, 3RT – 3Rtau adults 

in black, H70/3RT – Hsp70/3Rtau adults in blue, H70 – hsp70 adults in green. Adults were 1-6d old at 

the time of testing. n numbers indicate the total number of adults tested for each sample.  (B) 

Climbing response at the indicated time after hypoxia of young (1-6d old, data reproduced from panel 

A for comparison) or mature (7-10d old) adults of the indicated transgenic genotype. 3RT (black and 

brown) and H70/3RT (blue and pink) performance is shown. n numbers indicate the number of adults 

tested for each age group. 
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Age dependence of the hypoxic response. As neurodegeneration in tauopathy is age-

dependent (Iqbal et al., 2009) and numerous animal models of tauopathy describe 

age-dependent phenotypes (Ishihara et al., 1999;Wittmann et al., 2001;Polydoro et al., 

2009), 3Rtau and hsp70/3Rtau adults were separated into 2 age groups, and the 

climbing response of more ‘mature’ flies (7-10d old) compared to that of ‘young’ 

adults (1-6d old, data as in Fig. 5.4A).  Mature 7-10d old 3Rtau adults appear to be 

more severely affected by hypoxia than young 1-6d old 3Rtau adult flies (Fig. 5.4B, 

data in brown).  No mature 3Rtau adults reach the top of the vial following a tap 

7min post hypoxia, whereas 10% of young 3Rtau adults reach the top (Fig. 5.4B, 

young 3Rtau data in black, n=40 adults for each age group).  Although few 3Rtau 

adults of either age group reach the top of the vial after 7min, a difference was also 

noted after 15min, when 25% of young but only 13% of mature 3Rtau adults reach 

the top of the vial (Fig. 5.4B).  Mature hsp70/3Rtau adults display a more rapid 

recovery in climbing response to vial tap than mature 3Rtau adults, particularly in the 

first few minutes after hypoxia.  After 3, 5 and 7min for mature hsp70/3Rtau, 5%, 

24% and 33% of adults reach the top of the vial, time points when none of the 3Rtau 

single transgenic adults reach the top (Fig. 5.4B, hsp70/3Rtau data in purple, n=43 

adults for each age group).  At 10min after hypoxia, the relative improvement in 

climbing response in hsp70/3Rtau flies compared to 3Rtau is similar for both age 

groups of flies (5-fold more hsp70/3Rtau flies reach the top of the vial than 3Rtau 

adults).  After 15 and 20min, however, the relative improvement in climbing 

response is greater in mature adults than in the young cohort of flies (5-fold and 4-

fold improvement for mature hsp70/3Rtau flies at 15 and 20min respectively, 

compared to 3.5-fold and 2.5-fold increases for young hsp70/3Rtau flies at these time  
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points).  In summary, these preliminary results suggest that hsp70/3Rtau flies display 

a quicker recovery in climbing response than 3Rtau flies in the few minutes 

following hypoxia.  It is possible that this improvement may be greater in the mature 

7-10d age group than in young 1-6d old flies 15min or 20min after hypoxia, although 

the experiment needs to be repeated to confirm this. 

Hypoxia-induced fatality. The behavioural analysis was terminated 20min after 

hypoxia in this experiment to freeze flies for western blotting to probe for hsp70 and 

tau protein (Appendix 5 Fig. A5.1).  At this time point, several 3Rtau adults, 

particularly from the mature 7-10d old cohort, remained completely immobile at the 

bottom of the vial.  When this was the case even after repeated tapping of the vial 

and adults did not show a normal erect ‘standing’ posture, these individuals were 

classified as being dead, quantified and excluded from molecular analyses.  Fewer 

hsp70/3Rtau flies succumbed to hypoxia in this manner, as none were found to be 

dead 20min after hypoxia, in contrast with 5% of 3Rtau single transgenic adults (Fig. 

5.5, n=40 adults for 3Rtau in black and n=43 adults for hsp70/3Rtau in blue).  

Fatality was more extensive for mature 3Rtau flies (30%, brown bar), whereas 

mature hsp70/3Rtau flies again showed 0% mortality (Fig. 5.5, purple bar).  This 

preliminary result indicates that chronic expression of 3Rtau in the nervous system 

renders adult flies susceptible to hypoxia-induced death in an age dependent manner, 

and that hsp70/3Rtau flies, although also expressing 3Rtau (Appendix 5 Fig. A5.1B), 

do not display such susceptibility up until at least one week of age.  Once again, this 

effect should be verified in a further, independent experiment. 



                                                                                                                         Chapter 5 

 215 

 

Fig. 5.5  Increased mortality of 3Rtau adults after hypoxia is prevented by 

hsp70 overexpression.  All adults were driven with the pan-neuronal elav driver. (C) Percentage 

mortality of young (1-6d) or mature (7-10d) adults of genotype 3RT (3Rtau, black and brown) and 

H70/3RT (Hsp70/3Rtau, blue and pink) 20min after the end of hypoxia. n numbers indicate the 

number of adults analysed for each age group.  Where none of the adults died, a ‘0’ is indicated above 

a narrow bar shown for clarity. 

5.5 Discussion 

5.5.1 Behavioural response and survival of 3Rtau transgenics after hypoxia 

The results of the preliminary behavioural analysis in this study appear to confirm 

that severe hypoxia induces a period of inactivity in adult Drosophila that lasts for 

several minutes after the cessation of hypoxic stress.  This period, which has been 

termed a ‘post-hypoxic stupor’, has been shown to have a neurological basis (Haddad 

et al., 1997).  During and immediately after transient anoxia, electrophysiological 

stimulation of adult Drosophila giant fibre neurons no longer gives rise to a short 

latency response in the dorsal longitudinal muscle, as is the case in normal animals 

under unstressed conditions (Ma et al., 2001).  Whereas there is a recovery in this 

response in normal adults following the end of anoxia, the hypnos-2 mutant 

(described below) displays a longer recovery time from anoxic stress, which appears 

to be similar to that seen in 3Rtau adults after hypoxia in this study (Fig. 5.4A).    
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Although the climbing ability of adult 3Rtau flies under non-hypoxic conditions was 

not assessed in this experiment, previous work has shown that 3Rtau adult flies do 

not display significantly worse climbing ability than OreR controls up until one week 

of age (M. Sealey, unpublished observations).  This indicates that the poor climbing 

ability observed in this study is, indeed, the result of an interaction between 

underlying tau pathology and the acute neuronal effects of severe hypoxia. 

The hypnos-2 line has a loss of function mutation in a brain-specific mRNA editing 

enzyme that leads to alterations in several ion channels, such as the Na
+
 ion channel 

para and the Ca
2+

 ion channel Dmca1a (Ma et al., 2001).  Synaptic dysfunction in 

this mutant may synergise with the acute neuronal effects of severe hypoxia, such as 

misfolding of functionally important synaptic proteins, and dysfunction of 

mitochondria and membrane ion channels, giving rise to the observed impediment in 

neuronal excitability and behavioural response in hypnos-2 adults exposed to 

hypoxic stress (Haddad et al., 1997;Ma et al., 2001).  As synaptic dysfunction after 

high frequency stimulation has also been demonstrated in 3Rtau Drosophila larvae 

(Chee et al., 2005) and Fig. 1.4F &G), a similar susceptibility to stress-induced 

synaptic dysfunction could account for the increased susceptibility of 3Rtau adults to 

reduced climbing ability after hypoxia.  In this respect, a stressful stimulus has 

uncovered an additional phenotype in 3Rtau larvae, as did tetanic stimulation of 

larval nerve in this 3Rtau model (Chee et al., 2005), and as did acute HS in 

HttEx1Q93 larvae earlier in these studies (Fig. 2.8). 

As UAS-3Rtau adults show some sign of recovery from post hypoxic stupor over the 

20min time course of analysis (Fig. 5.4A), and due to the short time scale over which 

the analysis was carried out, the observed deficit relative to wild-type animals is 
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unlikely to be explained by hypoxia induced neuronal death.  It is possible that 

existing neuronal loss in the 3Rtau adult CNS, if present, may contribute to the 

susceptibility of these animals to the acute effects of hypoxia.  In this respect, it is 

interesting to note that hypnos-2 mutant shows extensive cell loss in the CNS at 35 

days of age (Ma et al., 2001), although recovery time from anoxia was not assessed 

at this age.  As 3Rtau adults also showed an age-dependent decrease in climbing 

ability following hypoxia (Fig. 5.4B), it would be interesting to assess whether this 

age group exhibits cell death in the CNS.  Prior cell death may also account for why 

some older 3Rtau adults were killed by hypoxia (Fig. 5.5, brown bar).  Although this 

could also be explained by effects of hypoxia on other essential peripheral tissues in 

generally weaker 3Rtau adults, neuronal dysfunction during hypoxia may have more 

severe effects in a nervous system that has already been subject to substantial levels 

of cell death.  Extension of future behavioural analyses beyond 20min post hypoxia 

would also be beneficial in establishing whether 3Rtau larvae regain full motor 

function after hypoxia, and whether any additional hypoxia-induced cell death occurs 

on a longer time scale following application of the stress. 

Another, non-mutually exclusive explanation for this apparent age-dependent 

behavioural phenotype in 3Rtau adults is that progressive misfolding of 3R-tau may 

render neurons more susceptible to the acute hypoxic perturbation of protein folding 

and quality control machineries in aged animals.  The observation that the delayed 

recovery in climbing response after hypoxia is potently rescued in mature 7-10d old 

hsp70/3Rtau adults relative to 3Rtau adults is consistent with the notion that hsp70 is 

overexpressed in the double transgenics and protects against such effects.  Although 

western blot analysis of hsp70 protein after hypoxia did not rule out the possibility of 
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reduced protein aggregation and an increase in hsp70 protein levels in hsp70/3Rtau 

flies versus 3Rtau adults, the result was inconclusive (Fig. A5.1 and Appendix 5.2) 

and awaits verification.  Further information about age-dependent progression of tau 

misfolding and/or aggregation in the adult CNS is also required to shed further light 

on the likely significance of this mechanism in aged 3Rtau adults. 

Increased hsp70 levels have also been shown to act directly in the presynaptic 

compartment during heat stress, facilitating synaptic plasticity and maintaining 

normal locomotion behaviour in Drosophila larvae subjected to HS (Xiao et al., 

2007).  Although, even under the influence of UAS-GAL4 gene activation, the 

relative amount of hsp70 induction is likely to be smaller after hypoxia than after HS, 

this is another mechanism by which an acute boost in hsp70 levels may protect 

neuronal function, allowing a more rapid recovery in climbing ability and lowering 

mortality amidst underlying synaptic dysfunction in 3Rtau flies. 

In summary, this is an encouraging preliminary result consistent with hsp70 

induction after hypoxia in hsp70/3Rtau adult flies, and should be repeated.  The 

behavioural response of adults not exposed to hypoxia should be tested in order to 

confirm that the observed effect in hsp70/3Rtau flies is indeed dependent upon prior 

hypoxic stress. 

5.5.2 Conclusions 

Preliminary results from this study indicate that Drosophila adults expressing 3R-tau 

in the nervous system show a compromised behavioural response to transient severe 

hypoxia that is rescued by likely stress-dependent overexpression of hsp70 in the 

nervous system.  Despite this, hsp70 levels have yet to be clearly measured in 
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hsp70/3Rtau flies.  Western blot results are consistent with hsp70 overexpression 

after hypoxia but require verification, and indicate that this line expresses 3Rtau in 

the nervous system when driven with a pan-neuronal driver.  If hsp70 overexpression 

is confirmed in this model, the hsp70/3Rtau line appears to be a powerful tool for 

analysis of hsp70 demand when underlying 3R-tau – mediated neurodegeneration 

meets additional external environmental stressors.  In the context of hypoxia, this 

may be a window through which to study acute hsp70 effects on protein aggregation 

and synaptic dysfunction, with parallels to the neurodegenerative process seen in 

elderly patients after cerebral ischemic events.  The model could also be applied to 

other, chronic stressors with possible relevance to neurodegeneration, such as 

exposure to bacterial infection or environmental toxins. 
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6.1 Principle Findings 

This investigation set out to explore links between the AT and HSP molecular 

chaperone systems in Drosophila models of HD and tauopathy.  Towards this end, a 

model of HD allowing access to the axonal compartment in live, intact larvae was 

characterised, and real-time axonal stalling of transgenic neuropeptide-Y vesicles 

and their accumulation was observed (Chapter 2).  Disruption of AT occurred in 

motor neurons prior to possible synaptic loss.  Macroscopic htt aggregates were more 

prevalent in nuclei than in axons, and no detergent insoluble htt aggregates were 

detectable by filter trap assay.  As HD model larvae were sensitised to locomotion 

dysfunction after external heat shock, this system may prove useful to model 

environmental modulation of HD pathology. 

To test the functional effect of HSP elevation amidst neurodegeneration and AT 

dysfunction, increased throughput locomotion assays were next developed (Chapter 

3) and used to measure locomotion dysfunction in a previously described larval 

model of tauopathy.  Several HSP-inducing chemicals either did not improve, or 

exacerbated locomotion dysfunction in 3Rtau larvae, despite 17-AAG and radicicol 

acting in the nervous system to reduce total tau levels (Chapter 4).  Neither these 

Hsp90 inhibitors, nor four other HSP-inducing compounds, detectably increased 

hsp70 levels in whole larvae, a finding that has to be further investigated at the 

mRNA level. 

Finally, a double transgenic fly line containing both hsp70 and human tau transgenes 

that are inducible in a tissue specific manner was generated (Chapter 5).  Preliminary 

work indicated that this will be useful for further investigation into the nature of 

hsp70 – mediated effects on tau pathology after external environmental stress. 
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6.2 General Discussion 

6.2.1 AT is disrupted in both 3Rtau and HttEx1Q93 larval nerve 

An important finding from this work was that, like larvae expressing human tau, AT 

disruption can be observed in Drosophila larval model of HD.  It is interesting to 

compare the AT phenotype between these two models as it may inform upon the 

mechanism of transport disruption in each case.  HttEx1Q93 perturbs the AT of a 

human neuropeptide-Y-GFP fusion protein (Table 2.1) and causes the retention of 

this cargo within motor neuron axons in transgenic larvae (Fig. 2.6).  Whereas the 

total area of accumulated GFP fluorescence was 2.3-fold greater than that of 

HttEx1Q20 controls and 6.8-fold greater than that found in OreR larvae (Fig. 2.6), it 

was reported previously that 3Rtau larvae exhibit a far greater total area of 

accumulated GFP fluorescence than OreR controls (Mudher et al., 2004).  Although 

a direct comparison of accumulate area was not undertaken in this investigation, 

these findings suggest that the level of cargo retention is greater in 3Rtau relative to 

HttEx1Q93 larvae.  As accumulate area correlates with dynamic transport disruption 

(Table 2.1 & Fig. 2.6 in this report and(Mudher et al., 2004), this in turn indicates 

that AT disruption is more severe in 3Rtau larvae.  This could relate to the 

mechanism of transport perturbation, as recent findings indicate that 3Rtau larvae 

exhibit severe breakdown of the axonal MT network (Cowan et al., 2010).  

HttEx1Q93, in contrast, is a fragment of htt lacking the C-terminal NES (Fig. 1.1C) 

that accumulates within the nucleus (Fig. 2.3 &(Zhou et al., 2003), from where it 

could theoretically affect AT indirectly via transcriptional dysregulation.  Axonal 

HttEx1 may itself exert indirect regulatory effects on AT, and, if acting via an  
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aggregate sequestration mechanism, may take longer to functionally disrupt motor 

progression than might loss of the MT transport tracks themselves. 

It is interesting in this respect that AT continues at all in 3Rtau larval nerve, and also 

in HttEx1Q93 nerves exhibiting large, apparently space-filling aggregates (Mudher 

et al., 2004;Sinadinos et al., 2009;Cowan et al., 2010) and Fig. 2.2 & 2.3).  An 

intriguing possibility is that peripheral axonal cytoskeletal elements, such as actin 

filaments, may compensate for loss of MTs or large aggregate blockages by offering 

an alternative, myosin-based means of transport (Brown et al., 2004) to resume 

axonal passage.  In this respect it would be interesting to establish via dynamic 

vesicle analysis (Table 2.2 and Supplementary Movies on enclosed CD) whether 

stop-go vesicle motion is altered in 3Rtau nerve, or whether vesicles tend to stall for 

longer periods than is the case in HttEx1Q93 nerve.  It is interesting to note in this 

respect that the velocity of continuously moving vGFP particles is unchanged in 

3Rtau larvae versus controls (Mudher et al., 2004), as is the case in HttEx1Q93 

larvae (Chapter 2).  Such comparisons offer limited resolution of axonal vesicle 

behaviour due to the fascicular nature of the nerve, however.  Future studies could 

explore the use of motor neuron subtype-specific GAL4 drivers, such as eve-GAL4, 

which have been used to focus upon fluorescent reporter movements within 

individual axons of the nerve fascicle (Lim and Kraut, 2009).  In addition, any direct 

comparisons between the two models have the major caveat that the 3R-tau and 

HttEx1Q93 transgenes are likely to be expressed at different levels that are difficult 

to compare directly.   

6.2.2 Locomotor behaviour is perturbed in HD and tau model larvae 

Another important parallel between the HD and tau models described in this report is 
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that both appear to display a locomotion deficit.  Although not directly investigated 

in the HD model, this could be reflective of underlying motor neuronal synaptic 

dysfunction.  Such dysfunction may also occur without detectable axonal retraction 

or synaptic loss, as loss of NMJs was not observed in HttEx1Q93 (Fig. 2.4) and 

3Rtau larvae (Mudher et al., 2004).  Morphological changes and elecrophysiological 

dysfunction is detectable in 3Rtau NMJs, however (Fig. 1.4E-G).  It would be 

interesting to establish whether morphological changes occur in HttEx1Q93 animals, 

and whether any functional defect can be detected.  How this, if present, differs from 

that of the 3Rtau larval model may prove particularly informative given that 

HttEx1Q93 larvae do not exhibit any detectable locomotion deficit under normal 

environmental conditions.  Given the relatively mild phenotype in this HD model, 

and the recognition that HD, like AD, is likely to represent a ‘synaptopathy’ with 

early neuronal dysfunction, such studies could shed light on early synaptic changes 

wrought by pathogenic N-terminal htt fragments. 

As HttEx1Q93 locomotion is affected by acute heat shock to the whole organism 

(Fig. 2.8), it could be anticipated that some underlying functional deficit, probably 

synaptic and possibly at the NMJ itself, occurs in these animals.  The testing of other 

environmental stressors, such as hypoxia like that which affects the locomotion 

behaviour of adult flies expressing 3R-tau in the nervous system (Fig. 5.4), could be 

applied to this model to gain insight into the nature of this deficit. 

6.2.3 Are hsp70 levels altered in Drosophila models of tauopathy and HD? 

As both HD and tauopathy are protein conformational disorders and HSPs have been 

implicated in the pathology of both conditions (section 1.8), it is informative to 

compare the response of the HSP system to disease protein expression in each case.  
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3Rtau larvae do not exhibit a detectable increase in hsp70 mRNA expression at the 

whole organism level (Fig. 4.2), whereas HttEx1Q93 larvae show a 14.5-fold 

induction (Fig. 2.9).  Although 3Rtau adults appear to exhibit AD-linked 

pathological conformations of tau (MC1 antibody, M. Sealey, unpublished 

observations) and tau deposits occur within the vicinity of AT cargo accumulates in 

3Rtau larval nerve (Mudher et al., 2004), detergent insoluble aggregated material 

containing tau was undetectable in preliminary filter trap analyses (M. Sealey, 

unpublished observations).  It is possible that a ‘lower level’ or earlier stage of 

protein aggregation is occurring in 3Rtau larvae relative to HttEx1Q93, resulting in a 

lesser hsp70 induction response at this stage.  Alternatively, the lack of hsp70 

induction in 3Rtau larvae may represent a pathological block on hsp70 induction in 

the presence of 3Rtau misfolding.  If this were the case, it might also explain why 

several HSP-inducing compounds were also ineffective at detectably increasing the 

levels of hsp70 protein in whole larvae in this model (Fig. 4.15 – 4.17).  Modest 

hsp40 upregulation in this model (Fig. 4.2) could, if this were the case, represent an 

attempt to compensate for insufficient hsp70 levels, as hsp40 co-chaperone capability 

is associated with maximisation of hsp70 ATPase and protein refolding capabilities 

(Kelley, 1998). 

A pathologically-relevant lack of hsp70 induction has been described in the context 

of mutant htt – mediated neurotoxicity.  In this case, cortical and striatal neurons in 

cell culture exhibit higher hsp70 levels than cerebellar neurons, which correlate with 

a hightened resistance to htt-polyQ mediated toxicity of the former two neuronal 

subtypes compared to the latter (Tagawa et al., 2007).  Whereas blockade of hsp70 

induction increased the susceptibility of cerebellar neurons to htt-polyQ toxicity, 
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hsp70 overexpression reduced cortical neuron susceptibility to htt-polyQ effects  

(Tagawa 2007).  A similar mechanism has not been described in the context of 

tauopathy.  It would nevertheless be interesting to assess whether this is the case in 

3Rtau larvae, especially as elevation of hsp70 in HD model larvae (Fig. 2.9) could 

conceivably contribute to protection mechanisms that result in the lack of a 

detectable behavioural phenotype in this model (Fig. 2.6).  Testing this hypothesis 

would depend upon successful elevation of hsp70 protein at this developmental stage 

in 3Rtau larvae or adults (see below), and upon a means of genetic (Rubin et al., 

1993) or chemical (Yokota et al., 2000) ablation of hsp70 induction in HD disease 

model larvae. 

6.2.4 Does hsp70 induction play a role in tau-mediated neuronal dysfunction? 

Hsp70 protein was not detectably elevated in 3Rtau larvae exposed to HSP-inducing 

chemicals (Fig. 4.15 – 4.17).  If it is found that these chemicals also do not 

detectably increase hsp70 mRNA, or hsp70 levels specifically within the nervous 

system, one possible explanation for this is that there is insufficient time for 

chemical-mediated HSP induction to occur, and/or that developmental processes 

prevent this from being instigated or maintained to the third-instar stage.  An 

alternative strategy would be to deliver some of these chemicals to adult flies 

expressing 3Rtau in the nervous system.  Such animals are susceptible to 

environmental stress (acute severe hypoxia, Fig. 5.4 &5.5).  One strategy could 

involve the preventative administration of these compounds (for the duration of a 

week or two) prior to the application of environmental stress.  Alternatively, if future 

work shows longer term detrimental effects of hypoxia (or other external stresses) to 

adult 3R-tau expressing flies, whether HSP-inducing chemicals modulate this could 
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be assessed.  Similar studies could be performed in the HttEx1Q93 model, particular 

as older flies with additional, age-dependent strain on the HSP systems  (Morrow and 

Tanguay, 2003) could be utilised. 

As HSP inducing chemicals were detrimental to both 3Rtau and wild-type larval 

locomotion, another possibility is that this group of compounds display side-effects 

of the type that may limit their potential for use in human disease.  The hsp90 

inhibitors 17-AAG and radicicol, for example, could paradoxically upset protein 

folding via inhibition of hsp90 chaperoning function for metastable proteins 

throughout the cell, regardless of an increase in de-novo HSP protein synthesis 

(Powers et al., 2009).  Such an effect, if compounded by a pathological disturbance 

in protein quality control in neurodegeneration, may work against the intended 

ameliorative effect of HSP induction in these conditions.  Alternatively, activation of 

the HSF-1 pathway, itself only a small contributor to the cell’s regulatory capacity 

for protein homeostasis (Powers et al., 2009), may prove insufficient to correct 

neurodegenerative protein misfolding and neuronal dysfunction in these models. 

In summary, this project did not ultimately establish a model system in which the 

functional role of HSPs can be studied in relation to dynamic AT processes during 

tau- and httEx1Q93 – mediated neuronal dysfunction.  It did, however, offer insight 

into how each of these two cellular systems are affected by these disease proteins.  In 

addition, this work forms the basis for further investigation into whether HSP 

induction has potential as a therapeutic strategy to tackle tau- and htt-mediated 

neuronal dysfunction, when it could best be applied, and how this could be brought 

about for maximum therapeutic benefit.
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Appendix 1. Fly Food Recipes, Buffers and Additional 

Protocols 

A1.1 x1 Standard Drosophila Saline 

- 2mM KCl 

- 128mM NaCl 

- 4mM MgCl2(6H2O) 

- 1.8mM CaCl2(2H2O) 

- 359.7mM Sucrose 

- 5mM HEPES 

A1.2 Standard Fly Food Medium (‘Bloomington Recipe’) 

For 3L of thick liquid food, typically enough for ~250 stock vials containing 10ml 

food each. 

- 2.96L dH2O 

- 47.65g yeast 

- 27.53g soy flour 

- 201.18g yellow cornmeal 

- 127.06g light malt extract 

- 15.88g agar 

- 350g sugar 

- 13.27mls proionic acid 

Procedure 

1) Mix yeast and soy flour to a paste in 50ml water 

2) Mix cornmeal and agar to a paste with 50ml water in a large container 
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3) Set aside 250ml water, bring rest to a vigorous boil, add the cornmeal/agar 

slurry, rinse in dregs with set aside water 

4) Add the malt, yeast/soy mix and sugar, and simmer for 10min 

5) Remove from heat, wait 5min, then add the propionic acid, mix and dispense 

A1.3 Basic Fly Food 

For 500ml liquid food 

- 425ml dH2O 

- 17.5g soy flour 

- 7.5g yeast 

- 37.5g sugar 

- 2.5g agar 

- 12.5ml ethanol with 10% w/v nipagen 

Procedure 

1) Mix the flour, yeast, sugar and agar together with 50ml water into a paste 

2) Add rest of the water and bring to the boil, boil for 2min 

3) Remove from heat and leave to cool to below 60
o
C, add the 10% nipagen, 

mix and dispense. 

A1.4 Standard TBE buffer 

For 1L of  x10 Tris-borate EDTA for RNA/DNA gel electrophoresis. 

- 108g Tris base 

- 55g boric acid 

- 9.3g Na4EDTA 

Make up to 1L with ddH2O, pH 8.3 (should require no adjustment). 
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A1.5 HeLa Cell Seeding, HttEx1 Transfection and Lysis 

A1.5A HeLa Cell Culture and Transfection 

HeLa cells (Sigma) were grown in 4500mg/ml DMEM (Sigma) with 100 units/ml 

penicillin/streptomycin, 2mM L-glutamine, 1mM sodium pyruvate and 10% fetal 

bovine serum at 37°C, 10% CO2. 

For transfection, 150 000 HeLa cells per well were plated in 6 well plates/35mm 

dishes and exposed to 2 µg of Q25/Q97 HttEx1-mRFP DNA and 4µl lipofectamine 

(Invitrogen) per well for 5h (24h after seeding) in serum-free medium (OPTI-MEM, 

Invitrogen), after which culture medium was added. 

A1.5B HeLa Cell Lysis for HttEx1-polyQ Aggregate Filter Trap Analysis 

Cells were washed in 2ml PBS and incubated in 400µl trypsin until they were 

rounded up and detached from the well, and 2ml DMEM (above) added.  Samples 

were centrifuged at 1500 rpm in a 15ml falcon tube for 5min, supernatant discarded 

and pellet resuspended in x1 PBS (Sigma) supplemented with 1% v/v fetal bovine 

serum (filter sterilised).  Samples were then transferred to an eppendorf and 

centrifuged at 2500 rpm for 5min, supernatant discarded and pellet resuspened in 

40µl FTH buffer (section 2.3.2).  Lysates were kept on ice for 20 min prior to 

freezing at -20
o
C. 

A1.5C HeLa Cell Lysis for SDS-PAGE and Western Blotting 

Cells were detached from the well by pipette suction with 1ml DMEM and 

centrifuged at 3000 rpm for 8min.  The supernatant was removed and the pellet 

washed with 500µl ice cold PBS, centrifuged at 3000rpm for 4min and PBS removed.  

Cell pellet was then resuspended in 50-60µl of cell lysis buffer (50mM Tris-HCl, 1% 
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v/v NP40, 120mM NaCl, 1mM EDTA, 25mM NaF, 40mM β-glycerolphosphate, 

1mM Na-orthovanadate, 1mM benzamidine, pH 7.5). 

A1.6 PolyAcrylamide Gels for Protein Electrophoresis 

Gels were prepared in either 0.75ml or 1.5ml plates with 10 tooth combs (Biorad).  

The volumes shown are sufficient for two 0.75ml, or one 1.5ml, gels. 

10 % resolving gel 5 % stacking gel 

- dH2O      4ml   1.4ml 

- 30% Bisacrylamide    3.4ml   340µl 

- 2.6ml resolving/stacking buffer*  2.6ml   320µl  

-  10% ammonium persulphate  100µl   100µl 

- TEMED (Biorad)    4µl   2µl 

*Resolving Gel Buffer (x1) – 1.5M Tris-base, 0.4% w/v SDS, pH 8.8 

*Stacking Gel Buffer (x1) – 0.5M Tris-HCl, 0.4% w/v SDS, pH 6.8 

Running Buffer (x10) – 250mM Tris-base, 1.92M glycine, 1% w/v SDS, pH 8.3 

Transfer Buffer (x10) – 250mM Tris-base, 1.92M glycine, make up x1 working 

solution in 20% v/v methanol. 

x1 working solutions of running/transfer buffer were kept at 4
o
C and used within 2 

weeks.  Prepared x10 ultrapure solutions are available from National Diagnostics, 

UK. 
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A1.7 Larval mounting procedure for axonal transport analysis 

Larvae were mounted immediately prior to microscopical analysis by the procedure 

shown in Fig. A1.7. 

 

Fig. A1.7 Mounting of anaesthatised larvae for peripheral nerve visualisation 

Glass slides were prepared as in steps A-C prior to larval anaesthatisation.  (A) Two layers of 

autoclave tape (Comply Indicator, Steam), were stuck to a glass slide and wells cut into them as 

shown.  (B) Wells were filled with warm molten 1% agarose (dissolved in Drosophila saline, section 

A1.1) and allowed to set. (C) The tape ‘bridge’ between the two wells was peeled away, revealing a 

narrow fissure between adjacent slabs of agarose. (D) The larva was anaeasthatised and immediately 

laid ventral surface-up along the fissure.  Warm liquid agarose was applied in two spots either side of 

the fissure, and a glass cover slip pressed down onto the larva via application of pressure over each of 

the two spots of agarose for several seconds.  Larval nerves were then visualised immediately. 
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Fig. A1.8 The GAL4-UAS transgenic expression system.  This system was developed 

for the targeted overexpression of transgenes in genetic gain of function analyses in Drosophila 

(Brand and Perrimon, 1993). (A) A trangene – containing plasmid vector such as pP(UAST) is 

commonly used to generate transgenic Drosophila.  This contains a DNA cassette flanked by P-

element inverted DNA repeats (P3’ and P5’) that allow for random insertion into the host genome.  A 

polylinker sequence is included downstream of upstream activator sequence (UAS) and other 

promoter elements for cloning of a desired transgene.  A marker such as white is also included to 

allow detection of transgenics in which the cassette has stably inserted into the genome. (B) GAL4 

(dark gray circle) is a strong transcriptional activator of genes downstream of the UAS site.  

Homozygous GAL4 driver lines, which are developed via enhancer trap screens for particular 

developmental expression patterns, can be crossed with homozygous UAS insertion lines, allowing 

for the generation of progeny in which the transgene is active in tissues relating to the GAL4 

expression pattern.  This results in expression of the transgenic protein (dark gray ovals) in the tissue 

of interest. 
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Appendix 2. HD Model: Supplementary Results 

 

Fig. A2.1 Htt immunohistochemical staining is primary antibody specific.  

Immunostaining of Drosophila larval nerve and ventral cord (VC) is primary antibody-specific.  (A) 

No specific diffuse or accumulated immunoreactivity is observed in control or HttEx1Q93 nerve upon 

omission of S830 antibody directed at HttEx1.  (B) Omission of EM48 primary antibody directed at 

aggregated Htt abolishes all staining within larval nerves and VC.  Hoe – Hoechst somal and nuclear 

staining within HttEx1Q93 ventral cord. 
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Fig. A2.2 Restriction enzyme (RE) digest of PCR product to confirm HttEx1Q93 

identity.  (A) DNA nucleotide sequence of human HttEx1 (a wildtype length CAG expansion is 

shown in blue).  HttF (top) and HttR (below) primer binding sites are shown in red.  All RE cleavage 

sites for Alu I (two sites that are single underlined) and Xmn I (one site that is double underlined) in 

the HttEx1 sequence are also indicated. (B) Expected cleavage product sizes for single enzyme digest 

with either Alu I or Xmn I.  (C) DNA gel electrophoresis of RE digest products.  HttEx1Q93 PCR 

product was purified with QIAquick PCR purification kit (Qiagen) and ~30ng purified DNA was 

digested in each reaction.  REs were used according to manufacturers instructions (New England 

Biolabs).  Digest products were run at 60V for 90min in a 3% agarose gel and visualised as outlined in 

section 2.3.3.  U – Undigested PCR product, A – Alu I digestion, X – Xmn I digestion.  Band sizes are 

as expected – two bands are visible for Alu I digest, likely due to incomplete cleavage at the second 

target site.  By random chance alone, Alu I would be expected to cleave DNA of even nucleotide 

content once in 256bps, and Xmn I once in 4096bps.  Despite the consistent band shifts, it is 

interesting to note that both undigested and digested HttEx1Q93 DNA fragments run at a 40-50bp 

greater size than expected (see also Fig 2.4).
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Fig. A2.3 Acute heat shock (HS) does not perturb Drosophila larval 

development.  Larvae raised at 29
o
C were subjected to acute HS of 39

o
C for 5 min at wandering 

L3 larval stage. They were returned to standard food medium and development to pupa (A, C, E) and 

adult eclosion (B, D, F) was documented.  For all genotypes tested, there is no effect of acute HS on 

development relative to non-HS controls. 
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Fig. A2.4  Locomotion performance of un-driven homozygous polyQ lines 

(20Qud and 93Qud) raised at 29
o
C before and after acute heat shock.  To check 

for transgene insertion effects on locomotion behaviour independent of transgenic protein expression, 

homozygous Htt-exon1-20Q and Htt-exon1-93Q stocks were transferred to new food vials and 

incubated at 29
o
C until development of F1 L3 stage larval progeny.  Larvae were then tested for line 

crossing ability before and after acute heat shock, as outlined in section 2.3.5.  Although 20Qud and 

93Qud animals perform significantly worse after heat shock compared to before it (*** p<0.001 and * 

p<0.05 respectively, n=9), 93Qud larvae perform significantly better than HttEx1Q93 larval progeny 

from D42 driver line crosses (red mean performance and green standard error is indicated above, from 

data as shown in Fig. 2.7D, ***p<0.001). 
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2.5 Legends to Supplementary Movies of Axonal Vesicle Motion 

Movie M1.  Constant vesicular traffic in anterograde and retrograde directions 

in OreR wild-type larval peripheral nerve.  Particularly bright vesicles are visible 

that were tracked for velocity analysis.  One such continuously moving vesicle is 

tracked with an arrow head.  The field of view corresponds to a single region used 

for quantitative analysis.  Motion is x3 real time. 

Movie M2.  Vesicular transport and examples of circling vesicle activity in 

HttEx1Q20 larval peripheral nerve.  Regions of vesicle circling are indicated (C, 

big arrows).  Imaging parameters as in M1. 

Movie M3.  Vesicular transport and turbulent vesicular activity in HttEx1Q93 

larval peripheral nerve.  Regions of distinct stalling (S, big arrows) of vesicles 

tracked by the arrow heads, are indicated.  A region of circling activity (C, big arrow) 

is also shown.  Continuous vesicular traffic in both anterograde and retrograde 

directions is also visible.  Imaging parameters as in M1. 
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Appendix 3. Increased Throughput Behavioural Assay: 

Supplementary Results 

 

 

Fig. A3.1 Repeated measurement of Ethovision larval locomotion parameters. 

OreR and 3Rtau larvae from a second separate transgenic cross (compared to those analysed in Fig. 

3.4) were recorded in 2min trials, and video recordings were subsequently analysed using Ethovision.  

Larval meander (A), angular velocity (B) and open field velocity (C) parameters were measured (as in 

Fig. 3.4). n=11 (OreR) and n=8 (3Rtau) larvae. * p<0.05, ** p<0.01, ns – not significant.  Error bars 

are SEMs. 
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Fig. A3.2 The 4 plate assay requires triplicate trials of longer than 30s duration.  

(A) Video recordings of the open field behaviour of OreR and 3Rtau larvae (tested in batches of four) 

were analysed using Ehovision during their first, second and third trials (n=8 larvae per genotype). (B) 

OreR and 3Rtau open field activity was analysed and meander score quantified from the first 30s of 

the third trial only (n=12 larvae per genotype). * p<0.05, ns – not significant.  Error bars are SEMs. 

 

Fig. A3.3 Larval meander measured at two different frame sample rates. 

Larvae were recorded in 2min trials, and their average meander score during roving behaviour within 

the arena was measured using Ethovision.  Analysis of video recordings was conducted at an 

Ethovision frame sampling rate of 5 frames per second (fps, A), or 1 fps (B). n=12 larvae per 

genotype. * p<0.05, ** p<0.01. For comparison of meander from analysis at 5fps versus 1fps, 

p<0.001 for both genotypes.  Error bars are SEMs. 
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Fig. A3.4 Open field parameters and crawling time of larvae raised on basic 

food.  Larvae were raised on basic food (Appendix 1.3) and tested in 4 plate and 5 lane assays, 

yielding measurements of larval meander (A), angular velocity (B), velocity (C) and lane crawling 

time (D).  * p<0.05, ** p<0.01, *** p<0.001.  For both genotypes, n=12 for the 4 plate test (A-C) and 

n=9 for the 5 lane test (D).  Error bars are SEMs. 
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Appendix 4. Chemical Modulation Screen: Supplementary 

Data and Results 

 

Fig. A4.1 Chemical structure and properties of candidate HSP-inducing 

chemicals. Structural information is from the online NCBI Pubchem Compound database.  MWt – 

average calculated molecular weight, given to 4sf.  No. of H-Bond Donors/Acceptors is also given.  

Polarity score is based upon ‘topological polar surface area’, which is calculated based upon the 

number of N or O – containing moieties, taking hybridisations, charges and participation of aromatic 

systems into account but ignoring 3D coordinates of each group.  It has been estimated from empirical 

analyses that compounds with a polarity of less than 60 are best absorbed across intestinal epithelia 

and the human blood-brain barrier by passive diffusion.  Conversely, compounds with a polarity 

above 120 or 140 are poorly absorbed across the blood-brain barrier and intestinal epithelia 

respectively (Palm et al., 1997;Kelder et al., 1999). Examples of receptor or carrier-mediated 

processes that allow passage of more polar molecules across these barriers are known, however.
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Fig. A4.2  Preliminary analysis of HSP-inducing activity by prioritised 

chemicals in cultured HeLa cells.  Anticipated HSP-inducing chemicals that were delivered 

to HeLa cells were 17-AAG (AAG at 3nM, 30nM and 300nM), celastrol (cel at 0.7µM, 7µM and 

70µM), simvastatin (sim at 2µM, 20µM and 200µM) and withaferin-A (wit at 10nM, 100nM and 

1µM), as outline in section 4.3.7.  Treated cells were analysed under a light microscope for cell 

toxicity after 23h, and chemical concentrations that caused excessive levels of cell toxicity were not 

processed for western blot (celastrol at 70µM and simvastatin at 200µM).  Cells for other treatments 

were lysed, total protein concentration assessed, and 10µg total protein analysed by SDS-PAGE and 

western blotting to determine hsp70 levels as described in section 4.3.7.  ** The intermediate 

concentration of each chemical was also delivered to cells after heating the treated culture medium to 

55
o
C briefly, and allowing it to readjust to 37

o
C prior to addition to cells (to mimic heating of drugs 

during addition to basic fly food).  Ponceau-S staining of blots suggested approximately equal loading 

of total protein (not shown). 
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Fig. A4.3 Detection of 70KDa hsp70 bands from larval ventral cord and whole 

larvae following heat shock.  Either whole larvae (larv, lanes 1 &3) or isolated ventral cord, 

peripheral nerve and CNS tissue (labelled ‘CNS’, lane 2) were homogenised and analysed by SDS-

PAGE and western blotting as described in section 4.3.6.  DMSO designates larvae treated with 

0.02% DMSO in food, and HS designates larvae subjected to heat shock to induce HSPs (section 

2.3.3).  For the CNS sample (lane 2), 6 larval ventral cords were isolated from whole larvae and 

homogenised in 25µl of protein sample buffer (section 2.3.4).  6µl of this was loaded into the lane, 

approximately equal to 1.5 ventral cords worth of protein.  Coomassie staining of a parallel gel (not 

shown) indicated that total protein in this larval CNS sample was approximately half that of the larval 

samples in lanes 1 and 3.  The blot was probed with anti-Drosophila hsp70 antibody (d40 clone, Santa 

Cruz Biotech) and visualised as described in section 4.3.6. 
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Fig. A4.4  Drosophila hsp70 and human tau levels in vehicle-treated OreR and 

3Rtau larvae.  (A)  Density of upper (blue) and lower (violet) hsp70 bands (shown in Fig. 4.14A), 

as corrected to coomassie (coom) whole lane density (Fig. 4.14D).  (B) Density of upper (yellow) and 

lower (green) hsp70 bands (Fig. 4.14A), alternatively corrected to kinesin (kin) band density (also 

shown in Fig. 4.14A).  (C) Density of total human tau bands (Fig. 4.14A) corrected to kinesin band 

density (Fig. 4.14A).  Corrected band densities are expressed relative to basic food control (bas).  

EtOH/DMSO – ethanol/DMSO treated food. 
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Fig. A4.5  Drosophila hsp70 and human tau levels in 17-AAG - treated OreR 

and 3Rtau larvae.  (A)  Density of upper (blue) and lower (violet) hsp70 bands (shown in Fig. 

4.15A), as corrected to coomassie (coom) whole lane density (Fig. 4.15D).  (B) Density of upper 

(yellow) and lower (green) hsp70 bands (Fig. 4.15A), alternatively corrected to kinesin (kin) band 

density (also shown in Fig. 4.15A).  (C) Density of total human tau bands (Fig. 4.15A) corrected to 

kinesin band density (Fig. 4.15A).  Corrected band densities are expressed relative to DMSO vehicle 

control (veh).  0.2, 2 and 20 indicate concentration of 17-AAG in µM. A line-of-best-fit for a dose-

dependent effect of 17-AAG on tau levels is shown in pink (C). 



                                                                                                                     Appendices 

 248 

 

Fig. A4.6  Drosophila hsp70 and human tau levels in radicicol - treated OreR 

and 3Rtau larvae.  (A)  Density of upper (blue) and lower (violet) hsp70 bands (shown in Fig. 

4.16A), as corrected to coomassie (coom) whole lane density (Fig. 4.16D).  (B) Density of upper 

(yellow) and lower (green) hsp70 bands (Fig. 4.16A), alternatively corrected to kinesin (kin) band 

density (also shown in Fig. 4.16A).  (C) Density of total human tau bands (Fig. 4.16A) corrected to 

kinesin band density (Fig. 4.16A).  Corrected band densities are expressed relative to ethanol vehicle 

control (veh). A line-of-best-fit for a dose-dependent effect of radicicol on tau levels is shown in pink 

(C).  0.2, 2 and 20 indicate concentration of radicicol in µM. 
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Fig. A4.7  Drosophila hsp70 and human tau levels in non hsp90 inhibitor - 

treated OreR and 3Rtau larvae.  (A)  Density of upper (blue) and lower (violet) hsp70 bands 

(shown in Fig. 4.17A), as corrected to coomassie (coom) whole lane density (Fig. 4.17D).  (B) 

Density of upper (yellow) and lower (green) hsp70 bands (Fig. 4.17A), alternatively corrected to 

kinesin (kin) band density (also shown in Fig. 4.17A).  (C) Density of total human tau bands (Fig. 

4.17A) corrected to kinesin band density (Fig. 4.17A).  Corrected band densities are expressed relative 

to ethanol vehicle control (veh).  5 Cel - 5µM celastrol, 5 Sim - 5µM simvastatin, 10 Cur - 10µM 

curcumin. 
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Fig. A4.8  Repeat assessment of hsp70 levels in 17-AAG, radicicol and 

simvastatin-treated OreR and 3Rtau larvae.  A separate sample of three larvae was 

homogenised from the same transgenic cross and chemical treatment as for that analysed in Figs. 4.15 

– 4.17.  The blot was probed for endogenous Drosophila kinesin and hsp70 (A &D). Hsp70 levels 

were corrected to coomassie (coom) whole-lane (B,E & gel shown in G) or kinesin (kin) band (C &F) 

density and expressed relative to the corrected band density from OreR raised on DMSO (lane 1 in A) 

or ethanol (lane 5 in D) vehicle.  veh = vehicle; 20 = 20µM 17-AAG; 10 Rad = 10µM radicicol; 5 Sim 

= 5µM simvastatin; + = positive heat shock control.  Lane numbers (A &D) correspond to y-axis 

labels (B, C, E &F), and to numbers above lanes in (D).  Upper (blue bars in B &E and yellow bars in 

C &F) and lower (violet bars in B &E and green bars in C &F) hsp70 bands were analysed (arrows in 

A &D).  Hsp70 and kinesin band sizes were as shown in Fig. 4.14. 
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Fig. A4.9 Repeat assessment of human tau levels in 17-AAG and radicicol - 

treated 3Rtau larvae.  A separate sample of three larvae was homogenised from the same 

transgenic cross and chemical treatment as for that analysed in Figs. 4.15 & 4.16.  The blot was 

probed for Drosophila kinesin and human tau (A). Tau levels were corrected to coomassie whole-lane 

(B,D & gel shown in Fig. A4.6G) or kinesin band (C &E) density and expressed relative to the 

corrected band density from 3Rtau raised on DMSO (DMSO, lane 1) or ethanol (EthOH, lane 3) 

vehicle treated food.  20 AAG = 20µM 17-AAG; 10 Rad = 10µM radicicol.  Lane numbers (A) 

correspond to y-axis labels (B-E). 
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Appendix 5. Supplementary Result and Discussion to Hsp70 

Overexpression Experiment 

 

Fig. A5.1 Western blot probed with anti-hsp70 from adult head tissue following 

hypoxia in UAS hsp70/3Rtau double transgenic adult Drosophila.  (A) Western blot 

of total head protein from transgenic adult flies driven with the elav-GAL4 driver.  Flies were 

processed for western blotting 30min after the end of hypoxia (2.5h at 1% O2).  Lanes 1-4: Control 

flies not exposed to hypoxia.  Lanes 5-8: Hypoxia treated flies.  The blot was probed with anti 

Drosophila hsp70 antibody d-40.  OreR – Oregon R wildtype laboratory strain. Transgenic UAS lines: 

3RT – 3Rtau adult head tissue, H70/3RT – Hsp70/3Rtau adult head tissue, H70 – Hsp70 adult head 

tissue. ‘+’ – positive control heat shocked adults. Arrow – size of 70KDa suspected hsp70 bands in 

positive control and sample lanes. * Size of large molecular weight protein aggregates in lanes 5-8.  

(B) The single blot shown in (A) was re-probed sequentially for kinesin (kin) as a loading control in 

lanes 1-9, and human 3R-tau (tau), with bands visible in lanes 2, 3, 7 and 8.  The blot was visualised 

at each stage using HRP-conjugated secondary antibodies and ECL, as outlined in sections 5.3.5 and 

4.3.6. 
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A5.2 Description of Preliminary Hsp70 Western Blot Result 

Comparing UAS-hsp70 and non UAS-hsp70 samples after hypoxia.  Focusing 

initially upon post hypoxic adult tissues only (lanes 5-8), both hsp70 and 

hsp70/3Rtau adults show a stronger band at ca 70KDa than 3Rtau adults alone after 

hypoxia (Fig. 5.4A, at level of the arrow, compare lanes 6 &7).  Meanwhile, the 

consistent size of kinesin bands (‘kin’, at 110KDa in Fig. 5.4B) suggests equal 

loading of total protein between lanes.  As expected, the 70KDa band is also present 

in hsp70 single transgenic adults (Fig. 5.4A, lane 8).  This band runs slightly higher 

than the prominent hsp70 band detected from heat shocked adults (Fig. 5.4A, 

positive control, ‘+’ in lane 9), but is positioned directly between the 62 and 83KDa 

markers, and so is of expected size for Drosophila hsp70.  This interpretation is 

highly tentative at this stage given the large amount of non-specific staining with this 

antibody in both post hypoxia and pre-hypoxia samples (Fig. A5.1A, lanes 1-8). 

Pre- vs post-hypoxia. Interestingly, the putative 70KDa band is almost absent from 

OreR wild-type controls following heat shock (Fig. A5.1A, lane 5), indicating that 

2.5h of hypoxia may be of insufficient duration to detect induction of hsp70 protein 

levels in the wild-type fly nervous system.  In fact, levels of hsp70 in hypoxia-treated 

OreR adults are lower than in OreR controls not subjected to heat shock (Fig. A5.1A, 

at level of 70KDa arrow, compare lanes 5 and 1 respectively).  This may be related 

to a re-partitioning of hsp70 protein into insoluble protein aggregates following 

hypoxia, as thick high molecular weight bands were detected in all hypoxia-treated 

samples (Fig. A5.1A, at level of the star in lanes 5-8) that were absent in non-

hypoxic controls (lanes 1-4).  Interestingly, this high molecular weight band is 
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smaller in hsp70/3Rtau adults subjected to heat shock than in 3Rtau adults (Fig. 

A5.1A, compare lanes 6 and 7 at level of the star), consistent with prevention and/or 

solubilisation of aggregates in the presence of elevated hsp70 protein levels at this 

time point in the former strain. 

In summary, this preliminary result is consistent with a possible up-regulation of 

hsp70 protein at 3h after the onset of severe hypoxia in hsp70/3Rtau adults relative to 

OreR and 3Rtau adult controls.  However, this result is inconclusive due to high level 

background staining on the western blot and awaits verification by repeating the 

experiment, possibly with an alternative anti-hsp70 antibody. 

A5.3 Discussion 

Hsp70 protein levels. The difference in size between the suspected hsp70 band 

induced by hypoxia (Fig. A5.1A, at level of arrow in lane 7) and the positive control 

band induced by heat shock (lane 9) could be due to an unknown post translational 

modification/s of hsp70 that differs between conditions of heat shock and hypoxic 

stress.  It is unlikely to be due to differential induction of various hsp70 genes in 

Drosophila (of which 6 separate inducible genes have been described at a single 

extensive locus within the fly genome (Gong and Golic, 2004), as the size of the 

largest and smallest hsp70 genes of this group differs by only 90Da, which is likely 

to be insufficient to account for the apparent discrepancy in size between the two 

bands (at least on the order of several KDa as estimated from the blot in Fig. A5.1A).  

In addition to this difference in band size, the western blot (Fig. A5.1A) shows 

extensive non-specific staining when probed with the anti Drosophila hsp70 

antibody d-40.  This was also the case for western blots prepared from drug-treated 
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larval tissue in Chapter 4 when probed with this antibody (whole blots not shown).  

This may be due to manufacture of the antibody to specifically detect high level 

hsp70 induction after heat stress (as in Fig. A5.1A, level of arrow in lane 9), rather 

than the relatively low level induction of hsp70 detected after hypoxia (hsp70 mRNA 

is induced 2-3 fold after hypoxia in OreR adults, whereas it is induced ca 600-fold in 

heat shocked OreR larvae, compare Fig. 5.1C with Fig. 4.2A).  Since the completion 

of this preliminary study, another Drosophila hsp70 antibody (7FB) has become 

available, and could be used to verify the identity of the 70KDa band putatively 

assigned to be hsp70 from these initial results. 

Reduced hsp70 protein levels after hypoxia and possible protein aggregation. 

Interestingly, hsp70 is not detectably elevated at the protein level in wild-type OreR 

adults immediately following 2.5h of hypoxia versus untreated controls (Fig. A5.1A, 

compare lanes 1 and 5), despite the detection of a 2-fold elevation in hsp70 mRNA 

levels in whole adults of another laboratory strain subjected to this treatment (Canton 

S,(Azad et al., 2009).  Although the result from this study requires verification and 

strain-specific differences in genetic background cannot be ruled out, this suggests 

that hsp70 may be elevated at the mRNA but not protein level 2.5 hours following an 

episode of severe hypoxia in Drosophila. 

One possible explanation for this result is that total levels of soluble hsp70 protein 

are reduced following hypoxia as hsp70 is recruited to cytoplasmic protein 

aggregates formed during this stress.  Ubiquitinated protein aggregates are known to 

form quickly after a short episode of global ischemia in both neuronal and non 

neuronal mammalian cells in culture (Hu et al., 2000;Xu et al., 2006), and also form 

in the cytoplasm of neurons within hours of cerebral artery occlusion in a rat model 
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of focal brain ischemia (Xu et al., 2006).  Chaperone-mediated sequestration of 

misfolded proteins, either by heat pre-conditioning to induce HSPs, or by the GroEL 

chaperonin complex, appears to play an important role in the formation of such 

aggregates and protects from hypoxia-induced cell toxicity (Xu et al., 2006).  If such 

an event was to occur in this model, the 70KDa band in non hypoxic OreR controls 

(Fig. A5.1A, level of arrow in lane 1) may repartition into newly-formed high 

molecular weight aggregate material (Fig. A5.1A, level of star in lane 5) after 

hypoxia.  In UAS-hsp70 adults, the persistence of the hsp70 band after hypoxia (Fig. 

A5.1A, level of arrow in lane 8) may relate to overexpressed hsp70 protein formed 

denovo to replace that which is sequestered to aggregates.  It is interesting to note in 

this respect that the high molecular weight suspected aggregate band (at level of star) 

is reduced in size when hsp70 is overexpressed (Fig. A5.1A, compare lanes 4-8).  It 

might have been expected for this band to increase in size if excess hsp70 is 

produced to further sequester misfolded proteins into aggregates, as it has been 

shown that active chaperone disaggregating function plays a less prominent role than 

protein sequestration capability in protecting mammalian cells from hypoxia-induced 

toxicity (Xu et al., 2006).  It is possible that hsp70 protein may retain some of its 

active refolding/disaggregation capability in this model, which allows a small 

amount of oxygen to reach neuronal cells (flies are exposed to 1% O2 rather than 

complete anoxia), allowing for both misfolded protein sequestration and a limitation 

of protein aggregate size via ATP-dependent chaperone mechanisms. 

Possible reduction in tau levels after hypoxia. The possible formation of post 

hypoxic protein aggregates in this model, and modulation of this by hsp70, should be 

confirmed by further western blotting analysis, and by SDS detergent solubilisation 



                                                                                                                     Appendices 

 257 

followed by filter trap assay.  If confirmed, aggregates could also be investigated by 

histological staining of adult head sections.  It would be particular interesting to 

establish whether pathological hyperphosphorylated and/or misfolded tau species 

localise to aggregates, given that soluble tau (but not kinesin) was also reduced 

following hypoxia in this experiment (Fig. A5.1B, compare ‘kin’ and ‘tau’ bands 

between lanes 2, 3, 6 &7).  Tau is hyperphosphorylated following focal cerebral 

ischemia in rats, and assumes AD-related pathological conformations that are locally 

and temporally associated with focal ischemic events (Ikeda et al., 2000;Wen et al., 

2004).  Whereas detergent-insoluble tau aggregates appear to be absent in young 3R-

tau expressing Drosophila adults under normal environmental conditions (M. Sealey, 

unpublished observations), it would thus be interesting to establish whether this is the 

case following transient severe hypoxia, and whether this is affected by 

overexpression of hsp70 following the hypoxic stress if this is confirmed by further 

western blot analysis. 

Rationalising the mechanism of UAS-hsp70 induction after hypoxia and assessing its 

advantages. UAS-hsp70 flies utilised in this study were created by un-biased 

mobilisation of a P-element containing only the UAS (Fig. 5.1,(Azad et al., 2009) 

into the upstream endogenous hsp70Bbb promoter.  This could render the hsp70Bbb 

gene particularly susceptible to endogenous control of gene expression, in contrast to 

UAS-transgene cassettes that insert into other regions of the genome.  Drosophila 

Hsp70 genes, including hsp70Bbb, are known to cluster within a genomic region 

influenced by stress-dependent chromatin modification events (Smith et al., 2004), 

and regulation of hsp70 gene expression in mammalian cells is partially dependent 

upon stress type-specific chromatin modifications (Thomson et al., 2004), see Fig 
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1.9).  Should an increase in hsp70 protein levels after hypoxia but not in an 

unstressful environment be confirmed, it is possible that hypoxic stress and 

associated protein misfolding events (Xu et al., 2006) may trigger endogenous hsp70 

promoter-specific effects and/or modify the local chromatin environment to allow the 

GAL4-activated UAS to drive increased hsp70 gene expression. 

The UAS-hsp70 transgene may thus act like a conditional GAL4-responsive UAS 

line, as in flies expressing steroid hormone inducible UAS trangenes (Nicholson et 

al., 2008), whereby tissue-specific GAL4 can only activate transgene expression 

under permissive (i.e. after chemical treatment or, in this case, hypoxic) conditions.  

If further work shows this to be the case, this would have the advantage that hsp70 is 

not elevated throughout development in this model, when it plays an important role 

in the formation of the nervous system (Loones et al., 2000).  The level of hsp70 

protein in stressed versus unstressed adults should be assessed by further independent 

experiments, and the level of hsp70 mRNA measured quantitatively under these 

conditions, in order to confirm that the hsp70Bbb is overexpressed after stress in 

double transgenics.
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Fig 1.2 – The kinesin and dynein axonal transport motor complexes 

(A) A current model for the interaction between 'conventional' kinesin-1 and a single microtubule 

(MT) protofilament. The globular core motor within the kinesin heavy chain (KHC) comprises of an 

α-β-α fold, with recognition helices making contact predominantly with the β-tubulin subunit. A 

central β-sheet provides interstrand loops comprising a nucleotide binding pocket adjacent to the MT-

recognition interface, and successive rounds of ATP hydrolysis drive conformational change and 

kinesin monomer exchange for a processive 'hand-over-hand' model of polarised movement along the 

MT. An α-helical coiled-coil neck and tail region is involved in this exchange, and also connects the 

KHC to the kinesin light chain (KLC) and carboxy terminus, regions implicated in cargo receptor 

binding. The KLC interacts with JNK interacting protein 1 (JIP-1), for example, which recruits 

amyloid precursor protein (APP) as an adaptor to transport vesicles in the axon. At least 45 members 

constitute the kinesin superfamily in mice and humans, with extensive variation in KHC tail length, 

motor position and quarternary structure, although the core motor region remains relatively conserved  

(Hirokawa and Takemura, 2005;Marx et al., 2006;Koushika, 2008).  (B) The dynein-1 multi-

component complex. Cytoplasmic dynein-1, one of 15 vertebrate dynein complexes identified to date, 

is involved in retrograde transport of axonal cargoes to the neuronal cell body. Dynein heavy chain 

(DHC) possesses a 350KDa globular core comprising of hexameric nucleotide binding rings with fold 

similarity to the AAA family of ATPases. Dynein intermediate chains (DIC) and light chains (DLC) 

connect the DHC stem with the rest of the complex. Instances of cargo association with both DLCs 

and the dynamitin component of the massive dynein-associated dynactin complex have been 

documented, such as binding of rhodopsin vesicles to the DLC component Tctex-1, soluble neuronal 

nitric oxide synthase and nuclear p53 binding protein to DLC8, and the association of endosomes and 

lysosomes to the dynactin complex. Despite our growing knowledge of such cargo interactions, the 

structure, mechanics, and in particular any special requirements for long distance retrograde axonal 

transport of the dynein-1 complex as a whole, is currently at a relatively nascent level of 

understanding (Burkhardt et al., 1997;Tai et al., 1999;Crosby, 2003;Vallee et al., 2004;Mohan and 

Hosur, 2008). 



 

 

Fig 1.3 Tau-mediated axonal transport dysfunction in vitro and in animal 

disease models.  (A) Abnormal mitochondria (mito), peroxisome (pero) and endoplasmic 

reticulum (ER) distribution, and a resultant reduced capacity for exocytosis (e), in Chinese hamster 

ovary cells (CHO) transfected with human 4Rtau (Ebneth et al., 1998). n – nucleus.  (B) Real-time 

analysis of the axonal transport of mito-tracker red loaded mitochondria (mito-red) and viral protein 

VSVG-GFP containing axonal transport vesicles (v) in CHOs indicates that 4Rtau transfection may 

perturb cargo attachment to kinesin (k), but not motor speed between stops (Trinczek et al., 1999).  (C) 

Mitochondrial exclusion from neurites in 4Rtau-transfected N2A neuroblastoma cells (Stamer et al., 

2002).  (D)  Peri-nuclear mitochondria and wheat germ agglutinin – associated vesicle (WGAv) 

accumulates are present in primary rat cortical neurons (PRCN) transfected with 4Rtau, and 4Rtau 

transfection results in a real-time retardation of APP-YFP axonal transport along the neurites of 

cultured chick retinal ganglion cells (RGC, (Stamer et al., 2002).  (E) Transgenic mice expressing 

human 3Rtau show progressive neuronal tau aggregation in cortex, brain stem and spinal cord 

(Ishihara et al., 1999).  (F) Aggregation and neurofilament (NF) disorganisation is identifiable in 

spinal cord transections, as are swollen axonal sphaeroids (s) and perineurial gaps (pg) indicative of 

axonal loss (Ishihara et al., 1999).  Sphaeroids, rich in vesicle and organelle cargoes, are also present 

within the spinal cord of 4Rtau transgenic mice (Spittaels et al., 1999).  (G) Injection of radioactive 

S
35

-methionine (Met) into murine brain stem normally results in its incorporation into cargo proteins 

and its axonal transport to lumbar regions of spinal cord axons, but this is retarded in 12 month old 

3Rtau transgenic animals (Ishihara et al., 1999). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4 Key features of the 3Rtau Drosophila larval model of tauopathy 

(A) 3Rtau larvae express the shortest human tau isoform, 0N 3R-tau, in which exons 2, 3 &10 are 

spliced out (struck out in pink). Numbers in boxes indicate exon number (N-terminal exons in gray 

and exons with a microtubule binding repeat are striped).  Black numbers above bars indicate amino 

acid residue number.  Tau is hyperphosphorylated in 3Rtau larvae and reacts with several anti 

phospho-tau antibodies.  Phosphorylated residues (red) corresponding to each antibody (blue) and 

kinases acting on them (also in red) are shown above/below bars.  Tau from young 3Rtau adult flies 

also reacts with a conformation specific antibody, MC1, suggesting tau misfolding. (B) 3R-tau 

expression is directed to motor neurons with the D42 driver (>D42), and L3 larval progeny (life cycle 

shown in i, days after fertilisation in red) are analysed.  Larval locomotion during wandering 

behaviour at this stage is abnormal (example shown in ii, see also Fig. 3.1 and Fig. 3.4). (C) In 3Rtau 

larvae, hyperphosphorylated human tau (htau, red) binds less to microtubules (MT, i) sequesters 

soluble endogenous Drosophila tau (dtau, blue) and reduces binding of the latter to MT (ii).  These 

events correlate with destabilisation/loss of MT in cross sections of larval peripheral nerves.  (D)  

3Rtau larvae exhibit accumulates of the fast axonal transport cargo, neuropeptide Y-GFP, in 

peripheral nerve (ii, arrows) that are absent in wild-type larvae (i), indicating a disruption of axonal 

transport in 3Rtau larval motor neurons. (E) Neuromuscular junction (NMJ) size is reduced in 3Rtau 

(ii) versus wt (i) larvae.  Boutons (arrows) cluster in the 3Rtau NMJ, and miniboutons (arrow heads) 

are present. (F)  3Rtau NMJs (i) are deficient in the endocytosis and exocytosis of the styryl dye, FMI-

43 (blue), and house fewer active mitochondria as detected via uptake of TMRE dye, relative to 

wildtype controls (ii).  (G) NMJs exhibit a strong excitatory junction potential (EJP) response when 

wt nerve is stimulated at high frequency (i), but this is reduced in NMJs from 3Rtau larvae (ii). 

Results are from (Mudher et al., 2004), (Chee et al., 2005), (Cowan et al., 2010) and M. Sealey, 

unpublished observations.  Panel Bii is adapted from (Hurd and Saxton, 1996). 



 

 

Fig 1.5 Htt-associated axonal transport complexes and their possible 

perturbation in HD.  (A)  Htt interacts with intact MTs (Tukamoto et al., 1997).  Htt-associated 

protein 1 (HAP-1) interacts with the p150 subunit of the dynein-1(d)/dynactin complex (Engelender et 

al., 1997), which is retrogradely transported in axons (Block-Galarza et al., 1997). (B)  The above 

retrograde AT complex is rendered abnormal in the presence of polyQ-expanded mutant htt (Htt-

polyQ), with an increase in the inter-subunit affinities but a decrease in the affinity of the whole 

complex with the microtubule (MT) upon mutant htt expression (Velier et al., 1998).  This could 

effectively sequester cytoplasmic dynein-1 from the MT. (C)  HAP1 also interacts with kinesin (k) 

light chain in vitro, an interaction that is required for the normal anterograde AT of APP-associated 

vesicles (Va, (McGuire et al., 2006). (D) A HAP1-like protein, Milton (Mltn), mediates AT of 

mitochondria (mito) in Drosophila (Stowers et al., 2002).  N-terminal htt fragments (N-htt), liberated 

by htt proteolysis, may interact directly with mitochondria and promote mitochondrial stalling (Orr et 

al., 2008).  Stalling of mitochondria may disrupt neuronal energy homeostasis, resulting in reactive 

oxygen species (ROS) generation, local ATP deficiencies and further cellular damage (Chee et al., 

2005;Pilling et al., 2006;Orr et al., 2008). (E)  Insoluble htt inclusions may play a protective role 

during pathological progression, possibly by sequestering soluble toxic species (Taylor et al., 2003).  

Misfolded protein aggregate (ag) formation adjacent to the nucleus (n) is reliant upon retrograde AT 

(Garcia-Mata et al., 1999).  An Htt-polyQ induced retrograde AT deficit could thus confine soluble 

toxic Htt-polyQ species to the axon. (F)  Htt is involved in a retrograde/anterograde switch for 

directional axonal transport.  i) Htt that is dephosphorylated at S421 (by calcineurin phosphatase, CaN) 

promotes retrograde transport.  ii) Phosphorylation at this site (S421-P) by an IGF1/AKT dependent 

pathway promotes recruitment of kinesin-1 to the complex and a switch to predominantly anterograde 

transport (Colin et al., 2008).  Htt-polyQ is compromised in this switch capacity as it is hypo-

phosphorylated at the S421 site (Pardo et al., 2006). 



 

 

Fig. 1.11. Regulation of HSP gene transcription and its chemical manipulation. 

Heat shock factor-1 (HSF-1) is the best-described modulator of HSP gene expression and functions at 

the level of transcription.  (A) Inactive monomeric HSF-1 is sequestered by a chaperone complex 

encorporating hsp90 and hsp70 in the cytoplasm.  HSF-1 is freed from the complex after stress – 

mediated sequestration or chemical inhibition of chaperones from the complex (1). (B) Structure of 

key components of the mammalian hsp70 promoter. HSE – heat shock element. GF – GATA 

transcription factor.  TBP – TATAA binding protein. CTD – carboxyl terminal domain of RNA 

polymerase II. (C) Upon liberation from the cytoplasm, HSF trimerises, enters the nucleus and binds 

to HSEs (2).  From here it is subject to regulatory phosphorylation by several kinases including GSK-

3β, ERK1 and PKC. These in turn are regulated by second messengers such as phospholipase A2 

(PlA2) and phosphatidyl inositol-3 kinase (PI3K) from the plasma membrane (in yellow). P (in red) – 

phosphorylation sites. Phosphorylation at the CTD by phospho-activated HSF-1 promotes processive 

transcription by RNA pol II (3).  This also requires chromatin remodelling via phosphorylation of 

histone H3 by p38 MAP kinase (MAPK). GA – geldanamycin. Rad – radicicol. GGA – 

geranylgeranylacetone. Cel –celastrol. Sim – simvastatin. Cur – curcumin. Bim – bimoclomol. Wit – 

withaferin-A. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2 Axonal Htt distribution and aggregation in Drosophila motor neuron 

axons.  (A)  Representative structures detected with anti-HttEx1 (S830) and anti-Htt aggregate 

(EM48) antibodies in larvae expressing HttEx1-polyQ in motor neurons. S830 (i) annular or (ii) dense 

large aggregate (LAg); (iii) small aggregate (SAg); (iv) track (TR); (v) EM48 large aggregate (LAg).  

SAg measured from 0.7µm to 1.3µm in diameter (largest cross sectional length), LAg were equal to or 

exceeded 1.3µm in diameter, and tracks were accumulates of fluorescence appearing to run along a 

single axon for longer than 20µM. The typical distribution of HttEx1, detected with S830, in wild type 

OreR, HttEx1Q20 and pathological HttEx1Q93 axons is shown for animals raised at 23
o
C (B) and 

29
o
C (F).  5 larvae were analysed for each genotype.   Typical Htt EM48 aggregate immunoreactivity 

for animals raised at 23
o
C (D) and 29

o
C (H) is also shown.  For quantification, the values on the Y 

axis in C, E, G & I represent the number of each structure indentified.  Q93 animals raised at 23
o
C 

possess more LAg than controls (E).  This trait is exacerbated in Q93 animals raised at 29
o
C (I), in 

which SAg and TRs are also elevated.  Q93 larvae raised at 23
o
C display more EM48 SAg than 

controls (E), whereas animals raised at 29
o
C display fewer SAg but more LAg (I).  For each genotype, 

4 larvae raised at 23
o
C and 3 raised at 29

o
C were analysed. Statistically significant differences for 

relevant comparisons are indicated by stars *p<0.05; **p<0.01; ***p<0.001. Non-significance is not 

indicated.  Scale bars are 3µm (A) and 5µm (B, D, F &H). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Axonal and somal EM48 immunoreactivity and Hoechst nuclear 

staining in HttEx1Q20/93 larvae.  (A) A typical htt “aggregate track” observed in both 

HttEx1Q20 and HttEx1Q93 (not shown) peripheral nerve axon. (B)  Diffuse Htt distribution 

demarcating the cell bodies (red) and Hoechst chromatin staining (violet) in HttEx1Q20 ventral cord, 

arrows point to nucleoli (whole nucleus shown in C). (C)  High magnification projection of an 

HttEx1Q20 ventral cord cell body nucleus with nucleolus indicated by arrow.  (D &E)  Typical 

examples of HttEx1Q93 nerve large aggregates (arrows) within axons. (F-I)  EM48 positive 

immunoreactivity (red) and Hoechst (DNA, violet, arrowheads indicate nucleoli) fluorescence in 

HttEx1Q93 ventral cord.  The presence of somal/nuclear aggregates (arrows) and HttEx193Q 

expression is visible in a cluster of cell bodies (F), in two adjacent cell bodies (G) and in single cell 

bodies at high magnification (H &I).  Analysis was conducted on a Zeiss LSM510 Meta Confocal 

Microscope. (J-L)  Hoechst chromatin staining of ventral cords shows no overt morphological 

changes in HttEx1Q93 versus control ventral cord.  Scale bars are 2µm (G-I), 5µm (A-C, E &F), and 

10µm (J-L). (M)  Quantification of EM48 immunopositive aggregates per cell body (as quantified by 

Hoechst stained nuclei) in  ventral cord.  The field of view was randomly chosen for each ventral cord 

analysed at x63 magnification of a Zeiss Axioplan2 epifluorescence microscope.  Significantly more 

aggregates were present in HttEx1Q93 ventral cord relative to controls (**** p<0.0001, n=3 separate 

larvae per genotype, error bars are SEMs). (N) Filter trap assay of larval ventral cord (VC) 

homogenate (15 VCs per genotype) and transfected HeLa cell lysates treated with 2% SDS detergent.  

Well 1 – OreR control; well 2 – HttEx1Q20 control; well 3 – HttEx1Q93; wells 4-8 – cells expressing 

HttEx1Q97 as positive control; well 9 – cells expressing HttEx1Q25 as negative control. 2% SDS 

insoluble material (detected with S830 anti-HttEx1 antibody) was trapped by the filter and detected 

only in lanes 4-8 (n=2). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 Larval neuromuscular junctions and peripheral nerve thickness.  (A-I) 

Representative images of neuromuscular junctions (NMJs) 4, 6 and 12/13, identified by morphology 

in HttEx1Q93 larvae and controls. FITC-conjugated anti-HRP immunoreactivity against a Drosophila 

membrane-associated epitope reveals the presence of larval NMJs in fixed, dissected L3 larval 

preparations.  (J) Quantification of the number of each type of NMJ per larva reveals no significant 

difference between genotypes (n=3, p=0.42 for NMJ4 and NMJ12/13, and p=0.8 for NMJ6 when 

HttEx120Q and HttEx193Q values are compared).  (K) Larval major segmental nerve diameters were 

estimated from micrographs of S830 and EM48 immunostaining.  No significant alteration in nerve 

diameter between HttEx1Q93 and control larvae was detected.  Error bars in J and K are SEMs. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5  Assessment of HttEx1Q93 mRNA and protein expression levels.  (A &B) 

Semi-quantitative RT-PCR of HttEx1 from HttEx1Q93 total RNA.  HttEx1Q93 product bands are 

detectable for larvae raised at both 23
o
C and 29

o
C.  RNA for ribosomal protein RP49 was used as an 

RNA baseline control.  -H20 is water loading control, -RP49 is RP49 primer negative PCR control, -

HttEx1 is HttEx1Q93 primer negative PCR control.  (B)  Band density analysis indicates that animals 

raised at 29
o
C show a significantly greater level of transgene expression than those raised at 23

o
C 

(*p<0.05, n=3). (C)  Western blot probed with S830 anti-HttEx1 antibody.  Whole larval (lanes 1 &2) 

and ventral cord (lanes 3-5) protein homogenates were analysed and compared to cells transfected 

with HttEx1Q97-mRFP as a positive control (10µg total protein, lane 6).  25µg total protein was used 

in each lane for larval and ventral cord samples, and ponceau-S staining indicated approximately 

equal levels of total protein in each lane on the membrane (not shown). Suspected HttEx1-polyQ 

bands are indicated by arrows.  (D)  Expected and observed sizes of HttEx1Q20, HttEx1Q93 and 

HttEx1Q97-mRFP proteins.  HttEx1 is shown in grey, the polyQ tract in blue, and mRFP in red. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 In vivo axonal cargo accumulation in HttEx1Q93 expressing Drosophila.  

(A) Representative vesicular neuropeptide-Y-GFP (vGFP) distribution in larval peripheral nerves.  

Live, immobilised HttEx1Q93 specimens raised at 29
o
C show extensive axonal accumulation of vGFP 

fluorescence, whereas vGFP in control nerve is distributed diffusely.  Scale bar - 5µm.  (B) Relative 

total vGFP accumulate area, quantified over a restricted region of peripheral nerve, reveals a 

progressive increase in vGFP accumulation with increasing polyQ length for larvae raised at 29
o
C.  (C) 

Constant low level fluorescence in HttEx1Q93 and controls raised at 23
o
C. 6 larvae raised from a 

single cross were analysed for each genotype. (*p<0.05) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2 Assessment of HSP mRNA levels in 3Rtau larvae by quantitative RT-

PCR.  For each sample, pooled RNA from five larvae was used with primers designed to amplify 

mRNA for endogenous Drosophila hsp70 (A &B), hsp40 (dHdj1, C &D), hsp23 (E &F) and hsp90 

(G).  Comparisons were made between OreR and heat shocked OreR larvae (A, C &E in blue) as a 

control to establish detection of HSP induction, and between OreR and 3Rtau larvae (B, D, F &G in 

amber).  Mean expression values were standardised to RP49 levels and corrected so that mean (µ) 

OreR expression = 1.  *p<0.05, ns = not significant.  n = number of samples for each 

genotype/treatment.  Error bars = SEMs. 



 

 

Fig. 4.8 Effects of 17-AAG on OreR and 3Rtau larval locomotion.  17-AAG was 

delivered to fly food for transgenic crosses in either DMSO (A-D) or ethanol (G-H) vehicle.  Progeny 

were allowed to develop to L3 wandering larval stage on 17-AAG-treated, untreated basic food, or 

vehicle-treated control food, and then OreR and 3Rtau larvae were tested for locomotion ability in 

ethovision 4 plate and 5 lane crawling assays.  This allowed measurement of the primary behavioural 

readouts for the chemical modulation screen, open field meander (A &E) and lane crawl time (B &F) 

at three different concentrations of 17-AAG.  Ethovision 4 plate assay recordings were also used to 

measure open field ethovision velocity (C &G) and angular velocity (D &H) for larvae reared on 

0.2µM 17-AAG.  For post test comparisons between treatments, * p<0.05, ** p<0.01. Non-

significance is not indicated, except where trends of interest are indicated by p values above/below 

comparison lines.  Instances where OreR and 3Rtau behavioural parameters are no longer significantly 

different are highlighted in red (with p value), and the treatment where this occurs is marked with a 

red hash (#).  For all other treatments, 3Rtau performance was significantly worse than OreR.  Error 

bars are SEMs. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.14 Vehicle effects on hsp70 and total tau protein levels in OreR and 3Rtau 

larvae.  Total protein was isolated from three larvae per genotype and analysed by western blot in a 

single experiment.  The blot was probed for endogenous Drosophila kinesin (kin, 110KDa), 

endogenous hsp70 (70KDa), and human tau (55KDa) (A).  Hsp70 (B) and tau (C) levels were 

corrected to coomassie whole lane densities (D) and expressed relative to the corrected band density 

from OreR raised on basic food (lane 1, ‘bas’ in A). EtOH = ethanol; + = positive heat shock control.   

Relative levels of hsp70 in (B) are for the upper of the twin hsp70 bands that were detected (at level of 

arrows in A).  Hsp70 (upper and lower band) and tau band densities were also corrected to kinesin 

band density (see Appendix 4 Fig. A4.2). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15 Effects of 17-AAG on hsp70 and total tau protein levels in OreR and 

3Rtau larvae. Total protein from three larvae per genotype was analysed by western blot in a 

single experiment.  The blot was probed for endogenous Drosophila kinesin (kin), endogenous hsp70, 

and human tau (A).  Hsp70 (B) and tau (C) levels were corrected to coomassie whole lane densities (D) 

and expressed relative to the corrected band density from OreR raised on DMSO vehicle (lane 1, ‘veh’ 

in A). 0.2, 2 and 20 indicate concentration of 17-AAG in µM; + = positive heat shock control. 

Relative levels of hsp70 in (B) are for the upper of the twin hsp70 bands that were detected (at level of 

arrows in A).  A line-of-best-fit for a dose-dependent effect of 17-AAG on tau levels is shown in pink 

(C).  Hsp70 (upper and lower band) and tau band densities were also corrected to kinesin band density 

(see Appendix 4 Fig. A4.3). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.16 Effects of radicicol on hsp70 and total tau protein levels in OreR and 

3Rtau larvae. Total protein from three larvae per genotype was analysed by western blot in a 

single experiment.  The blot was probed for endogenous Drosophila kinesin (kin), endogenous hsp70, 

and human tau (A).  Hsp70 (B) and tau (C) levels were corrected to coomassie whole lane densities (D) 

and expressed relative to the corrected band density from OreR raised on ethanol vehicle (lane 1, 

‘veh’). 0.1, 1 and 10 indicate concentration of radicicol (Rad) in µM; + = positive heat shock control. 

Relative levels of hsp70 in (B) are for the upper of the twin hsp70 bands that were detected (at level of 

arrows in A).  A line-of-best-fit for a dose-dependent effect of radicicol on tau levels is shown in pink 

(C).  Hsp70 (upper and lower band) and tau band densities were also corrected to kinesin band density 

(see Appendix 4 Fig. A4.4). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.17 Effects of non-hsp90 inhibitor chemicals on hsp70 and total tau protein 

levels in OreR and 3Rtau larvae. Total protein from three larvae per genotype was analysed 

by western blot in a single experiment.  The blot was probed for endogenous Drosophila kinesin (kin), 

endogenous hsp70, and human tau (A).  Hsp70 (B) and tau (C) levels were corrected to coomassie 

whole lane densities (D) and expressed relative to the corrected band density from OreR raised on 

ethanol vehicle (lane 1, ‘veh’). v = vehicle; 5 Cel = 5µM celastrol; 5 Sim = 5µM simvastatin; 10 Cur 

= 10µM curcumin; + = positive heat shock control.  Relative levels of hsp70 in (B) are for the upper 

of the twin hsp70 bands that were detected (at level of arrows in A).  Hsp70 (upper and lower band) 

and tau band densities were also corrected to kinesin band density (see Appendix 4 Fig. A4.5). 



 

 

Fig. 1.9 Regulation of mutant htt and tau misfolding by hsp70 and hsp40 chaperones. Macroscopically visible protein aggregates are shown in blue. (A) 

Hsp70 regulation of Htt-polyQ aggregation state.  Hsp70 levels modulate polyQ aggregation in cell culture or animal HD models (Jana et al., 2000;Hay et al., 2004).  Hsp70, 

in concert with Hsp40, may conversely contribute to the partitioning of toxic oligomeric Htt-polyQ species into insoluble aggregates (Wacker et al., 2004).  (B) Complex 

Hsp40 control of Htt-polQ aggregation.  Altering the level of various Hsp40 co-chaperones has varied effects on polyQ aggregation.  Drosophila dHdj1, for example, 

promoted polyQ aggregate solubilisation properties when overexpressed in concert with Hsp70 (Chan et al., 2000), but promoted aggregation when elevated in isolation 

(Fayazi et al., 2006).  Similarly, mammalian Hdj2 increased polyQ aggregation in certain cell lines but had no observed effect in others (Wyttenbach et al., 2000), and was, in 

fact, more potent than Hsp70 at reducing aggregated polyQ levels when expressed in NeuroN2a cell culture (Jana et al., 2000).  Mrj expression in human embryonic kidney 

cell culture markedly lowered polyQ aggregate levels (Chuang et al., 2002).  (C) Hsp70 and hsp40 modulation of tau microtubule (MT) interaction, half-life and aggregation.  

Hsp70 binds to hyperphosphorylated tau after heat shock in neuronal cells (Wallace et al., 1993).  It also reduces its aggregation when overexpressed (Petrucelli et al., 2004) 

and promotes its proteasomal degredation in concert with the J-domain cochaperone CHIP (Shimura et al., 2004b;Dickey et al., 2006).  This effect, also documented in 

tauopathy mouse model and human AD sufferer brain tissue, may allow for an hsp70-mediated increase in tau association with MTs (Dou et al., 2003). 



 

 

Fig 1.10 – Potential chaperone interactions with pathologic axonal events during chronic neurodegenerative stress in AD and HD. 

HSPs may act in the axon under basal and neurodegenerative stressed conditions in AD and HD.  Evidence for the involvement of HSPs in the processes shown above has 

arisen from interactions with, and modulation of the function of, components of the axonal transport machinery and axonal cytoskeleton by HSPs. 

Axonal pathology and disruption of axonal transport in HD (A) and AD (B).  Several documented pathologic events are shown schematically above.  Transport (blue arrows) 

is perturbed by abnormal interactions involving htt (A), and microtubule associated tau (B) proteins.  Sites of potential molecular chaperone interaction with these events are 

shown in red: 90, 70, 40 – Heat shock protein 90, 70, 40. MF – microfilaments in green; MT – microtubules in gray; IF – intermediate filaments in orange.  s – small Heat 

Shock Protein; TorA – Torsin A; NO – nitric oxide; JNK – Jun N-terminal kinase; KLC – kinesin light chain; tau-P – hyperphosphorylated tau; tau filament – tau filament 

thread; HB – Hirano body; GSK-3β – glycogen synthase kinase-3β; APP – amyloid precursor protein; MTOC – microtubule organising centre; TBCE – tubulin specific 

chaperone E; Htt – Huntingtin; Htt-polyQ – polyglutamine-expanded Huntingtin; HAP1 – Huntingtin-associated protein 1; BDNF – brain-derived neurotrophic factor; IB – 

inclusion body; MN – mitochondria; ROS – reactive oxygen species. 

Numbered events (purple): 1. Modulation of htt-polyQ nuclear aggregate formation, 2. Modulation of MT dynamics via interactions with the MTOC, 3. Modulation of JNK 

signalling, which in turn contributes to regulation of AT, 4. Interactions with the kinesin anterograde AT complex, 5. Modulation of axonal htt IB formation, 6. Interaction 

with retrograde transport complex, involved in transport of senescent MN and/or misfolded protein, 7. Association with aggresomes that may sequester harmful soluble 

misfolded protein species, 8. Role in directing misfolded protein, including htt, for proteasomal degradation, 9. Association with extracellular plaques and overexpression in 

plaque-associated glia, 10. Modulation of KLC and/or tau phosphorylation, 11. Modulation of tau-P half-life, 12. Modulation of tau aggregation into insoluble, axonal 

filaments, 13. Modulation of APP transport and Aβ formation from stalled AT complexes, 14. Association with axonal NFs, 15. Association with/modulation of the MF 

network, which aggregates into HB inclusions within some afflicted neurons in AD. 



 

 

Fig. 5.1 A transgenic Drosophila GAL4 responder line for targeted overexpression of endogenous hsp70 following hypoxia. 

(A) Complete genotype of Mae-UAS-Hsp70Bbb
UY2168

 GAL4 responder line (UAS-hsp70), generated in a P-element mobilisation screen for genes involved in mushroom 

body development in Drosophila (Nicolai et al., 2003). y and w designate mutations in the yellow and white genes, respectively.  The P-element insertion contains 7.7Kb of 

the yellow gene, as a marker for presence of the insertion (transgenic flies have a normal, darkly pigmented body pattern, unlike yellow mutants).  (B) The insertion is 

positioned directly upstream of the Drosophila hsp70Bbb gene at region 87B14 on chromosome 3 (Azad et al., 2009). (C) The line was characterised in the setting of hypoxic 

stress in Drosophila following the finding that hsp70Bbb, with other chaperones, is upregulated after constant hypoxia in this organism (Azad et al., 2009).  Whereas 2.5h of 

constant hypoxia leads to a 2-3 fold increase in hsp70Bbb levels in non-transgenic control flies, UAS-hsp70 flies driven with pan-cellular GAL4 expression respond with a 

more than 7-fold increase in hsp70 expression.  (D)  UAS-hsp70 flies also show a higher survival rate than controls when subjected to longer term hypoxia (1.5% O2 for 7d).  

This protection is due to the UAS-hsp70 trangene because the excision of this P-element from the host genome (UAS-Hsp70 Ex flies) results in loss of this increased survival 

rate. (E) Tissue-specific expression of UAS-hsp70 using heart (hand-GAL4) and central brain (c739-GAL4) specific drivers results in increased survival of adult flies relative 

to non-transgenic controls during long term hypoxia (14 days).  Panels (C), (D) and (E) adapted from (Azad et al., 2009).



 

 

 

 


