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Introduction 

Protein homeostasis (proteostasis) is regulated by maintaining the balance between the 

synthesis and degradation of proteins. Proteostasis is essential to maintain normal cellular 

metabolic functions and is crucial for the cell to respond to the dynamic changes for a given 

stimulus. An extensive complex network of signalling pathways safeguard cells and the overall 

organism against various proteotoxic stress 1,2. The proteostasis network comprises pathways 

that regulate biogenesis, folding, subcellular localisation, trafficking, and degradation of 

proteins 1,2. Any cellular stress, such as mutations, may damage proteins leading to their 

misfolding and eventually forming aggregates. To combat the toxic gain of function of these 

aggregates, cells rely on pathways such as the ubiquitin-proteasome system (UPS) and 

autophagy to degrade them. Any imbalance in proteostasis state due to the impairment of these 

degradation pathways leads to the accumulation of misfolded protein aggregates. These toxic 

aggregates cause cell death, especially in post-mitotic cells like neurons, and it has been shown 

that progressive temporal loss of proteostasis balance results in neurodegenerative diseases 

(NDDs) 3-5. Accumulation of toxic protein aggregates due to impairment of protein degradation 

pathways is the common root cause for many NDDs. Well known examples of such aggregates 

causing NDDs include β-amyloid plaques in Alzheimer's disease (AD), α-SYNUCLEIN in 

Parkinson's disease (PD), Superoxide dismutase (SOD) in Amyotrophic Lateral Sclerosis 

(ALS) and HUNTINGTIN in Huntington's disease (HD) 4,6. The work carried out in this thesis 

is focused on understanding the pathophysiology of HD, mainly focusing on autophagy 

dysfunction. 

Autophagy is an evolutionarily conserved catabolic process that involves the capture and 

lysosomal degradation of superfluous and damaged intracellular components 7,8. It involves de 

novo formation of double-membrane vesicles known as autophagosomes that engulf 

cytoplasmic cargo such as proteins and organelles. These autophagosomes eventually fuse with 

lysosomes to form autolysosomes wherein the captured cargo is degraded and building blocks, 

thus generated, are recycled back to the cytoplasm. Biogenesis of autophagosomes, their 

maturation, and finally fusion with lysosomes involves a discrete set of protein complexes that 

regulate every step of autophagy flux. Studies have shown that in most NDDs, autophagy is 

impaired at multiple steps. For example, in HD, autophagy is impaired at its initial phagophore 

formation, maturation of autophagosomes, and at the fusion step with lysosomes  6,9,10. HD is 

an autosomal dominant trinucleotide repeat disorder caused by an expansion of CAG repeats 

which codes for the amino acid glutamine (Q). The expanded polyQ are the characteristic 
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feature of the mutant HTT (mHTT) protein 11-13. The mHTT protein forms toxic aggregates 

and gets accumulated at specific regions of the brain such as the striatum, the region responsible 

for the control and coordination of motor functions. The presence of toxic mHTT aggregates 

in neurons is responsible for the failure of several fundamental cellular processes characterised 

by severe motor dysfunction, dementia, and cognitive impairment 13-15. Due to the large size 

and dynamic nature of the mHTT aggregates, UPS has been shown to be inefficient in detecting 

and clearing them. Rather, these aggregates act as substrates for autophagy, wherein autophagy 

machinery has the potential to efficiently recognise aggregates and enhance their clearance 

16,17. The autophagy pathway that involves selective degradation of protein aggregates such as 

mHTT is called aggrephagy, and studies have shown that aggrephagy however is impaired in 

HD 9,18,19.  

Extensive research has been carried out to understand the pathophysiology of such neurological 

disorders, including HD with respect to autophagy dysfunction, and has helped in designing 

disease-modifying strategies to ameliorate the severity of the phenotype. One of the effective 

strategies is to target pathways involved in regulating autophagy, which has been implicated 

as a promising therapeutic approach to identify scalable drug targets for many NDDs 3,6,7,20-22. 

Detection and development of specific active modulators of autophagy are ongoing and the 

ones with high therapeutic value have been employed for clinical interventions towards the 

treatment of many severe forms of NDDs. In the context of HD, the need of the hour is to 

identify small molecules that upregulate autophagy and effectively clear aggregate-prone 

intracytoplasmic mHTT protein complexes, thereby ameliorating disease pathology and 

conferring neuroprotective roles in various cellular and animal models of HD 23. 

Aims and scope of the study 

In this study, a robust HD mouse model, R6/2, that manifest pathophysiological symptom such 

as motor impairment was used to understand the proteostasis defects, including autophagy 

dysfunction 24-26. Despite being a widely used model to study HD, basal autophagy in R6/2 or 

any other related mouse models have not been characterised. In this study, some of the 

fundamental questions were addressed, such as how proteostasis can be restored in NDDs? Can 

toxic intracellular aggregates be cleared by inducing autophagy, thereby preventing the neurons 

from dying? At what stage of disease progression autophagy has to be induced? Since many 

NDDs are age-related, it is very important to identify the stage at which autophagy has to be 

induced. Intervention at the right stage should not only help in clearing the aggregates inside 
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the neuronal cells but also aid in delaying the onset of symptoms, thereby improving the quality 

and lifespan of an individual.  

Despite the detailed investigation of aggregate formation and mechanisms related to autophagy 

dysfunction in HD, the comprehensive study establishing the Spatio-temporal expression of 

mHTT aggregate formation across the disease progression has not yet been characterised in 

any of the available HD mouse models. The study contributes to understanding the 

pathophysiology of NDDs with respect to autophagy dysfunction since age-related diseases 

such as AD, PD, and HD, show distinct phenotypic differences and are caused due to the 

accumulation of specific protein aggregates leading to severe brain atrophy.  

The study carried out in the thesis investigates the expression of mHTT aggregates and 

autophagy proteins at different stages of disease progression in R6/2 across various brain 

regions, i.e., cortex, hippocampus, striatum, and cerebellum. Nilotinib (TasignaTM), an anti-

cancer drug commonly used to treat chronic myeloid leukaemia 27,28, is currently in clinical 

trials for PD and HD, but its potency has not been evaluated in any of the rodent models of 

HD. In this thesis, the efficacy of Tasigna was tested in ameliorating physiological and 

behavioural deficits in an HD mouse model, R6/2. 

Chapter 1 is the review of the literature and the overall background to the concept of the study. 

This chapter explains protein homeostasis and how altered proteostasis leads to 

neurodegenerative diseases. In these diseases, in addition to the accumulation of toxic 

intracellular aggregates, autophagy dysfunction plays a vital role in the disease progression. A 

detailed description of the autophagy pathway and its dysfunction in various NDDs including 

HD is discussed. In this study, the pathophysiology of HD is studied in detail with respect to 

autophagy dysfunction and in this regard, HD mouse model R6/2 is used as a model system. 

Pathophysiology of HD, various functions of HTT protein, and different mouse models used 

to study HD are discussed. Importantly, upregulation of autophagy by pharmacological 

intervention to combat the toxicity of protein aggregates in HD is highlighted in this section. 

Nilotinib (TasignaTM) which is currently in clinical trials for PD and HD is used in this study 

to test its efficacy in ameliorating the disease pathology in the HD mouse model, R6/2. The 

properties and importance of Tasigna are discussed in the section. In the end, this chapter 

concludes by providing the rationale, hypothesis and overall aims and scope of this study. 

Chapter 2 explains the detailed methodology by providing all the necessary information on 

the material and methods used in the study. A complete description of the protocols used for 
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the mouse study, such as genotyping, injection regime, bodyweight measurement, behavioural 

experiments to study the motor function test (Open-field test, rotarod test, hind-limb clasping 

test) are mentioned in detail. We used immunoblotting and immunohistochemistry to 

investigate the expression of mHTT aggregate formation and state of basal autophagy in R6/2 

mice. Besides the protocols, the tables with all the necessary components of buffers, salts, and 

antibodies are mentioned. All the statistical analysis done in this study are discussed. 

Chapter 3 discusses the results obtained in understanding the mHTT aggregate formation in 

R6/2 mice. Four different age groups (2, 4, 8, and 12 weeks) corresponding to different stages 

of disease progression were used to check the accumulation of toxic mHTT aggregates. Apart 

from investigating the temporal expression, various regions of the brain such as the cortex, 

hippocampus, striatum, and cerebellum were also included in the study to have a 

comprehensive analysis of aggregate formation in the HD mouse model, R6/2. Our results 

suggest that mHTT aggregates get to accumulate as early as 2 weeks in the striatum and cortex, 

whereas, in the hippocampus and cerebellum, mHTT aggregates were detected from 4 weeks 

of age. These results explain that aggregates start accumulating before the onset of symptoms 

and progressively accumulate and spread through the brain contributing to rapid disease 

progression in R6/2. Since aggregates form early in these mice, we next checked if there is any 

differential regulation in the overall ubiquitin profile of the cell. To our surprise, despite the 

presence of mHTT aggregates, there is no change in the ubiquitination pattern across different 

stages of disease progression in various regions of the brain. 

Chapter 4 describes the results of Spatio-temporal analysis of basal autophagy in R6/2 mice. 

Many studies have reported that autophagy is impaired in HD and plays a significant role in 

the pathophysiology of the disease. In this regard, the expression of key autophagy related 

markers was assessed across the different stage of disease progression in various regions of the 

brain to understand the state of basal autophagy in R6/2. Interestingly, immunoblot results 

suggest that despite the early detection of mHTT aggregates in R6/2, there is no differential 

change in the expression of autophagy markers p62, LC3B, and GABARAPL2 at any given 

stage of disease progression (2, 4, 8, and 12 weeks) in various regions of the brain. Further, 

immunohistochemistry findings revealed that adapter protein p62 co-localises with mHTT 

aggregates and forms intranuclear inclusions in R6/2 mice compared to wild-type control mice. 

This kind of comprehensive analysis of basal autophagy has not been reported earlier in any of 

HD mouse models before, and this study is the first one to completely characterise the dynamics 
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of mHTT aggregate formation and state of basal autophagy in R6/2. Our results would aid in 

manoeuvring novel therapeutic strategies to ameliorate the disease pathology in HD.  

Chapter 5 reviews the results of Nilotinib (TasignaTM) efficacy in inducing autophagy and 

clearing mHTT aggregates in R6/2 mice. Recent studies have proved that Tasigna is 

neuroprotective in preclinical models of PD and is currently in the clinical trials for PD and 

HD. Since its efficacy was not tested in any of HD mouse models to date, we evaluated its 

potency in inducing autophagy and clearing mHTT aggregates in R6/2 mice. Our findings 

suggest that the concentration of the Tasigna used in the study is not sufficient to induce 

autophagy and is inefficient in increasing the expression of autophagy markers in both wild-

type and R6/2 mice at any stage of disease progression in different regions of the brain. Due to 

its inefficiency in inducing autophagy, we found that there is no clearance of mHTT aggregates 

in R6/2, thereby unable to delay the disease progression. 

Chapter 6 evaluates the behaviour results and Tasigna inefficacy in improving the motor 

functions in R6/2 mice. Since our molecular experiments suggest that Tasigna is unable to 

induce autophagy and clear mHTT aggregates in R6/2, we performed motor functions tests, to 

see if the drug has any effect in improving the behavioral phenotypes. Our results indicate that 

Tasigna is unable to improve the bodyweight nor the survival rate in R6/2 compared to wild-

type control mice. Motor function tests such as open-field locomotion and rotarod test were not 

improved after Tasigna treatment, and the hind-limb clasping test reveals that Tasigna is unable 

to delay the disease progression in R6/2 mice. The findings in this study suggest that Tasigna, 

which is in clinical trials for PD and HD, is not neuroprotective and does not ameliorate the 

disease phenotype in a pre-clinical model of HD, R6/2 mice. 

Chapter 7 illustrates the overall results and discussion of the study carried out in this thesis. 

The results summarise that mHTT aggregates accumulate early in R6/2 mice, and basal 

autophagy is spatio-temporally maintained across different stages of disease progression in 

various regions of the brain in R6/2 mice compared to wild-type control littermates. Tasigna is 

ineffective in inducing autophagy and improving the motor functions in R6/2 mice. This kind 

of comprehensive study (different age groups and from different regions of the brain) has not 

been carried out in any of the HD mouse models and also in other NDDs to date. The results 

presented in this study would provide insights into understanding the mHTT aggregate 

formation and its consequences on autophagy dysfunction. Moreover, considering the fact the 

Tasigna is in the clinical trials for PD, and HD patients, to date, its potency is not studied in 
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any pre-clinical models of HD. This is the first study to be reported and to comment on the 

effect of Tasigna in the R6/2 mice model. In this regard, this study would be of interest to the 

researchers working on NDDs, focusing on autophagy dysfunction and also provide valuable 

insights to develop therapeutic strategies to design novel drugs. Moreover, all the limitations 

and conclusions drawn out of this study are discussed in this section. This chapter is completed 

by proposing future experiments to understand further the autophagy-related issues associated 

with HD. 
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The brain is the centre of our pleasures, joys, laughter, jests, and as well as our sorrows, pain, 

grief, and tears. It makes us think, walk, see, hear, and perform various everyday activities. 

Although understanding the function of the brain is still in its infancy, archaeological evidence 

suggests that ‘trepanation’, a form of primitive brain surgery that involved boring a hole 

through the skull, was widely practised in the prehistoric era. 1,2. Old cave paintings from the 

stone age hint at people believing such practices would aid in healing migraines, mental 

disorders, and epileptic seizures in the conviction that surgery would allow evil spirits to 

escape. 

Over the years, research has made enormous progress in deciphering the mystery of how the 

brain with 86 billion neurons and 85 billion non-neuronal cells create a network of connections 

and, potentially, stores and process more information than a supercomputer 3,4. Considering 

that the brain is the principal organ of the central nervous system which controls, and 

coordinates most of the activities of the body by processing, and integrating various signals 

received by the sensory systems, as mentioned earlier, one of the most critical functions is to 

balance and coordinate different muscular activities such as walking, writing, or holding a glass 

of water. The region of the brain that controls and regulates these activities is the motor cortex 

5,6. The motor cortex facilitates the motor functions with associated regions such as the 

striatum, substantia nigra, and thalamus. The impairment in the function of these regions results 

in neurodegenerative diseases (NDDs) such as Parkinson’s disease (PD), Amyotrophic Lateral 

Sclerosis (ALS), and Huntington’s disease (HD) 7-10. Studies have shown that the accumulation 

of misfolded proteins such as β-AMYLOID, α-SYNUCLEIN, and HUNTINGTIN are due to 

defects in protein homeostasis and is the primary cause for many age-related neurodegenerative 

disorders 11,12. Therefore, maintaining proteostasis is essential for healthy neuronal connections 

which facilitates proper motor function and coordination. The work carried out in this thesis, 

is mainly centred on how proteostasis dysfunction plays a role in the pathophysiology of HD, 

mainly focussing on autophagy dysfunction. 

1.1 Protein homeostasis 

Protein homeostasis (proteostasis) is regulated by maintaining the balance between the 

synthesis and degradation of proteins 11. Many complex and extensive signalling pathways play 

a vital role in safeguarding the cells from proteotoxic stress. Thus, the proteostasis network 

acts as a quality control check that regulates the biogenesis, folding, trafficking, subcellular 

localisation, and degradation of proteins. Many processes mediate this proteostasis network 
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13,14. For example, the chaperone-mediated mechanism ensures the proper folding of the protein 

into its native functional conformational state, and protein degradation pathways such as 

ubiquitin-proteasome system (UPS) and autophagy degrade the misfolded and toxic form of 

proteins 15. The regulation of all these processes is critical for a cell to maintain a functional 

proteome and to reduce the toxicity associated with various mutations that lead to 

misfolded/damaged proteins. Removal of the toxic form of proteins (misfolded/aggregates) is 

crucial for all the cell types, but it is indispensable and significant in post-mitotic cells, such as 

neurons which cannot be replaced and cannot remove the aggregates retaining them in the 

parent cell during the process of cell division 16. Neurons are more susceptible to detrimental 

age-related metabolic changes than any other cell types and several interrelated factors 

contribute to this susceptibility. In the adult brain, damaged neurons are not replaced and after 

injury central axons do not regenerate completely 17. Although neurogenesis can take place in 

certain areas of the hippocampus and olfactory bulb, this process eventually slows down with 

ageing and the integration of newly formed neurons into functional networks becomes limited 

18,19. During pregnancy and infancy, the human brain grows fast, the size and the volume 

increases significantly, and such changes are often associated with very large energy demands. 

During childhood, the brain may account for up to ~60 % of the body basal energy requirements 

20,21. Moreover, local protein synthesis at synapses requires high energy and neuronal ATP 

requirements increase with ageing. These increased ATP requirements with ageing are possibly 

due to the reduction in the efficiency of energy utilization by aged neurons, however, the 

precise reason is not yet understood 22.  

The production of ATP by oxidative phosphorylation leads to the release of oxidative free 

radicals that progressively damage neuronal DNA, proteins, and lipids. Therefore, in the 

absence of neuronal turnover, oxidative damage accumulates with ageing making the neurons 

more vulnerable to death 23,24. In addition, chaperones such as heat shock proteins have a higher 

threshold for activation and show low expression levels in neurons compared to other cell 

types. For example, induction of HSP 70 by HSF1 is lower in neurons than non-neuronal cells 

25,26. Protein degradation by UPS is highly dependent on ATP 27. Age-related changes in 

neuronal ATP balance/requirement are likely to have a significant effect on the capacity of the 

UPS. Additionally, mitochondrial proteins and components of energy metabolic pathways are 

substrates of UPS indicating a significant cross-talk between neuronal energy metabolism and 

protein turnover 28-30. Therefore, maintenance of protein homeostasis in neurons is essential for 
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healthy ageing, and any imbalance or dysregulation leads to neurodegenerative diseases 11,31 

(Figure 1-1).   

 

Figure 1-1 Diagram illustrating the intraneuronal proteostasis network 

All the cellular processes like protein biogenesis, folding, trafficking and degradation are 

controlled regulated inside the cell to maintain protein homeostasis. Any imbalance in the 

protein homeostasis due to degradation pathways leads to the accumulation of misfolded 

proteins forming aggregates. Image source: adapted from 11,32. 

 

1.2 Protein aggregation in neurodegenerative diseases 

Protein aggregates are defined as an association of two or more protein complex molecules in 

a non-native conformation state and comprise a broad range of structures from amorphous 

assemblies to higher ordered amyloid fibrils with crosslinked β-structures 33,34. The propensity 

of a specific protein to form aggregates is primarily driven by the chemical properties of its 

amino acid sequence, the native conformational stability of its folded state, and its cellular 

concentration 33,34. High protein concentration inside the cells results in excluded-volume 

effects and substantially increasing the tendency of non-native protein molecules to aggregate. 

Approximately 30 % of proteins in higher eukaryotes contain intrinsically unstructured regions, 

and these proteins often exist in metastable conformational states forming toxic aggregates as 

seen in neurodegenerative diseases such as α-SYNUCLEIN in Parkinson’s disease (PD), 
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amyloid-β, and TAU in Alzheimer’s disease (AD) and HUNTINGTIN in Huntington’s disease 

(HD) 33,35,36.  

Cellular dysfunction and neuronal death in neurodegenerative diseases happen to be mainly 

caused by a subset of highly toxic aggregate species, including diffusible, oligomeric forms 

that lack ordered fibrillar topology 34. These aggregate species are dynamic and structurally ill-

defined and expose hydrophobic residues on unpaired β-strands that provide sticky surfaces 

for aberrant interactions with other cellular proteins and membranes 34. Multiple endogenous 

proteins that are often newly synthesised containing extensive disordered regions and certain 

chaperones are sequestered with toxic aggregate species in many neurodegenerative diseases 

36. Notably, there is an increasing body of evidence that sequestration of oligomers into large 

insoluble deposits are neuroprotective, presumably by reducing the interaction with the 

solvent-exposed surface of the aggregate molecules  37. However, inclusion body formation 

may be actively advocated by the proteostasis network in aged cells, these deposits are highly 

unlikely to be entirely harmless 35. The causative reasons for aggregate formation in 

neurodegenerative diseases are not only the result of insufficient proteostasis capacity of the 

neuronal cells but also the imbalance in the proteostasis network by overburdening the 

chaperone activity and degradation pathways, leading to proteostasis collapse and neuronal 

death 14,38. The failure of the neuronal cells to maintain proteostasis does not appear to be 

random; there are spatial and temporal patterns of inclusion body formation during the disease 

progression and the overall load of aggregates connects very well with the advancement and 

increased severity of pathological changes. 11,38,39.  

Studies have shown that different cell types and distinct brain regions vary in their proteostasis 

capacity and their ability to respond to different forms of stress 40. A precise characterisation 

of these differences could facilitate understanding why neurons are more vulnerable to aberrant 

protein folding than others and why ubiquitously expressed proteins aggregate only in certain 

tissues. Pharmacological intervention to upregulate proteostasis capacity may begin to have 

new opportunities to combat neurodegeneration and cell death. This may be achieved by 

enhancing the protein degradation pathway such as autophagy 41. In any circumstance, 

restoring proteostasis balance should occur at an early stage of the disease before the 

manifestation of severe cellular dysfunction 42. 
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1.3 Autophagy 

Autophagy is an intracellular degradative pathway that involves the delivery of cytoplasmic 

cargo sequestered inside double-membrane vesicles to the lysosomes 43. This cellular process 

of self-digestion not only provides energy supplements to maintain vital physiological 

functions during conditions such as starvation but also to get rid of toxic, superfluous, 

components such as damaged organelles, misfolded protein aggregates and pathogenic 

microorganisms 44-46. 

Identified by Christian de Duve in the 1950s, the lysosome is a membrane-bound organelle that 

contains various hydrolytic enzymes that drives the degradation process under an acidic pH 

47,48. In the mid-1990s, Ohsumi and his colleagues uncovered the process of macroautophagy 

in yeast and were awarded the 2016 noble prize in Physiology and medicine 49,50. The delivery 

of the cargo into the lysosomal lumen is mediated by two trafficking pathways: Endocytosis 

transports extracellular, transmembrane bound cellular constituents; and autophagy transports 

cytosolic substrates using three different pathways: microautophagy, chaperone-mediated 

autophagy (CMA), and macroautophagy 51-53. Neurons were one of the first cell types used in 

the identification and ultrastructural characterisation of the macroautophagy pathway 54,55. The 

molecular machinery of this pathway is currently composed of more than 30 autophagy-related 

(ATG) genes in yeast, of which 18 have mammalian homologs 56-58. 

The autophagy mechanism starts with the initial steps of formation (vesicle nucleation) and 

expansion (vesicle elongation) of an isolation membrane called a phagophore. The edges of the 

phagophore eventually fuse (vesicle completion) to form autophagosomes, a double 

membraned structure that capture the cytoplasmic constituents. This step is followed by the 

fusion of autophagosomes with the lysosomes to form autolysosomes, where the captured cargo 

is degraded by acid hydrolases, and the building blocks thus generated are recycled back to the 

cytoplasm 56,59 (Figure 1-2). 

The primary process in autophagy is the synthesis of double-membrane autophagosomes which 

is divided into three steps: induction and nucleation, expansion, and maturation 43. The 

autophagy related proteins play a role in each of these steps and can be categorised into six 

functional groups: the ULK1 protein kinase complex, the BECLIN1-ATG14L-VPS34 lipid 

kinase complex, the PI3P (phosphatidylinositol-3-monophosphate) binding proteins, ATG9, 

and the two ubiquitin-like conjugation systems. 
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Figure 1-2 Overview of the autophagy pathway 

The process of autophagy starts with the formation of a phagophore assembly site (PAS). This 

is mediated by the ULK1 complex consisting of ULK1, ATG13, FIP200, and ATG101. 

Nucleation requires the class III PI3K complex comprising of VPS34 along with ATG14L, 

VPS15, and BECLIN1. Phagophore membrane elongation and autophagosome maturation 

require two ubiquitin-like conjugation pathways. In the initial step, ATG5-ATG12 conjugate, 

which leads to the formation of a multimeric complex with ATG16L followed by conjugation 

of phosphatidylethanolamine (PE) to LC3. LC3-PE is required for the expansion of 

autophagosome membranes and their ability to recognise autophagic cargoes and the fusion of 

autophagosomes with lysosomes. The resulting autophagosome fuses with lysosomes forming 

autolysosome. In microautophagy, substrates are directly engulfed at the boundary of the 

lysosomal membrane. In CMA, substrates with pentapeptide motif KFERQ are selectively 

recognised by HSC70 chaperone and translocated to lysosomes in a LAMP2A dependent 

manner. PI3K - Phosphoinositide 3-kinase; LC3 – Light chain 3; CMA – Chaperone-mediated 

autophagy; LAMP2A – Lysosome-associated membrane protein 2A. Image source: Modified 

with permission from Copyright Clearance Center, Inc. Elsevier. 60 

 

The induction of autophagy is regulated by the phosphorylation status of the ULK1 complex, 

which drives the nucleation of the isolation membrane or the phagophore 59. In the next step, 

the BECLIN1-ATG14L-VPS34 lipid kinase complex enriches the site with PI3P to recruit the 

PI3P binding proteins such as WIP1 and DFCP1 59. At present, the source for isolation 

membrane is heavily debated, however, the membrane origin differs depending on the type of 

autophagy that is induced or the cell type that is studied 61-63. Once the isolation membrane is 

formed, the membrane expands and captures the cargo. This process requires the functions of 

the final three groups: ATG9 and two ubiquitin-like conjugation systems. How ATG9 promotes 

in elongation process is still unclear, but the membrane-spanning protein that shuttles across 

the different vesicles, and toward different membrane sources contribute to the autophagosome 

expansion 59.  
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The two ubiquitin-like conjugation systems elongate the forming autophagosome membrane 

by driving a key reaction: lipidation of LC3 and its homologs to the PE 

(phosphatidylethanolamine) to the autophagosome membrane. The lipidation process is 

completed by two distinct reactions: the first forms an E3-ubiquitin ligase known as the 

ATG12-ATG5-ATG16L complex, and the second converts cytosolic ATG8 to its lipidated 

form. As the autophagosome membrane formation completes, the ATG12-ATG5-ATG16L 

complex leaves the outer membrane, with ATG8 bound to the autophagosome membrane. The 

presence of ATG16L on the vesicles originating from the plasma membrane suggests another 

membrane source for the elongation but how ATG16L associates with the membrane are not 

known 64. The ATG8 mammalian homolog LC3 (microtubule-associated protein 1 light chain 

3) is the only marker for autophagosome membrane. The mammalian cells have multiple ATG8 

homologs, and all facilitate the lipidation of the autophagosomes. The LC3 family has three 

isoforms A, B, and C of which LC3B is first identified and LC3C is only present in humans 65-

67.  

The GABA(A) receptor-associated proteins family has three members that include 

GABARAP, GABARAP-like protein 1 (GABARAPL1), GABARAP-like protein 2 

(GABARAPL2). LC3B, LC3C, and all GABARAPs are highly expressed in the brain 68. As 

the name implies, GABARAP proteins interact with GABA(A) receptors and regulate their 

trafficking in the neuronal cells. In the next step, the autophagosomes deliver their cargo to the 

lysosomes for degradation 59. Mammalian autophagosomes fuse into the endolysosomal system 

to form an amphisome and then an autolysosome. Amphisome formation depends on the 

proteins that are implicated in the biogenesis of multivesicular bodies (MVBs), specialised late 

endosomes that sort endocytic proteins for lysosomal degradation 69. The dependence on MVBs 

has led to the hypothesis that amphisome formation may increase the efficiency of lysosome-

mediated degradation. Especially in neuronal cells, amphisome formation may be valid since 

autophagosomes need to travel long distances along the axons before the degradation occur 

70,71. 

1.4 Aggrephagy: The selective degradation of aggregates 

The accumulation of ubiquitinated protein aggregates is the hallmark of many adult-onset 

severe neurodegenerative diseases and many seminal studies have proposed the role of 

aggrephagy to intervene in disease progression and prevention 59,72,73. Aggrephagy is a form of 

macroautophagy where it selectively degrades accumulated and aggregated intracellular 
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ubiquitinated proteins. Aggrephagy relies on the adaptor proteins such as p62/SQSTM1, 

(Sequestosome-1) NBR1 (Neighbour of BRCA1), and ALFY (Autophagy-linked FYVE 

protein), the only identified selective adaptor protein 65,74. ALFY is a highly conserved domain 

protein across the species that mediates the interaction of the p62 and NBR1 positive proteins 

to the ATG12-ATG5 and PI3P complex. ALFY is most abundantly expressed in the brain 75 

and its overexpression can promote the degradation of aggregates in the primary cortical 

neurons 65. Studies have also shown that ALFY promotes autophagic clearance of misfolded 

proteins in mouse models of HD and ALS 72,76. OPTN (Optineurin) has been recently 

implicated in the aggregate turnover and recognises protein aggregates with its c-terminal 

coiled-coil domain in a ubiquitin independent manner 77. Moreover, the recent study conducted 

using cortico-striatal slice cultures reported that protein aggregates can be cleared in a 

macroautophagy-dependent manner and that aggregating proteins are preferentially degraded 

over bulk cytoplasm 78. Together, these studies strongly indicate that aggrephagy play a crucial 

role in maintaining the proteome of the neuronal cells 56,65,74. 

1.5 Neuronal autophagy 

All forms of autophagy were detected under starvation conditions and the resulting biochemical 

studies revealed that, at the cellular level, starvation is translated into signalling through the 

large, serine/threonine kinase mTOR (mammalian target of rapamycin) 59,79,80. mTOR is found 

in two different complexes: mTORC1 and mTORC2 and mTORC1 act as a negative regulator 

of autophagy. Autophagic response to mTORC1 inhibition is robust and profound in most 

organs, but the response in the brain is very limited 81. One of the studies has shown that 

autophagy in the brain is highly regulated and cannot be modulated as observed in other 

peripheral tissues. Acute starvation in the transgenic mice expressing GFP-LC3 (green 

fluorescent protein-tagged Light Chain 3) triggers a rapid increase in the GFP-LC3 positive 

autophagosomes in the liver, muscle, heart, but rarely in the brain, despite the strong expression 

in the neuronal cells and glia 82. The differential response to mTORC1 reflects the physiology 

of the vertebrate brain in comparison with peripheral organs such as the liver. The brain is the 

highest consumer of energy, glucose metabolism is tightly regulated in the neuronal cells 83,84. 

Under nutrient deprivation conditions, hepatocytes account for as much as 75 % of protein 

breakdown, but whereas in the brain, it is very minimal 85-87. Therefore, the brain’s drive to 

degrade proteins in response to mTORC1 inhibition is reduced. Biochemical measures that are 

used to scale the LC3 lipidation are difficult to detect in the neural tissue 88. The two possible 
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reasons for the scarcity of autophagosomes in healthy neurons are (i) autophagy activity is 

maintained at a low level in the brain and (ii) the other reason is that autophagic degradation is 

so efficient that autophagosomes cannot be accumulated in healthy neurons at a detectable level 

88. 

Genetic studies have firmly established that basal autophagy is essential for the development 

of a healthy brain. Many seminal studies have shown that deletion of core autophagy genes 

such as Atg5 and Atg7 in brain-specific knockout mouse models resulted in the accumulation 

of toxic intra-neuronal aggregates 89-91. Knockout of Atg7 resulted in the loss of Purkinje 

neurons of the cerebral and cerebellar cortices 90 and loss of Beclin-1, Atg5, and Atg7 resulted 

in the degeneration of individual Rhodopsin neurons of the retina 92,93. Further, deletion of core 

ATG genes resulted in reduced survival with early-onset and progressive loss of neuronal cells 

across different regions of the brain 89,90. In addition, as mentioned earlier, brain-specific 

knockout of Atg5 causes neurodegeneration in mice, whereas overexpression of Atg5 increases 

the life span 94. The lifespan extension after autophagy induction has also been corroborated in 

a knock-in Beclin1 mouse model, where they show a clear increase in life span 95. One of the 

studies has shown that wild-type mice under starvation conditions, can survive for 

approximately 20 hrs after birth. Whereas Atg5 knock out mice die within 12 hrs after birth, 

indicating that under starvation conditions, autophagy is essential for the survival of the mice. 

Most importantly, when Atg5 is expressed only in the brain under a neuron-specific promoter, 

mice survived with abnormalities in the organs 96. So, these studies imply that maintenance of 

autophagy in the neurons is essential for the basic physiology and survival of an individual and 

is compromised in many NDD’s. 

Apart from protecting the neuronal cells from degeneration, autophagy plays a crucial role in 

neurogenesis. Autophagy is highly active during development from early preimplantation and 

maintains postnatal neural stem cells and promotes neurogenesis during the embryonic period 

56,97. Essential ATG proteins BECLIN-1 and AMBRA1 were highly expressed in SVZ from 

early neurulation onwards, and deletion of one of the alleles for the Beclin-1 gene resulted in 

decreased cell proliferation in-vitro 98. Heterozygosis of Beclin-1 resulted in increased 

apoptotic cell death and augmented the sensitivity to DNA-damaged induced cell death 98. In 

the adult brain, neural stem cells (NSCs) within the subgranular zone (SGZ) of the dentate 

gyrus and sub-ventricular zone (SVZ) of the lateral ventricle can produce new functional 

neuronal cells in response to physiological and pathological stimulus 99.  Deletion of Atg5 in 

adult NSCs in dentate gyrus also resulted in impairment in neuronal maturation, thereby, 
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affecting the survival rate 100. In supporting these studies, upregulation of autophagy is found 

to be protective in C. elegans in different contexts like nutrient restriction 101, and 

mitochondrial turnover 102. Overexpression of essential atg gene, dmeI/atg8a, in Drosophila 

resulted in extended lifespan 103, and overexpression of Atg5 in mice extended lifespan with 

increased insulin sensitivity and improved motor function 94. In Huntington’s disease (HD), for 

example, deletion of polyglutamine expansion from endogenous HTT-coding gene was found 

to be beneficial with an increase in autophagosome biogenesis with a significant increase in 

lifespan 104. Thus, upregulation of basal autophagy in animals is observed to be effective and 

beneficial in protecting the neuronal cells from dying during ageing. 

1.6 Autophagy in neurodegenerative diseases 

There is an increasing body of evidence for the physiological importance of autophagy in 

neuronal health raising the possibility that autophagy dysfunction may play a significant role 

in the pathogenesis of neurodegenerative diseases (NDDs) 105-107. This is further supported by 

the fact that intraneuronal aggregates of misfolded proteins are the substrates for autophagic 

degradation. Most of the NDDs do not follow a simple, monogenic pattern of inheritance. 

However, in all major NDDs, a division of cases are associated with the inherited genetic 

mutations. These familial forms of disease provide an insight into the disease-causing 

mechanisms that enable delineating the pathways responsible for autophagy dysfunction 105,108. 

Investigation of disease-associated genes and investigations into their functions indicate that 

many affect the autophagy process (Figure 1-3). Since many NDDs are late-onset, even small 

perturbations in the protein turnover may have cumulative effects that manifest later in life 109. 

Since the autophagy pathway is complex with multiple steps and modes of regulation, it would 

be challenging to ascertain the exact cause for autophagy dysfunction in various NDDs 110. 

1.6.1 Alzheimer’s disease 

The pathological hallmarks of AD are the accumulation of intracellular TAU tangles and 

extracellular β-amyloid plaques 111. There is a complex interplay between β-amyloid (Aβ) and 

autophagy and studies have shown that upregulation of autophagy reduces the level of Aβ in 

many cellular and rodent model systems 112-115. However, Aβ is generated in autophagosomes 

which contains both amyloid precursor protein (APP) and PRESENILIN-1 (PS-1), an enzyme 

implicated in the cleavage of APP to Aβ 112,116. 
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Studies have shown that deletion of Atg7 in APP transgenic mice significantly reduced the 

extracellular secretion of Aβ and plaque formation 117. Genetic studies have implicated the role 

of phosphatidylinositol-binding clathrin assembly protein (PICALM) in AD, where differential 

changes in the expression of this protein have been observed in patients with AD 118-121. 

PICALM is a clathrin adaptor protein essential for the endocytosis of soluble NSF attachment 

protein receptors (SNAREs), and loss of this function has been shown to disrupt autophagy at 

multiple steps, including autophagosome formation and maturation 122. Altered trafficking of 

these SNAREs is likely to affect other vesicle trafficking pathways, that contribute to the 

disease pathogenesis. PICALM forms a complex with assembly polypeptide 2 (AP2) and acts 

as an autophagy receptor interacting with LC3, thereby targeting APP into autophagosomes 

123. 

 

Figure 1-3 Impaired autophagy mechanism in neurodegenerative diseases 

This diagram illustrates how autophagy is compromised at different steps in various 

neurodegenerative diseases. In PD, autophagy is impaired at the initiation of phagophore 

formation level. Cargo recognition failure in HD, and incomplete formation of autophagosomes 

in AD. In FTD3, and ALS, autophagy is dysfunctional at the fusion state of autophagosomes 

with lysosomes and in LSDs and FAD, lysosomal proteolysis is affected. All these factors 

contribute to the accumulation of specific protein aggregates associated with several 

neurodegenerative diseases. Image source: Adapted from 124  
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Mutations in PS-1 cause familial AD and have been shown that these mutations change 

according to the processing of APP protein contributing to disease pathogenesis 125. PS-1 

function as an ER chaperone for the V0A1 subunit of lysosomal v-ATPase and mutations in 

PS-1 lead to decreased maturation of lysosomal ATPase, thereby increasing the lysosomal pH 

which reduces autophagosome clearance 126-128. Post-mortem brain samples from patients with 

AD show reduced levels of Beclin 1 mRNA and protein and are thought to be decreased due to 

the increased activity of CASPASE-3 in the brains of AD patients affecting the autophagy 

pathway 129,130. 

Accumulation of TAU protein into intracellular tangles is one of the characteristic features of 

AD pathogenesis and is observed in a group of neurological disorders termed tauopathies, 

which include frontotemporal dementia (FTD), supranuclear palsy (PSP), and cortico-basal 

degeneration (CBD) 131. Hyperphosphorylated TAU co-localises with LC3-positive vesicles 

and autophagy cargo-receptor p62 in PSP and CBD patients rendering their activity 132. 

Moreover, aberrant TAU disrupts axonal vesicle transport by impairing the dynein-dynactin 

complex, thus increasing the number of autophagosomes, and contributing to TAU-induced 

toxicity in AD and FTDs 133,134. It has also been reported that TAU binds to lysosomal 

membranes perturbing the lysosomal permeability in vitro and an AD mouse model 135,136. AD 

patients show defective lysosomal membrane integrity and studies have shown increased levels 

of lysosomal-associated membrane protein-1 (LAMP1) and cathepsin D in PSP and CBD 

patients 132. 

In the AD brain, dystrophic and degenerating neurites have an excess of autophagosomes, 

which is a major intracellular reservoir of toxic peptide 137. This leads to massive accumulation 

of immature autophagosome vesicles within the senile neurons, including increased initiation 

of autophagy flux, retrograde transport of vesicles and their defects in the lysosome maturation 

111,112,138. The accumulation of autophagosomes in dystrophic neurons contributes to the 

generation of Aβ peptides which is attained by increased turnover of APP and enrichment of 

γ-secretase complex. However, in the APP/PS1 double transgenic mouse model, the formation, 

and accumulation of autophagosome vesicles is mediated by activation of AMPK 111,112,138. 

Enhancement of autophagy reduces AD-related phenotypes in animal models. Rapamycin 

treatment resulted in a reduction of Aβ deposition and extended longevity in AD mouse models 

139,140. For example, in Tg2567 mice, rapamycin treatment reduces the Aβ burden and restore 

synaptic and cognitive functions 141. Trehalose, an mTOR independent autophagy enhancer 
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decreases TAU aggregates in a neuronal cell model of tauopathy and suppresses the 

accumulation of Aβ aggregates 142,143. 

1.6.2 Parkinson’s disease 

PD is characterised by the presence of toxic α-SYNUCLEIN (α-SYN) inclusions leading to the 

loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) 144. In neurons with 

α-SYN inclusions, although the lysosomal function is unaffected, they show reduced 

autophagosome maturation and fusion with lysosomes resulting in decreased protein 

degradation by autophagy 145. It is shown that the alteration in vesicle trafficking is not from 

non-physical blockade of axons by inclusions but, rather specific inhibition of endocytic and 

autophagic vesicles 146. Irrespective of the formation of inclusion bodies, elevated levels of α-

SYN in cell and mouse models led to mislocalisation of ATG9 impairing the autophagy flux 

147. Mutations in vacuolar protein sorting-associated protein 35 (VPS35) causes ATG9 

mislocalisation and autophagy impairment. VPS35 is a component of the retromer complex, 

that recruits the actin nucleation-promoting WASP and Scar homolog (WASH) complex to 

endosomes. D620N mutation in VPS35 prevents this recruitment causing abnormal trafficking 

of ATG9 148. Extensive research has provided enough evidence for the role of dysfunctional 

autophagy as a causative factor in PD 149.  

The autosomal recessive familial form of early-onset PD is associated with mutations in genes 

encoding E3 ubiquitin ligase Parkin and phosphatase and tensin homolog-induced putative 

kinase 1 (PINK1) 150,151. PARKIN and PINK1 function in the same pathway to promote 

mitophagy. PINK1 is stabilised on the outer membrane of damaged mitochondria, leading to 

the recruitment and activation of PARKIN, and ultimately sequestration of damaged 

mitochondria into autophagosomes 152,153. Several mouse models have been generated to 

elucidate the function of the proteins associated with mitophagy in the brain. The activity of 

mitochondria in the striatal neuron was impaired in Parkin knock out (KO) mice with no gross 

behavioural changes and also display a deficit in evoked dopamine release response and striatal 

synaptic plasticity in the striatum 154-156. Deletion of PINK1 resulted in increased sensitivity to 

oxidative stress and also shown reduced ATP production 157. Moreover, dopaminergic neurons 

derived from PINK1 KO mice show defective morphology with reduced activity 158. PINK1 

interacts with BECLIN-1 and significantly enhances basal, and starvation-induced autophagy 

159. A recent study presented that upon mitochondrial depolarization, PINK1 interacts and 

phosphorylates BCL-XL, an anti-apoptotic protein shown to inhibit autophagy through its 
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binding to BECLIN-1. PINK1-BCL-XL interaction safeguards cell from death by hindering 

the pro-apoptotic cleavage of BCL-XL, suggesting a novel cell survival mechanism 160. 

Loss-of-function mutations in P-type ATP13A2 cause early-onset parkinsonism 161. Mutations 

in ATP13A2 increases the lysosomal pH, impairing the fusion of autophagosomes with 

lysosomes leading to the accumulation of α-SYN inclusions thus contributing to disease 

pathogenesis in the familial form of PD 162. Depletion of ATP132A2 leads to decreased levels 

of PD-associated gene SYNAPTOTAGMIN 11 (SYT11) that causes lysosomal dysfunction 

and impaired autophagosome degradation. Overexpression of SYT11 in ATP32A knockdown 

cells has been shown to rescue autophagy defects, demonstrating that they both act in the same 

pathway 163. Mutant forms of α-SYN (A30P and A53T) have been shown to inhibit chaperone-

mediated autophagy and display a high binding capacity to lysosomal-associated membrane 

protein 2A (LAMP-2A) than wild-type α-SYN 144,164,165. It has also been reported that 

activation of autophagy in primary cortical neurons expressing mutant A53T α-SYN leads to 

loss of mitochondria leading to severe energy deficit causing neuronal degeneration. This data 

suggests that overactivation of mitochondria degradation by autophagy could be one of the 

causative factors that leads to the mitochondrial loss observed in PD models 166. Another study 

showed that the lysosomal binding of several pathogenic mutant LRRK2 proteins disrupted the 

organisation of the CMA translocation complex, resulting in defective CMA. These studies 

demonstrate that the defects in both autophagy activation and lysosomal clearance contribute 

to the pathogenesis in PD models 105,106. 

1.6.3 Amyotrophic Lateral Sclerosis (ALS) 

ALS is a rapidly progressing severe form of neurodegenerative disorder that selectively target 

motor neurons with uncertain pathogenesis 167,168. Several studies on transgenic mouse models 

and human post-mortem brain tissues demonstrate that the degeneration process of motor 

neuron comprises of multiple pathological events such as glutamate excitotoxicity, 

neuroinflammation, mitochondrial degeneration, oxidative stress, cytoskeletal abnormalities, 

abnormalities in growth factors and formation of protein aggregates leading to cell death 169-

171. Amongst these disease-causing mechanisms, plentiful aberrant protein species gets 

accumulate in the affected neuron due to the disturbances in the protein homeostasis and imply 

that impaired autophagy pathway may be involved in the pathogenesis of ALS 172,173. Many 

ALS-associated genes are implicated in autophagy/lysosomal functions 105. Indeed, 

accumulation of autophagosomes was detected in the spinal cord of sporadic ALS patients 
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suggesting autophagy dysfunction in ALS patients 174. In addition, a recent study has reported 

that autophagic impairment in ALS is seen at an early stage of the disease progression and 

becomes profound at the terminal stage. For example, in the transgenic SOD1G93A mice, 

increased autophagy is detected during the presymptomatic stage (<90 days) and then become 

prominent at the age of 120 days 175.  

Haplosufficient BECLIN-1 display neuroprotective effects in mutant SOD 1 transgenic mice 

176. In the early symptomatic stage of disease, mutant SOD1 (G93A) transgenic mice, show 

increased expression of TFEB and BECLIN-1, whereas the levels of these proteins are 

decreased in the mid and end-stage of disease progression 177. Trehalose treatment in mutant 

SOD1 (G93A) mice efficiently included autophagy and cleared aggregate complexes of SOD1 

and p62 thereby rescuing mitochondrial degeneration 178. Moreover, Trehalose extended the 

life span and delayed the disease progression by enhancing the expression of key autophagy 

proteins such as ATG5, BECLIN-1, LC3, and p62, although the improvement of the disease 

may be due to the chaperone effect of Trehalose reducing aggregation of mutant SOD1 179. 

ALS tissues show abnormal accumulation of cytoplasmic aggregates of TDP-43 and many 

autophagy inducers such as tamoxifen, rapamycin, carbamazepine, and spermidine helped in 

the clearance of toxic TDP-43 aggregates and improve the motor functions in transgenic mice 

of ALS 180. Other major mutations in ALS include hexanucleotide repeat expansions of 

GGGGCC in C9ORF72. This gene is involved in RAB dependent regulation of endosomal 

trafficking in autophagy and studies have shown that deletion of C9ORF72 impairs endocytosis 

and autophagy and contributes to disease pathogenesis in ALS 181. 

Mutant SOD1 protein impairs axonal transport through inhibition of dynein/dynactin function 

in ALS mouse model with dynein mutation 182. Mutations in dynein or dynactin can impair 

autophagosome trafficking in the motor neurons. For instance, a mutation in DCTN1encoding 

dynactin regulating the efficiency of dynein motor function has been implicated in the 

autosomal dominant form of lower motor neuron diseases 183. Moreover, familial-ALS 

associated gene variants have provided enough evidence about the underlying pathological 

mechanisms and these causative/associated genes such as SOD1, SQSTM1 (p62), DCTN1, 

DYNC1H1 for motor neuron diseases are functionally linked to autophagy 184-187. It is now 

well accepted that as the disease progresses, there is increased accumulation of SOD1 mutants 

thereby causing autophagy dysfunction 188. Autophagic clearance of SOD1 has been proven to 

be beneficial for motor neuron loss where heat-shock protein HSPB8 enhances the clearance 

of SOD1 by initiating autophagy in ALS mouse models 189. 
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1.6.4 Huntington’s disease (HD) 

HD is an autosomal-dominant neurodegenerative disorder caused by an expansion of CAG 

repeats encoding a polyglutamine (polyQ) tract in the HUNTINGTIN (HTT) protein. 

Dysfunction of cellular proteolytic systems has been extensively linked to HD pathogenesis. 

The detection of different proteasome subunits in inclusion bodies of mutant HTT (mHTT) 

aggregates was one of the first links connecting HD with alterations in the proteolytic system 

190. Defective macroautophagy has been ascribed in HD and upregulation of basal autophagy 

acts as a compensatory mechanism for both UPS and macroautophagy dysfunction 191-194.  

mHTT protein forms intranuclear and perinuclear cytoplasmic inclusions in the neurons of HD 

patients and these can be targeted to degradation through autophagy pathway 195. Several 

studies have revealed that induction of autophagy leads to enhanced clearance of both 

aggregated and soluble monomeric species of mHTT and alleviates their toxicity in various 

cellular and mouse models of HD 196-198. The role of autophagy in HD is strongly supported by 

the studies that show sequestration of mTOR by mHTT aggregates in the various cell, and 

transgenic mouse models, including humans, results in the decrease of mTOR activity and then 

induction of the autophagy pathway 196,199. The combined inhibition of mTORC1 and mTORC2 

complexes is required for autophagy induction and degradation of mHTT aggregates, 

suggesting that multiple components of the mTOR pathway modulate HD pathogenesis 200. 

Moreover, the dysfunction of macroautophagy may enhance the chaperone-mediated 

autophagy (CMA) pathway in the early stages of HD (where the mHTT aggregate formation 

is not aggravated and the symptoms are not severe in 12 weeks 111QHtt mice), but the efficiency 

of this compensatory mechanism may be decreased during ageing contributing to the cellular 

dysfunctions and the onset of pathologic manifestations of the disease phenotype 193,201. Despite 

the neuroprotective role of autophagy in HD models, the precise mechanisms underlying 

autophagy dysfunctions remains enigmatic. Cargo recognition failure has been shown to be 

responsible for impaired autophagy in HD. In these HD mouse models, and the neurons from 

HD patients, however, the rate of formation of autophagosome vesicle and fusion with 

lysosomes were normal, but the inability of autophagosomes to recognise and capture the cargo 

resulted in mHTT aggregate accumulation inside the neurons 191. In addition, sequestration of 

essential autophagy proteins such as BECLIN-1 by mHTT aggregates results in impaired 

autophagy, and it has also been suggested that age-dependent reduction in BECLIN-1 

expression result in the decreased autophagic activity aiding to autophagy dysfunction 202. It 
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has also been reported there is up-regulation and accumulation of adapter protein p62 in HD 

mouse model R6/2 and suggest that mHTT aggregates sequester p62 leading to both 

proteasome and autophagy dysfunction in HD 203 (Figure 1-4).  

 

Figure 1-4 Autophagy dysfunction in Huntington’s disease 

In HD, mHTT protein forms aggregate inside the neuronal cells and elicit an ER stress response 

and activation of ER-stress induced activation of autophagy. mHTT aggregates sequester 

mTOR resulting in disinhibition of autophagy, however, mHTT impairs recognition and 

loading of cargo leading to the accumulation of empty autophagosomes. Lysosomal activity is 

reduced in HD due to an increase in ROS and accumulation of non-degraded lipofuscin in 

lysosomes. mHTT interfere with proliferator-activated receptor gamma coactivator 1-α (PGC-

1α) and leads to impaired TFEB transactivation of lysosomal genes. mHTT interacts with HSC 

70 and the lysosomal translocation machinery resulting in impaired chaperone-mediated 

autophagy in HD. Image source: Modified with permission from Copyright Clearance Center, 

Inc. Elsevier 204. 

 

While mHTT protein can be degraded both by UPS and lysosomes under normal physiological 

conditions, it is preferentially degraded by autophagy when it undergoes mutation and forms 

toxic intracellular aggregates. The clearance of mHTT aggregates by autophagy can be 

modulated by various post-translational modifications such as ubiquitination, SUMOylation, 

and acetylation that drive the process of degradation by autophagy 195,205-207. Moreover, studies 

have shown that genetic and pharmacological inhibition of macroautophagy in HD mouse 

models worsens the disease phenotype, while the activation facilitates and enhances the 
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clearance of toxic forms of mHTT protein thereby improving the symptoms and ameliorating 

the pathology 196,208,209. 

HTT plays a vital role in autophagy degradation and several groups have reported alterations 

in autophagy as a consequence of toxic gain of function of polyQ tract 210,211. The changes in 

the mRNA expression of different autophagy-related genes were observed in the brain samples 

of HD patients 212. HTT is associated with RAB5 which is present in late endosomes and is 

also involved in the early stage of autophagosome formation 213.  HTT protein forms a part of 

the multi-protein complex that acts as an adapter between the specific cargo and 

autophagosome and is crucial for cargo recognition during selective autophagy and this process 

is impaired in HD 191,211. HTT protein shares structural similarities with ATG11 and ATG23 

that are involved in selective autophagy and forms part of the ATG1/ULK1 complex which is 

involved in the initiation of autophagosome formation 214.  

The role of HTT as a scaffold protein for selective autophagy has been affected in HD thus 

contributing to autophagy dysfunction leading to the accumulation of toxic mHTT aggregate 

species 214. HTT protein plays a role in vesicular trafficking and fusion and directly binds to 

the microtubule-dependent motor protein dynein, dynactin and kinesin-1 that promote 

bidirectional transport of vesicles including lysosomes, autophagosomes and endosomes. 

Recently, it has been shown that HTT along with HAP1 is crucial for retrograde axonal 

transport of autophagosomes toward soma and allow fusion with lysosomes. mHTT interacts 

and sequester essential components of microtubule protein complexes thereby impairing the 

vesicular transport causing cellular dysfunction 215-218. 

1.7 Pathophysiology of Huntington’s disease  

HD is an autosomal dominant trinucleotide repeat disorder caused by an unstable expansion of 

CAG repeats in the exon 1 on the short arm of chromosome 4, that codes for HUNTINGTIN 

protein 219. The disease progression is directly linked to the number of CAG repeats. The 

normal individual has CAG repeats ranging from 8-24, and the individual with CAG repeats 

above 40 are most likely affected with HD (Figure 1-5). The extended polyglutamine tract 

forms intranuclear and cytoplasmic aggregates leading to neurodegeneration characterised by 

loss of efferent medium spiny neurons in the striatum of the basal ganglia 220. However, 

degeneration also occurs in other cortical regions of the brain 221. Thus, the presence of toxic 

HUNTINGTIN aggregates in the neurons is responsible for the failure of many fundamental 
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cellular processes characterised by severe motor dysfunction, dementia, and cognitive 

impairment 222-224 (Table 1-1). 

 

Figure 1-5 Genetics of Huntington’s disease (HD) 

Huntington’s disease, a trinucleotide repeat disorder is highly polymorphic with the unstable 

expansion of CAG repeats in the exon 1 of the HTT gene. CAG repeats codes for the amino 

acid glutamine. The expanded polyQ are the characteristic feature of the mutant HTT protein. 

The disease progression is directly linked to the number of CAG repeats. Normal individuals’ 

express CAG repeats in the range of 8-24, and the individual with CAG repeats above 40 are 

most likely affected with HD. In juvenile HD, CAG repeats are in the range of 48-121 and the 

onset of symptoms is much early. Image source: adapted from 198,225,226.  

 

Motor deficits are the major characteristic sign of HD and indeed used as primary diagnostic 

criteria. The motor impairments can be divided into voluntary and involuntary symptoms 221,227. 

The involuntary symptoms typically follow a biphasic pattern. They initially display mild 

hyperkinetic movements or imbalance. As the disease progresses, chorea develops, which 

involves uncontrolled dance-like movements of the limbs and torso. In later stages, 

bradykinesia prevails, eventually progressing to hypokinesia and a rigid-akinetic state. The 

voluntary impairments correlate to progressive changes in gait, fine motor movements, and 

ocular/oral control 225,227.  

The hyperkinetic movement in HD is caused by disruptions in the basal ganglia pathway. The 

excitatory input to the GPi (Globus pallidus internal) is lost resulting in less inhibition of 
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VA/VL of the thalamus. Thus, the activity of VA/VL and motor cortex is increased causing 

hyperactivity of the motor system in HD. Huntington’s chorea is characterised by uncontrolled 

involuntary choreiform movements which show as rapid purposeless jerks of irregular changes 

in the body 228. These movements are spontaneous and cannot be inhibited, controlled, or 

directed by the patient. The initial cause of these uncontrolled movements is the loss of 

GABAergic neurons in the striatum that project to GPe (Globus pallidus external) that direct 

the indirect pathway of basal ganglia 229,230. 

The loss of this inhibition on the indirect pathway, leads to activation of the VA/VL of the 

thalamus and the motor cortex, leading to uncontrollable hyperactivity of the motor neurons. 

In addition to the loss of striatal GABAergic neurons of the indirect pathway, cholinergic 

interneurons also start degenerating in the striatum. The loss of both the cell types elevates the 

activity of VA/VL and show increased motor output 231. Hyperkinesia can be alleviated by 

bringing both direct and indirect pathways into balance. Moreover, the direct pathway is 

mediated by dopamine receptor 1 (D1) expressing neurons, while the striatal neurons driving 

the indirect pathway express D2 receptors 232. Both these populations are GABA-expressing 

medium spiny neurons (MSNs) and makeup approximately 95 % of the striatum 233. In HD, 

the D2-MSNs of the indirect pathway degenerate first causing the onset of involuntary 

movements, such as chorea. As the disease progresses, the D1-MSNs of the direct pathway and 

other cortical afferents start degenerating, leading to the loss of voluntary movements 234 

(Figure 1-6). The striatum is extensively connected to the frontal cortex and limbic system that 

play a significant role in cognitive and emotional processing. The degeneration of the striatum 

leads to the subsequent dysfunction resulting in the cognitive and affective symptoms that 

include memory impairment in HD 234. 

In 1985, neuropathologist Jean-Paul from Columbia University assessed and classified the 

severity of HD degeneration by grading system (0-4) 235. Grade 0 is normal and 

indistinguishable from the healthy brain with no gross or microscopic abnormalities. Grade 1 

shows neuronal loss, atrophy, and astrogliosis. Severe loss of striatal neurons characterises 

grade 2 and 3. Grade 4 includes the most severe case of HD with atrophy of striatum up to 95% 

neuronal loss 235. Apart from the striatum, regions of the cerebral cortex, globus pallidus, 

thalamus, subthalamic nucleus, substantia nigra, white matter, and cerebellum were affected. 

Due to this, HD is well characterised by a reduction in the volume and size in almost all brain 

structures mainly in the striatal and cortical regions at the end stage of disease progression 

235,236. 
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Table 1-1 Overview of different stages of Huntington’s disease and its varied 

symptoms 

 

In accordance with the cortico-striatal neuropathology of HD, there are multiple peripheral 

manifestations of the disease that are not clearly defined compared to CNS dysfunction. 

HUNTINGTIN (HTT) gene is widely expressed throughout the body, and there exists much 

evidence suggesting that neuropathological processes are evoked by the expression of mutant 

HTT in the peripheral tissues. However, it remains plausible that degeneration of the neurons 

is the primary driving force for peripheral pathology associated with HD. For example, the risk 

of cardiac events and cardiomyopathy are elevated in patients with HD, although it remains 

unclear to what extent it can be attributed to CNS dysfunction 237. Likewise, metabolic changes 

that are manifested as dysregulation of body weight, loss of appetite, insulin homeostasis and 

liver function may be partially ascribed to hypothalamic dysfunction. Apparently, skeletal 

muscle pathology may be more clearly correlated to the deficits in cellular energy metabolism 

and mitochondrial dysfunction observed in HD 237. 

 

 

 

Chorea, restlessness, 

agitation, changes in 

facial expression, 

difficulty in walking 

 

Chorea worsens, 

loss of coordination, 

difficulty in speech, 

dystonia 

Parkinsonism 

(slowness, stiffness, 

abnormal limb 

posture, forceful eye 

closure, teeth 

grinding, walking 

difficulty 

Memory loss, executive 

dysfunction, loss of 

mental flexibility, 

perseveration, 

impulsivity, poor 

attention, slow processing 

speed, trouble organising 

and planning, 

 

Suicidal tendency, 

decreasing physical 

independence, 

frustration, social 

isolation, loss of 

driving, employment 

 

Processing time is 

increased, difficulty in 

speech, social 

isolation, attention 

deficit, avoidance 

behaviour, 

hallucinations, 

delusions. 

 

Anxiety and depression, 

irritability, apathy, 

impulsive behaviour, 

obsessions/compulsions 

 

Irritability, anxiety, 

impulsiveness, lack 

of insight, poor 

sleep 

 

Significant confusion 

and screaming, less 

aggression 
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Figure 1-6 Pathway illustrating disruption in basal ganglia circuitry in 

Huntington’s disease 

In hyperkinetic disorder like HD, the projections from the striatum to the GPe are diminished. 

This effect increases the tonic inhibition from the GPe to the STN, making the excitatory STN 

less effective in opposing the action of the direct pathway. Thus, thalamic excitation of the 

cortex is increased, leading to greater inappropriate motor activity. Moreover, the D2-MSNs 

of the indirect pathway degenerate first causing inhibition of the indirect pathway leading to 

the onset of involuntary movements, such as chorea. As the disease progresses, the D1-MSNs 

of the direct pathway and other cortical afferents start degenerating, leading to the loss of 

voluntary movements. Glutamatergic and dopaminergic synapses are denoted in green arrows, 

GABAergic MSNs are labelled in red arrows. D1, D2 – Dopaminergic receptors; SNpc – 

Substantia nigra pars compacta; GPe – Globus pallidus external; STN – Subthalamic nucleus; 

GPi – Globus pallidus internal; SNr – Substantia nigra reticulata; VA/VL – Ventral 

anterior/ventral lateral nucleus of the thalamus. Image source: adapted from 229,234 

 

1.7.1 Functions of HUNTINGTIN (HTT) protein 

HUNTINGTIN is highly conserved among vertebrates and shares no sequence homology 

across the species 211. Its molecular mass is around 347 kDa with 3142 amino acids. In healthy 

individuals, the normal HTT protein contains 8-24 glutamine residues at its N-terminus, and 

the number may go up to 40-75 glutamine residues in HD patients. HTT is ubiquitously 

expressed all over the body, and in the brain, it concentrates mostly in the neocortex, cerebellar 
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cortex, striatum and hippocampus 238. HTT expresses during embryonic stages [2.5 days post 

coitum – E1.0] 239, and Htt knock-out mice die at embryonic day 7.5 240-242. The COOH-

terminal nuclear export signal (NES) sequence and a nuclear localisation signal (NLS) of HTT 

protein are involved in transporting molecules from the nucleus to the cytoplasm 243.  

HTT is enriched in consensus sequences called HEAT repeats (HUNTINGTIN, elongation 

factor 3, protein phosphatase 2A and TOR1) that are organised in functional protein domains 

which play an important role in protein-protein interactions 211,244. HEAT repeats are ~40 amino 

acids long and occur downstream of the polyQ. The polyQ stretch of glutamine residues forms 

a polar zipper structure, and its physiological function is to bind transcription factors that 

contain a polyQ region 211. PolyQ tract is a key regulator of HTT and interacts with a large 

number of partners such as HTT-interacting protein 1 (HIP1), HTT associated protein 1 

(HAP1), Src homology region 3-containing Grb2-like protein 3, protein kinase, and Casein 

kinase substrate in neurons 1, and postsynaptic density-95 (PSD95) 244-248. HUNTINGTIN 

interacting proteins (HIP) play diverse cellular roles like apoptosis, vesicular transport, cell 

signalling, clathrin-mediated endocytosis, morphogenesis and transcriptional regulation 211.  

HAP1 is expressed in the brain and interacts with the p150 subunit of dynactin, thus involved 

in intracellular transport 249. HIP1 binds to α-ADAPTIN and CLATHRIN and is implicated in 

endocytosis and cytoskeleton assembly 250. HTT interacts with PSD95 through its Src 

homology-3 (SH3) sequences regulating the expression of NMDA and Kainite (KA) receptors 

to the postsynaptic membrane. mHTT protein with its polyglutamine expansion interferes with 

the ability of HTT to interact with PSD95 and causes sensitization of NMDA receptors thereby 

promoting neuronal apoptosis induced by glutamate 245. HTT also promotes the expression of 

brain-derived neurotrophic factor (BDNF) which is essential for the survival of striatal neurons 

and the activity of the cortico-striatal synapses 251. The striatal cells do not produce BDNF and 

depend on the BDNF delivered by cortico-striatal afferents. HTT facilitates the transcription 

of BDNF and promotes the axonal transport and delivery of vesicles containing BDNF to 

cortico-striatal synapse 252-254. BDNF co-localizes with HTT cortical neurons that project to the 

striatum. Loss or reduction in HTT activity diminishes BDNF production, thus contributing to 

the degeneration of neurons 251. 

Apart from these, HTT has a prosurvival role. Wildtype HTT protects neuroblastoma and 

kidney cells from death triggered by the mHTT protein 255. Wild-type HTT blocks apoptosis 

by physically interacting with active caspase-3, thereby, inhibiting its proteolytic activity 256. 
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HTT regulates the balance between neuronal death and survival and modulates neuronal 

sensitivity to excitotoxic neurodegeneration 211,257. HTT is also involved in the fast axonal 

trafficking of mitochondria in mammalian neurons 258. It regulates axonal transport by 

participating in the assembly of the motor complex on microtubules. It enables retrograde and 

anterograde transport by interacting with the p150 subunit of dynactin via HAP1 259. HTT 

interacts with cytoskeletal and synaptic vesicle proteins essential for exocytosis and 

endocytosis at synaptic terminals thus controlling synaptic activity in neurons 260. These 

interactions depend on the length of the polyglutamine repeat and are enhanced by the presence 

of an expanded CAG, leading to the impairment of synaptic transmission in HD 260. 

1.8 Mouse models to study Huntington’s disease 

The study of genetics and disease pathogenesis of HD provided a wealth of information on the 

process of disease-causing mechanisms and have driven the development of a vast array of 

genetically modified mouse models. The generous use of experimental preclinical models has 

shed light only on the partial aspects of the disorder, thereby preventing and limiting a fair 

translation into new therapeutics, diagnostics, and prevention; although preclinical results were 

often promising and encouraging, the results were not implicated, and the enthusiasm raised 

were eventually faded when the new strategy was tested in the clinical trials. However, the 

limiting factor is that these mouse models do not readily develop the full neuropathological 

and clinical symptoms that are observed in humans, yet have proven to be effective in 

dissecting the basic disease-causing mechanisms and also in screening compounds of 

therapeutic importance in designing effective treatment options for the human welfare 261.  

The importance of any given mouse model of human diseases is often evaluated based on three 

broad measures of validity: construct validity, face validity, and predictive validity 262. 

Construct validity 

Construct validity relates to how closely the mouse model reconstructs and reproduces the 

pathogenic features that manifest the disease in humans 262,263. In the context of Huntington’s 

disease (HD), the construct validity of mouse models expressing full-length human mutant 

HUNTINGTIN (HTT) gene is greater than those expressing full-length mouse mutant Htt 264. 

Similarly, models that express full-length genomic sequences of mutant HTT (with exons and 

introns) have higher construct validity than those with full-length mutant HTT cDNA models 

or only expressing N-terminal fragments of HTT (only exon 1 of mutant HTT is expressed) 265. 

The mouse models in which full-length mutant HTT or a fragment is expressed under the 
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control of HTT promoter exhibit greater construct validity than the models in which the same 

coding sequence is expressed under a non-HTT promoter 266 

Face validity 

Face validity corresponds to the extent to which a mouse model mimics the symptoms and the 

phenotypes that are associated with the human disease 262. For HD, models with high face 

validity would reproduce and imitate progressive motor and cognitive deficits along with 

psychiatric disturbances. Moreover, neuroanatomically and histologically, the HD mouse 

models would exhibit selective, age-dependent striatal and cortical neuronal loss and severe 

atrophy with intranuclear inclusions with neuropile aggregate 267.  

Predictive validity 

The predictive validity of a mouse model is assessed based on how closely the mice respond 

and show improvements to the treatment that corresponds and relate or predict improvements 

in human patients 262. For treatable conditions, the predictive validity of a mouse model may 

be tested but for diseases such as HD with no effective treatment available, assessment of the 

predictive validity is challenging and currently not possible. 

The list of various mouse models for HD detailing the number of CAG repeats, 

neuropathological and behavioural features are mentioned in (Table 1-2). 

1.9 Detailed insights into HD mouse model – R6/2 

The R6/2 mouse is the first transgenic model to be generated for HD. It is the most robust and 

commonly used mouse model to study the pathogenesis of HD. Bates et al had created this 

transgenic murine line by inserting a 1.9kb fragment derived from the 5’ end of the human HTT 

gene into the mouse genome 268. This fragment consists of only exon 1 of the HTT gene and 

expresses approximately 144 CAG repeats. The truncated mutant HTT gene is randomly 

inserted into the mouse genome and expresses three copies of the HTT gene: one copy of the 

mutant human gene and two copies of the wildtype HTT mouse gene. The expression of the 

mutant HTT gene is driven by a human HTT promoter and is the strong promoter with 

maximum expression levels. The mutant gene is expressed in all cells and tissues of the mouse 

at 75 % expression of wild-type gene 268. Due to a large number of CAG repeats, the R6/2 mice 

correspond to a juvenile-onset of HD symptoms in humans.  

R6/2 mouse model has a very severe and aggressive behavioural phenotype and develops 

symptoms as early as 4-5 weeks of age with a very low survival rate of 12-14 weeks. Motor 
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symptoms include chorea-like movements, resting tremors, stereotypic involuntary grooming 

movements, and dystonia of the limbs when suspended by its tail typically called hind-limb 

clasping 268,269. The mice show a progressive decline on the rotarod test as early as 40 days of 

age and by 12 weeks, mice are unable to move or maintain their balance even for 10 seconds 

270. In the open-field test, R6/2 mice show increased locomotor and exploratory behaviour 

compared to wild-type mice at 3 weeks. This hyperactivity progressively declines and by the 

age of 8-10 weeks, they become hypoactive relative to wild-type mice 268.  

The R6/2 mice also suffer from epileptic seizures and spontaneous shuddering movements. As 

the diseases progress, there is a significant reduction in the body weight and the size of the 

body is almost reduced to half compared to wild-type mice 268. They also display cognitive 

deficits as early as 3.5 weeks before the onset of overt motor symptoms 271. The R6/2 mice 

exhibit deficits in the spatial learning task in the Morris water maze test, and by the time mice 

reach 7-8 weeks, they completely lose the ability to learn the task, partly due to severe motor 

impairment as the mice lose the ability to swim. A deficit in the spatial learning task may be 

due to the accumulation of mHTT aggregates in the hippocampus. Although the cognitive 

deficits seen in R6/2 mice are quite evident compared to wild-type control mice, it is unclear 

whether they are related to those seen in HD patients. In contrast, the cognitive deficits seen in 

HD patients are typically frontostriatal and are typically characterised by loss in executive 

function, procedural memory, and psychomotor skills 272-274. 

The R6/2 mice typically display time-dependent changes with respect to brain volume, striatal 

volume, and striatal neuronal counts 268,275. The mice showed a time-dependent reduction in 

brain weight and brain volume starting at postnatal days 30 and 60, respectively. Pathological 

modifications were associated with changes in body weight, grip strength, rotarod 

performance, and dystonia 275. Studies have shown a significant reduction in the number of 

enkephalin-expressing neurons in the striatum at 12 weeks without any change in the number 

of substance P-expressing neurons. Moreover, the enkephalin projections to the globus pallidus 

show significant degeneration while substance P projections to the pallidus and substantia nigra 

are relatively spared 276. mHTT inclusions initially appear in the region cortex and 

hippocampus (CA1 before CA3) and then eventually spread to the striatum 269,277. The exact 

mechanism of cell death is unknown, but one study reported the presence of ‘dark neurons’ 

resembling those in the human HD brain in R6/2 mice brain tissues. This type of neuronal cell 

death seems to be neither necrotic nor apoptotic and occurs in the striatum, cerebellum, and 

cingulate cortex 278.   
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Table 1-2 Mouse models of Huntington’s disease 

The summary of different rodent models of HD expressing N-terminal fragments of human 

HD, knock-in models, and full-length transgenic models. These models vary with the 

expression of the number of CAG repeats and associated pathological changes with distinct 

behavioural differences. 

 

116 

 

Significant 

weight loss at 

22 weeks, 

motor deficits 

at 4-5 months 

 

Neuronal atrophy, reduced 

brain volume by 18 weeks, 

reduced dopamine levels, 

presence of mHTT 

aggregates at 2 months 

Normal  

life span 

 
268,279 

 

 

 

 

144-150 

 

Hind-limb 

clasping by 6 

weeks, 

progressive 

weight loss, 

rotarod deficit, 

seizures, 

diabetes 

 

Significant brain weight 

loss by 30 days, neuronal 

atrophy, mHTT aggregate 

formation, astrogliosis by 

day 90, reduced dopamine 

levels 

 

 

 

12-14  

weeks 

 

 

 

 
268-270,275,279,280 

 

 

82 

 

Weight loss, 

motor deficits 

and clasping 

by 11 weeks 

Gross brain atrophy, 

striatal neuron atrophy, 

presence of mHTT 

aggregate by 16 weeks, 

enlarged ventricles 

 

 

130-180  

days 

 

 
267,279 

 

 

 

72-80 

 

No weight 

loss, Rotarod 

impairment, 

aggressive 

behaviour 

mHTT aggregates by 28 

weeks and nuclear 

inclusions by 96 weeks. 

No neuronal loss or 

reactive astrogliosis 

 

 

Normal 

life span 

 

 

 
281 

 

 

 

109-111 

 

Gait 

abnormality by 

96 weeks 

Diffuse mHTT aggregates 

by 6 weeks, nuclear 

inclusions by 48 weeks, 

neuropil aggregates by 68 

weeks, astrogliosis by 96 

weeks 

 

 

Normal 

life span 

 

 

 
282 
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140 

Weight loss, gait 

abnormalities by 

48 weeks, 

increased 

hyperactivity by 

12 weeks 

Nuclear and 

neuropil aggregates 

by 8 months, diffuse 

mHTT aggregates 

by 8 weeks 

 

 

Normal life 

span 

 

 

 
265 

 

 

 

150 

Weight loss, 

rotarod deficit, 

gait 

abnormalities, 

and beam 

balance by 20-

23 months 

Striatal mHTT 

reactivity by 28 

weeks, nuclear 

inclusions by 37 

weeks, reactive 

astrogliosis at 56 

weeks 

 

 

Normal life 

span 

 

 

 
283 

 

128 

Progressive 

motor and 

cognitive 

deficits 

Selective striatal 

and cortical atrophy 

by 12 months 

 

Normal life 

span 

 

 
284-286 

 

97 

Progressive 

motor and 

cognitive 

deficits 

Selective striatal 

and cortical atrophy 

by 12 months 

 

Normal life 

span 

 

 
264,286 

 

Before the onset of symptoms in R6/2 mice, there is a loss of different neurotransmitter 

receptors such as type 1 metabotropic glutamate receptor, D1 and D2 dopamine receptors, and 

muscarinic cholinergic receptors similar to that seen in adult HD 287. It has been shown that at 

specific stages of disease progression in R6/2 mice, there is reduced capacity to synthesize 

neurotransmitters such as dopamine and serotonin, alterations in the levels of synaptic proteins, 

changes in the glial transport system thereby impairing the extracellular glutamate uptake 

leading to excitotoxicity 288-290. There is a severe malfunction of the neuronal circuitry in R6/2 

mice, where striatal neurons exhibit more depolarised resting potentials and show increased 

intracellular calcium levels compared to wild-type control mice. These mice also display 

significant changes in the firing patterns of cortico-striatal fibres and all these events contribute 

to excitotoxicity in R6/2 mice 291-293. Under normal physiological conditions, there is a 

reduction in the extracellular dopamine levels in the striatum and an increase in extracellular 

striatal glutamate levels following stimulation, but at the later stages, as the disease progresses, 

the dopamine levels in the striatum are considerably reduced in R6/2 mice 294,295. 

Several studies have reported that R6/2 mice gradually develop diabetes and display impaired 

glucose tolerance. As the disease progresses, insulin production fails and eventually the mice 

are hyperglycemic even under starvation conditions 270,280,296. Studies have also suggested that 

there is a reduction in the number of neurons expressing gonadotropin-releasing hormone in 

the hypothalamus and this can lead to gonadal atrophy causing infertility in adult R6/2 mice 
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297. In the R6/2 striatum, the cell bodies, and dendritic fields of medium-sized spiny neurons 

have been shown to shrink by around 20 % and similar reductions in neuronal size have been 

reported in the striatum and substantia nigra of R6/1 mice as well 298-300.  

R6/2 mice show significant changes in the gene expression in the striatum and cortex as early 

as 6 weeks and become more pronounced as the mice age 301. The expression of numerous 

genes has been shown to be altered and specifically striatal signalling genes induced by cAMP 

and retinoid are downregulated, whereas genes associated with cell stress and inflammation are 

upregulated. However, these expression changes do not appear to be brain region-specific that 

are classically affected in HD but are also detected in the cerebellum and other peripheral 

tissues in the body such as muscle and liver 302. The R6/2 mice show a significant increase in 

the markers for oxidative damage and show impaired mitochondrial function. In addition, there 

is increased NOS activity in the striatum of the R6 lines 303-305. The striatal neurons from R6/2 

mice show increased autophagic vacuoles in response to oxidative stress than in control cells, 

suggesting a change in the fundamental mechanisms related to cell response 306.  

1.10 Autophagy as a therapeutic strategy for HD 

Autophagy is a lysosomal-dependent cellular mechanism for the degradation of toxic waste 

inside the cell, thereby maintaining cellular homeostasis 59. As mentioned earlier, dysregulation 

of autophagy has been closely linked to many disease pathology, including a severe form of 

neurodegenerative diseases 109. Therefore, targeting autophagy has been implicated as a 

promising therapeutic strategy to identify scalable drug targets for many diseases. Most of the 

compounds have multiple targets associated with many complex cellular metabolic pathways, 

and proteins, which has very limited scope for the evaluation of therapeutic value 307. 

Therefore, the identification and development of specific active modulators of autophagy is 

necessary and is highly beneficial for clinical interventions 308. Identification of novel small 

molecules of autophagy modulators has gain importance for the past 15 years and many reports 

have shown that autophagy can be regulated at each step with the interventions of small 

molecules and has high therapeutic value for the treatment of many severe forms of diseases 

including neurodegenerative diseases 309. Therapeutic manipulation of autophagy in vivo, 

either by pharmacological or genetic means have shown promising results in mouse models of 

HD, resulting in an amelioration of disease phenotypes 309. 

The autophagy-modulating agents that are used in pre-clinical trials in various models of NDDs 

are multifactorial and have diverse mechanisms of action. Our understanding of how these 
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agents elicit their function is not completely understood, however, they are divided into mTOR 

dependent and mTOR independent modulators 310. 

1.10.1  mTOR dependent modulators 

The mammalian target of rapamycin (mTOR) signalling pathway integrates both intracellular 

and extracellular signals and functions as a central regulator of cell growth, proliferation, and 

survival 79. mTOR exists in two different functional complexes, mTORC1 (a negative regulator 

of autophagy) and mTORC2 (a positive regulator of autophagy) 83. The allosteric regulator 

rapamycin was the first drug to be identified as an autophagy inducer that inhibits the mTORC1 

complex 311,312. Rapamycin forms a complex with FK506-binding protein 12 (FKBP12) and 

inhibits the kinase activity of mTORC1 313. mTOR dependent agents induce autophagy by 

repressing the activity of mTOR and these can be ATP competitive such as Torin and non-ATP 

competitive Rapamycin. Inhibition of the mTORC1 complex induces autophagosome 

formation as this kinase phosphorylates and inhibits core autophagy proteins such as ULK1/2 

and ATG13 314,315.  

Even though the mTOR pathway is involved in a wide range of cellular functions, the 

therapeutic effect of rapamycin is predominantly autophagy-mediated and is found to be 

neuroprotective in various neurodegenerative diseases such as HD, AD, PD, and FTD 316,317. 

Due to limited absorption of rapamycin, many so-called analogues of rapamycin have been 

developed such as temsirolimus (CC-779), everolimus (RAD001), and ridaforolimus 

(AP23573) 318. David C Rubinsztein and his group were the first ones to report that inducing 

macroautophagy could indeed have beneficial effects in HD. In this study, rapamycin analogue, 

CCI-779, a known mTOR kinase inhibitor, reduced polyglutamine aggregate load and 

improved motor functions in HD transgenic mice by inducing autophagy 208. PI103 is a dual 

class-I PI3K/mTORC1 modulator that induces autophagy by inhibiting both mTOR and AKT 

pathways, but due to its rapid in vivo metabolism, this drug is currently unsuitable as a therapy 

for neurodegenerative diseases 319.  

There are other classes of drugs that function by indirectly inhibit the mTOR pathway. For 

example, metformin (type 2 diabetes drug) inhibits mTOR activity by regulating the AMPK 

pathway can upregulate autophagy in an mTOR-independent manner 320. Another drug 

Nilotinib which is a receptor tyrosine kinase inhibitor can induce autophagy via AMPK 

activation and is shown to be neuroprotective in a mouse model of PD and is currently in a 
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phase-II clinical trial for PD therapy 321,322. In this thesis, Nilotinib (TasignaTM) has been used 

to test its efficacy in ameliorating the disease pathogenesis in HD mouse model R6/2. 

1.10.2  mTOR independent modulators 

mTOR has diverse functions that are autophagy-independent which include cellular 

metabolism and ribosome biogenesis 84. mTOR being the central regulator of various 

physiological functions, long-term usage of drugs dependent on mTOR inhibition could have 

significant toxic effects on a cell such as impaired wound healing and immunosuppression. In 

this scenario, several studies have been carried out to identify and screen FDA-approved drugs 

that induce autophagy in an mTOR independent manner. These drugs are proven to be effective 

in ameliorating neurodegenerative disease pathology in the various cell, rodent, Drosophila, 

and Zebrafish models of HD 323. These compounds regulate autophagy by involving two 

cyclical pathways namely Ca2+/calpain/Gsα pathway and the cAMP/EPAC/PLCε/Ins(1,4,5)P3 

pathway 323. Rilmenidine, an mTOR independent autophagy inducer acts via inhibiting 

imidazoline receptors that are abundantly distributed in the brain to reduce the levels of cAMP. 

It has been shown to be a neuroprotective and lowered level of toxic mHTT fragment and 

attenuated motor phenotypes in HD 171-82Q transgenic mice 324. Rilmenidine is currently 

undergoing safety clinical trials for HD (EudraCT number 2009-018119-14). Other drugs 

that induce autophagy through the cyclical pathway include lithium 325, valproic acid, and 

carbamazepine. Valproic acid and carbamazepine inhibit inositol synthesis, whereas lithium 

inhibits inositol monophosphate to decrease Ins(1,4,5)P3 levels thereby inducing autophagy 

without mTOR inhibition 323. Several FDA approved drugs that modulate Ca2+/calpain/Gsα 

pathway such as nitrendipine, verapamil, and amiodarone have been shown to promote the 

clearance of aggregate-prone proteins by inducing autophagy 320. 

There are many other compounds that modulate autophagy with therapeutic potential in HD. 

Trehalose, a disaccharide showed to induce autophagy, reduced polyglutamine toxicity, 

ameliorate motor deficits and extended the life span in R6/2 transgenic mice 326. Congo red 

preferably binds to β-sheets with amyloid fibrils and when administered to HD mice, it 

enhanced the clearance of expanded polyQ and inhibited the formation of polyglutamine 

oligomers by disrupting the preformed oligomers 327. Studies have shown that Compound C2-

8 inhibits the formation of polyglutamine aggregates in cell cultures and brain slices. When 

treated in HD mouse model R6/2, it decreased neuronal atrophy, reduced accumulation of 

mHTT aggregates and thereby improving the motor functions 328,329. Studies have also 
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demonstrated that CMA might preferentially target soluble, N-terminal fragments of polyQ-

HTT for degradation 330. Apparently, in an R6/2 mouse model, the CMA-targeting adaptor 

molecule has been used against polyQ-HTT and found to be effective in increasing the life 

span of the mice and so far, it has been the most significant singe-molecule pre-clinical trials 

reported so far in an HD mouse model, R6/2 193,197.  

The crucial factor for autophagy induction in HD is the timing of the intervention. Early 

activation of autophagy would aid in the clearance of aggregate prone mHTT species thereby 

conferring a neuroprotective role and preventing neuronal death. However, with more complex 

disease-causing mechanisms, lysosome and proteasome abnormalities become more apparent 

in HD, and these defects could undermine the efficacy of autophagy induction. Therapies that 

concurrently activate autophagy and modulate HTT protein post-translational modifications 

could yield different isoforms of mHTT protein, which neurons will be inefficient in turning 

over. Given the fact that patients with HD can be diagnosed at presymptomatic disease stages 

through genetic testing, therapeutic modulation of autophagy before the onset of symptoms is 

not only beneficial in delaying the disease progression but also because autophagy induction 

in symptomatic patients could worsen the disease phenotypes. For example, drugs that increase 

the autophagy flux in advanced HD patients are only effective when the underlying cargo 

recognition defects are corrected in the autophagy pathway. Therefore, understanding the 

precise molecular players that lead to autophagy dysfunction such as cargo recognition failure 

is important to develop novel therapeutics for HD. It would also be ideal to understand the 

physiological role of HTT with respect to autophagy pathway, membrane dynamics, and 

trafficking before pushing forward with therapeutic modulation of autophagy because the loss 

of HTT function has been implicated in autophagy dysfunction in HD. Eventually, identifying 

specific steps that are affected in the autophagy pathway in HD will be key for the development 

of novel rational drugs for the treatment of HD and other neurodegenerative diseases. 

1.11 Nilotinib (TasignaTM) 

Nilotinib (TasignaTM) is a second-generation BCR-ABL1 tyrosine kinase inhibitor approved 

by the US Food and Drug Administration (FDA) for the treatment of adult patients with chronic 

and accelerated phase (AP) Philadelphia chromosome-positive (Ph+) chronic myelogenous 

leukaemia (CML) 331. Studies have shown that inhibition of BCR-ABL1 tyrosine kinase by 

Nilotinib protects neurons from dying against MPTP (1-methyl-4-phenyl- 1,2,3,6-

tetrahydropyridine) toxicity in the preclinical mouse model of PD and enhances the clearance 
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of α-SYNUCLEIN 322,332. Mice treated with Nilotinib have shown increased expression of 

autophagy related proteins such as BECLIN-1, and ATG12, thereby enhancing the clearance 

of toxic α-SYNUCLEIN aggregates in the brain 322. BCR-ABL is activated by phosphorylation 

and its levels are increased in the nigrostriatal region of PD patients, and BCR-ABL inhibition 

has proven to be efficient in preventing the neurons from dying in PD mouse models 333. 

Therefore, the increased activity of BCR-ABL may be associated with disease pathology in 

various other neurodegenerative disorders including PD, HD, ALS, and multiple system 

atrophy (MSA). 

Nilotinib is also a potent inhibitor of Discoidin Domain Receptors (DDR 1 and 2) 334,335. DDRs 

are receptor tyrosine kinases that are found to be overexpressed in the midbrain of post-mortem 

patients with PD 336. Partial or complete deletion or inhibition of DDR1 by Nilotinib increases 

autophagy and reduces inflammation and load of neurotoxic aggregates in mouse models of 

neurodegenerative diseases 337. Oral treatment of Nilotinib increases dopamine levels and 

reduced p-tau levels in a dosage-dependent manner 338-340. It has also been shown to attenuate 

hippocampal atrophy and reduces cerebrospinal fluid (CSF) amyloid and plaque concentration 

in AD, which is independent of BCR-ABL inhibition 338,339. Recently, in a small 12 patient 

pilot study, Nilotinib was found to be potentially effective in treating the patients of PD with 

motor and non-motor symptoms and dementia with Lewy bodies. The treatment seemed to 

affect surrogate disease biomarkers such as dopamine metabolism and the load of α-

SYNUCLEIN 341. One of the recent studies has reported that Nilotinib treatment reduces BCR-

ABL phosphorylation, improves autophagy, thereby reducing the Aβ levels in the Tg2576 AD 

mouse model. Chronic treatment of Nilotinib prevents degeneration and preserves the 

functional and morphological alteration in dopamine neurons of the VTA. The drug prevents 

the reduction of dopamine outflow to the hippocampus and ameliorates the hippocampal-

related cognitive functions in Tg2576 AD mouse model 342. 

However, no reports have shown the state of BCR-ABL activation via phosphorylation and its 

inhibition by Nilotinib in HD mouse models. Therefore, it would be ideal and promising to 

study the phosphorylation state of BCR-ABL and the effectiveness of Nilotinib in inducing 

autophagy and clearing the toxic HTT aggregates in mouse models of HD. Interestingly, 

Nilotinib (TasignaTM) is in clinical trials for Parkinson’s disease and Huntington’s disease, but 

its potency has not been evaluated in any of the rodent models of HD 343-346. Therefore, we 

assessed the efficacy of Nilotinib (TasignaTM) in ameliorating physiological and behavioural 

deficits and extending the lifespan of the R6/2 mouse. 
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1.12 Aim and scope of the study 

Hypothesis: 

Most neurodegenerative diseases such as AD, PD, and HD show distinct phenotypic 

differences and are caused due to the accumulation of specific protein aggregates leading to 

severe brain atrophy. Restoring proteostasis balance by enhancing autophagy may be 

potentially useful in clearing toxic neuronal aggregates thereby rescuing the behavioural 

defects and improving the life span of an individual. Since neurodegenerative diseases are age-

related and the efficiency of the neurons in maintaining the basal autophagy levels is 

compromised over time, it is crucial to identify the stage at which autophagy has to be induced. 

To address this, the HD mouse model, R6/2 was used as a model system to understand the 

dynamics of aggregate formation and autophagy dysfunction in neurodegenerative diseases. 

With this backdrop, the aims and objectives of this study are: 

• To understand the rate at which mHTT aggregates accumulate and the state of basal 

autophagy in R6/2 mice across different stages of disease progression in various regions 

of the brain. 

• To restore the proteostasis balance by inducing autophagy and see if it clears mHTT 

aggregates and improve motor functions in R6/2 mice. 

Scope of the study: 

The study carried out in this manuscript is systematic and is the first report made to evaluate 

the expression of mHTT aggregates and autophagy related proteins at different stages of 

disease progression in R6/2 mice across various regions of the brain, i.e., cortex, hippocampus, 

striatum, and cerebellum. This kind of comprehensive study (different age groups and from 

different regions of the brain) has not been carried out in any of the HD mouse models and also 

in other neurodegenerative diseases to date. The results presented in this thesis would provide 

insights into understanding the mHTT aggregate formation and its consequences on autophagy 

dysfunction. Moreover, considering the fact the Tasigna is in the clinical trials for PD, and HD 

patients, to date, its potency is not studied in pre-clinical models of HD. This would be the first 

study to be reported to comment on the effect of Tasigna in the R6/2 mice model. In this regard, 

this study would be of interest to the researchers working on neurodegenerative diseases 

focusing on autophagy dysfunction and also provide valuable insights to develop therapeutic 

strategies to design novel drugs. 
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2.1 Mouse studies 

All experimental mice were maintained and bred in the animal house facility at JNCASR under 

12-hour light and dark cycle. Food and water were available ad libitum. All the experiments 

and the protocols used in the study were approved by the institutional ethical committee and 

were performed according to the guidelines of the Institutional Animal Ethical Committee 

(IAEC), and the Committee for Control and Supervision of Experiments on Animals 

(CPCSEA). Huntington’s disease mouse model, R6/2 (B6CBA-Tg(HDexon1)62Gpb/3J; 

https://www.jax.org/strain /006494) was procured from Prof. Nihar Ranjan Jana, National 

Brain Research Centre (NBRC), New Delhi, India (approved by Jackson’s laboratory) and bred 

and maintained with C57BL/6 background wild-type mice. Separate C57BL/6 wild-type 

colony were maintained for breeding R6/2 mice. R6/2 male mice were allowed to breed with 

3 C57BL/6 wild-type females in a 1:3 ratio. Hemizygous R6/2 females were infertile, and 

hence, not used for breeding strategies. 

2.2 Genotyping 

All the experimental mice were tagged on one of the ears at PND 9-12 using Monel ear tags 

(Cat # 1005-1 MONEL, Kent Scientific, U.S.A) with a hand-held ear tag applicator (Cat # 

INS1005-5LS, MONEL, Kent Scientific, U.S.A). Mice tail ~1-inch long was clipped at the 

time of tagging. Forceps and scissors were used for tail clipping and were heat sterilised using 

a germinator (Cat # 5-1460; CellPoint Scientific Inc. U.S.A) and to seal the wound caused 

during clipping of the tail. Animals were genotyped for wild-type and R6/2 mice. Genomic 

DNA isolation was performed by chopping mice tail into small pieces (~2.5-5 mm in length) 

using a scalpel (sterilised using 70 % ethanol before using it on every tail), and pieces were 

added to a 1.5 ml microcentrifuge tube. (~1-inch-long tail was clipped, half of the tail was used 

for DNA isolation, and the rest of the tail was stored in -20⁰C for the second round of genotype 

confirmation). Tailpieces were mixed with 180 µl of 50 mM NaOH (GRM467, HIMEDIA) 

solution, vortexed for a few seconds and heated in the dry bath at 95⁰C for 10 minutes. NaOH 

being a strong alkali helps in the alkaline lysis of the tail samples and ruptures the cell 

membrane, thereby DNA gets precipitated. Then, 20 µl of 1 M Tris-HCl (pH – 8.0) (Tris: 

15965, Thermo Fisher Scientific; HCl: HC301585, Merck) was added to each tube to dissolve 

the DNA, and the samples were centrifuged at 12000 RPM for 10 minutes. Tris-HCL acts as a 

buffering agent and plays an important role in maintaining pH and cell lysis. The speed and 

duration mentioned above for centrifugation is optimum for efficient sedimentation of cell 

https://www.jax.org/strain%20/006494
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debris and extraction of DNA. After the centrifugation step, the supernatant was aliquoted into 

fresh microcentrifuge tubes, and pellets were discarded. Further, genotyping was done using 

Polymerase Chain Reactions (PCR) in Thermocycler (Master cycler Nexus GX2, Eppendorf) 

with these DNA samples. (Approximately 2 µL of DNA was used for PCR and the rest of the 

DNA samples were stored in -20⁰C for further usage). Following primers (procured from Sigma 

Aldrich) were used to determine the genotype for R6/2: Forward primer: 5’ 

CCGCTCAGGTTC TGCTTTTA 3’; Reverse primer: 5’ TGGAAGGACTTGAGGGACTC 3’. 

Experimenters were not blind to the genotype and injection regimen used in the study. Detailed 

protocol setup for PCR is shown in (Table 2-1). A representative image for the Htt PCR result 

is shown in (Figure 2-1). 

 Table 2-1 PCR protocol for Htt (R6/2) genotyping 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1 Representative image for Htt (R6/2) PCR 

A) DNA samples were separated on 2 % Agarose gel (1X TAE) at a constant 120 V for ~ 45-

50 minutes. The image was obtained from Gel Doc (Bio-Rad). L = 100 bps ladder; 756-761 = 

Tag No. for R6/2 mice. 300 bps band corresponds to an internal positive control (IPC) and 170 

bps band to Htt (R6/2). NC = Negative control; PC = Positive control. Kb = Kilo bases; bps = 

Base pairs.  

1 kb

500 bps

100 bps

300 bps (IPC)

170 bps (Htt)

L 756 757 758 759 760 761 NC PC

A)

Initial denaturation 95 3 minutes 1 

Cycle denaturation 95 30 seconds 

35 Annealing 55 45 seconds 

Extension 72 35 seconds 

Final extension 72 1 minute 1 

Hold 4 ∞  
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2.3 Injection regimen 

Nilotinib (TasignaTM), procured commercially from medical stores, was dissolved in saline and 

mice were injected intraperitoneally every day, from 2 to 12 weeks of age at a dosage of 20 

mg/kg body weight in C57BL/6 wild-type and R6/2 mice. Control littermates were injected 

with saline for both the genotypes. Mice were habituated by the experimenter from the day of 

tagging (PND 9-12) and were acclimatised to the conditions of the experiment performed. The 

detailed experimental paradigm is shown in (Figure 2-2). 

 

Figure 2-2 Injection regime in R6/2 mice 

Image representing different stages of disease progression in R6/2, starting from 2 to 12 weeks. 

Autophagy inducer Nilotinib (TasignaTM), was injected intraperitoneally from 2 weeks, and 

training for behaviour experiments was performed from 5th week, and testing was done every 

week from 6th to 11th week. Brain samples for molecular analysis, of immunoblotting and 

immunohistochemistry, were collected every week at different time points, i.e., from 6 to 12 

weeks. 

 

2.4 Bodyweight measurement and survival 

All the experimental mice were weighed using a weighing machine (Cat# DS-450 series, 

Essae-Teraoka, India) on alternate days before the start of injections from 2 weeks onwards, 

and dosage was calculated according to the weight of the mouse. Bodyweight across weeks 

was plotted by averaging weights measured on three alternate days. 

2.5 Behavioural Studies 

All the behavioural experiments were done in the behaviour room in the Institute’s animal 

facility. HD transgenic mouse model R6/2 and wild-type C57BL/6 littermates were used for 

the experiments from 5-6 weeks of age and tests were done until 11-12 weeks of age. All the 

mice were acclimatised to the conditions and the experimenter before the start of injections, 

i.e., from PND 9-12 (day of tagging the mice). All the animals used for the behaviour were 

subjected to the habituation in the behaviour room for approximately 30 minutes before the 

Regime in R6/2

Age in weeks (Post natal) 

Training Behavioural 

experiments

Collection of 

brain samples

Injection of 

autophagy inducer

Nilotinib (TasignaTM)
Start End

11 121098765432
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start of the experiment every week (since tests are done once per week starting from 6 weeks). 

The light intensity was maintained at 100 LUX throughout the experiment and on all days.  

2.5.1 Open Field Test 

Open Field Test was done to study the locomotion and exploratory behaviour of animals. The 

open-field arena of 50×50×45 cm was custom-made at JNCASR using plywood, and the 

internal surface was coated with odourless white polish (Figure 2-3). During testing, the mouse 

was allowed to explore the arena for 5 minutes by introducing the mouse in the periphery zone, 

and movement was recorded using a SONY video camera (Model no. SSC-G118, India), and 

a Sony HD camera (HDR-CX405). After the stipulated time of 5 minutes, the mouse was 

returned to its respective home cage. The open-field arena was then cleaned with 70 % ethanol 

and was allowed to air-dry before placing the next mouse in the arena. Distance travelled was 

calculated off-line by the experimenter using SMART v3.0.04 software (Panlab Harvard 

Apparatus, U.S.A). The videos recorded with a Sony camera (SSC-G118) were analysed using 

in-built automatic software in the SMART module. In parallel to this, the behaviour of mice 

from a different set of batches was also recorded using a Sony HD camera (HDR-CX405) and 

videos from this were analysed manually using SMART software. These differences in 

recording and analysing the behaviour data helped us to rule out the possibility of errors arising 

due to jerky and epileptic movements of the mice. 

 

Figure 2-3 Representative images showing Open-field arena and trajectory 

A) Open-field arena (50 X 50 X 45 cm) without the mouse. B) Open-field arena with the mouse 

showing boundaries drawn for centre and periphery. C) Example of one of the trajectories 

showing mouse movement in the marked regions. 

 

 

A) B) C)
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All the data from both sets were pooled together to make any interpretations and conclusions 

of the results thereafter. After recording, videos were loaded onto the SMART module, details 

of the experimental conditions were given, and boundaries were marked for periphery and 

centre. A test run was carried out to ensure that all the parameters were checked and correct, 

and software can track the mouse movement. A maximum of 5 minutes was given to explore 

the arena, and once the run was completed, trajectories were exported as a JPEG image for 

reference and the total distance travelled by the mice in the open field arena was calculated by 

the software.  

2.5.2 Rotarod test 

The rotarod test was performed to assess the balance and motor coordination in R6/2 mice. The 

Rotarod instrument was custom-made at the mechanical workshop at National Centre for 

Biological Sciences, Bengaluru, India. The diameter of the rotating rod was 3.3 cm made of 

Delrin and textured to enhance the grip of the animal. The rotating rod was fixed at the height 

of 30 cm from the platform, and the rod was partitioned into 3 areas at a 9.3 cm gap between 

each partition using discs made of Teflon of 40 cm diameter. A representative image showing 

the rotarod is depicted in (Figure 2-4). Mice were trained for 5 consecutive days at different 

revolutions per minute (RPM) accelerated at 1 RPM/5 second, except on day-4 and -5, for 3 

trials. A detailed protocol is given in (Table 2-2). During testing, mice were given 3 trials at 

15 rpm for 60 seconds.  After the trial/testing, each mouse was returned to its respective home 

cage. The rotating rod was wiped with 70 % ethanol and was allowed to dry completely before 

placing the next animal on the rotating rod. All the trials were recorded using a Sony HD 

camera (HDR-CX405), and videos were analysed to score the latency to fall manually. Latency 

to fall was calculated by averaging the time spent on the rotarod from three trials. 

Table 2-2 Protocol followed during training in rotarod on different days 

 

 

 

 

 

 

5-10 1 

11-15 2 

16-20 3 

20 4 

20 5 
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Figure 2-4 Image representing Rotarod apparatus 

A picture depicting the mice placed on the rotarod at 15 RPM. The experimental trials were 

captured using a Sony HD camera and videos were later analysed manually to calculate the 

latency to fall. Latency to fall was scored by calculating the average time spent on the rotarod 

from three trials. 

 

2.5.3 Hind-limb clasping 

Hind-limb clasping was performed to assess the motor coordination and stages of disease 

progression in R6/2. Mice were suspended in the air by holding their tail for a maximum of 60 

seconds, and videos were recorded using a Sony HD camera (HDR-CX405). A representative 

image depicting hind-limb clasping is shown in (Figure 2-5). The recorded videos were then 

analysed manually based on the Racine scale. Depending on its hind-limb movements, scores 

were calculated accordingly. Lower the score better the performance of the mice. The method 

for scoring hind-limb clasping is mentioned in (Table 2-3). 

Table 2-3 Protocol showing the method to score based on Racine scale 

   

 

 

 

 

 

Zero No clasping 

One Clasping in 31-60 seconds 

Two Clasping in 16-30 seconds 

Three Clasping in 11-15 seconds 

Four Clasping in 6-10 seconds 

Five Clasping in 1-5 seconds 
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Figure 2-5 Image representing typical hind-limb clasping phenotype in R6/2 mice 

The R6/2 was suspended by its tail in the air for a maximum of 60 seconds and its movement 

was recorded using a camera. The videos were analysed manually based on the Racine scale to 

determine the progress of disease severity. 

 

2.6 Immunoblot Analysis 

2.6.1 Lysate preparation 

Mice were sacrificed by cervical dislocation and lysates from different regions of the brain, 

i.e., cortex, hippocampus, striatum, and cerebellum were considered for immunoblot analysis. 

Studies have shown that mHTT aggregates get accumulated throughout the brain (as explained 

in Chapter 3 introduction), it is important to validate and check for the major areas affected by 

mHTT aggregate accumulation. Besides, the above-mentioned brain regions are responsible 

for effective motor, cognitive functions, memory, and balance which are thereby impaired in 

R6/2 as the disease progresses 10,277.  

These different regions were carefully separated from whole brain and lysates were prepared 

in Dounce tissue homogenizer - 7 mL (Cat# D9063, Sigma, India), and 15 mL (Cat# D9938, 

Sigma, India) in modified RIPA (Radio-Immunoprecipitation Assay) lysis buffer: 150 mM 

NaCl (Cat# S6191, Sigma, India), 50 mM Tris-HCl, pH 7.4 (Tris – Cat# 15965, Fisher 

Scientific, India; HCl – Cat# HC301585, Merck, India), 5 mM EDTA (Cat# RM1195, 

HiMedia, India), 0.25 % sodium deoxycholate (Cat# D6750-100G, Sigma, India), 0.1 % Triton 

X (Cat# 845, HiMedia, India), 0.1 % SDS (Cat# 161-0302, Bio-Rad, India), with protease 

HD mouse model – R6/2

Wild type – C57

Age – 12 weeks

R6/2

Age – 12 weeks

Tag No. 991

Female

Tag No. 992

Female
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inhibitor (Cat# 11836170001, Sigma, India), and phosphatase inhibitor cocktails (Cat# P2850 

– Cocktail 1, P5726 – Cocktail 2, P0044 – cocktail 3 Sigma, India).  

Functions of the components of RIPA lysis buffer are mentioned in (Table 2-4). Homogenates 

were centrifuged at 14,000 rpm at 4⁰C for 30 minutes, and the supernatant was collected for a 

soluble fraction. The centrifugation speed and time is optimum for the separation of the soluble 

fraction of proteins, and insoluble fractions will get sediment in the form of pellet as inclusion 

bodies. Centrifugation at 4⁰C will prevent the proteins from degradation. These steps were 

followed for all the lysate preparations used in the study. 

Table 2-4 Functions of components of RIPA buffer. 

2.6.2 Protein estimation 

Proteins were estimated by Bradford assay using Bradford reagent (Cat # 5000006 from Bio-

Rad, India). Bradford assay is a sensitive technique used to measure the total protein 

concentration in the given sample. Bradford reagent is commonly called Coomassie G-250 or 

Coomassie Blue. Under acidic conditions, the dye is cationic, protonated and is red. It binds 

stably to proteins and the protein-dye complex shifts the absorbance maximum from 465 nm 

to 595 nm. The colour changes from red to blue upon binding to protein and is measured 

spectroscopically at 595 nm. The increase in absorbance at 595 nm is directly proportional to 

the amount of dye bound to the protein present in the sample.  

Protein standards with range (0.5 µg - 10 µg/µL) were assayed using Bovine Serum Albumin 

(BSA) (Cat # TC194 from HIMEDIA, India) as a standard and concentration of the protein 

samples were measured by taking absorbance at 595 nm against BSA as a standard reference 

using ELISA reader – (Versamax Molecular devices). A representative graph for Bradford 

assay is shown in (Error! Reference source not found.). 

150 mM NaCl Prevents non-specific protein aggregation 

Tris-HCl, pH 7.4 Buffering agent and prevents protein denaturation 

5 mM EDTA Chelates divalent cations and inhibit protease activity 

0.25% sodium deoxycholate The ionic detergent used to disrupt protein interactions 

0.1% Triton X Used to lyse cells and extract proteins 

protease inhibitor Inhibits various proteases; prevents protein degradation 

phosphatase inhibitor Inhibits various phosphatases; prevents protein degradation 
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Figure 2-6 Graph depicting Bradford assay to measure protein concentration 

The protein concentration was calculated using BSA as a standard reference range (0.5 µg - 10 

µg/µL) by measuring absorbance maximum at 595 nm using an ELISA plate reader. The 

standard curve is plotted using linear regression and the relationship between the standard is 

described by linear relationship (R2 = 0.9921). The grey line shows the linear plot, and the 

equation is y=0.1029x+0.2113. Solving for x value against the absorbance value gives the 

protein concentration. 

 

2.6.3 SDS-PAGE and immunoblotting 

Proteins were separated and electrophoresed in SDS-PAGE (Sodium Dodecyl Sulphate-

Polyacrylamide Gel Electrophoresis) using Bio-Rad electrophoresis apparatus (Mini-

PROTEAN Tetra Cell – Cat # 1658005). Proteins were separated based on their molecular 

masses. After treatment with reducing agent and SDS, all the proteins are in their primary 

structure and attains a uniform negative charge, thereby the shape and charge of the protein do 

not affect the separation. Therefore, proteins are separated based on their molecular weights.  

5 % stacking was used for all the experiments, while 12 % for autophagy related proteins 

(LC3B, p62, and GABARAPL2), 8 % for Ub and 6 % resolving were used mHTT aggregates 

(EM48) respectively for ~2 hours at 90V. The separated proteins were transferred onto PVDF 

(Polyvinylidene fluoride; Cat# 162-0177, Bio-Rad, India) membrane for 2 or 24 hours at 90V 

approximately for autophagy related proteins, UBIQUITIN  (Ub), and HTT aggregates at 4⁰C, 

respectively. (PVDF membrane is preferred over nitrocellulose as it has high protein binding 

capacity and offers high sensitivity. Moreover, PVDF membrane is less fragile than 

nitrocellulose and is a better choice for experiments that require stripping and re-probing of the 

membrane). Since mHTT aggregates are dynamic and larger in size with higher-order 

oligomeric structures, the transfer was set up for 24 hours for efficient transfer of aggregates 
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onto PVDF membrane. Whereas autophagy related proteins and Ub chain have a molecular 

weight of less than 180 kDa, transfer was set up for 2 hours at 4⁰C. After transfer, blots were 

blocked in 5 % skimmed milk (Cat# M530, Hi-Media, India) for one hour and washed thrice 

in PBST (Phosphate Buffered Saline Tween; 0.1 % Tween-20 (Cat# 28599, Sisco research 

laboratories, India) in 1X PBS). Skimmed milk was used for blocking as it effectively prevents 

the non-specific binding of primary antibodies to the PVDF membrane. PBST as a buffering 

and washing agent was used in all the washing steps for western blotting. It maintains the pH 

of the solution, washes any residual leftover, thereby preventing non-specific interactions with 

primary and secondary antibodies. Proteins were then probed for autophagy related proteins, 

Ub, and mHTT aggregates. A detailed list of primary and secondary antibodies used in the 

study are provided in (Table 2-5). After incubation, blots were washed thrice for ~10 minutes 

in PBST and incubated in secondary antibodies conjugated with Horse-radish-peroxidase in 1 

% skimmed milk for ~1 hour at room temperature. Proteins were detected using ECL 

(Enhanced-Luminol-based chemiluminescent substrate; Cat# 1705060, Bio-Rad, India) and 

visualised using an I-Bright CL1000 Chemidoc system (Thermofisher). ECL assay depends on 

the emission of light as a product of the chemical reaction used to detect proteins. The 

secondary antibody is conjugated to the horseradish peroxidase (HRP) enzyme which reacts 

with the HRP substrate luminol. This reaction emits light at 428 nm and the signal is captured 

by a digital imager. Luminol emits light weakly, therefore enhancers are used to amplify the 

signal. This enhancement of a luminol-based signal is commonly referred to as Enhanced 

Chemiluminescence (ECL). Blots were quantified using ImageJ software (v1.52a, National 

Institutes of Health (NIH), U.S.A). 

2.7 Histology 

2.7.1 Perfusion 

All the experimental mice were transcardially perfused with ice-cold (PBS) Phosphate 

Buffered Saline, pH – 7.4 (NaH2PO4.2H2O – Cat # 14105; Na2HPO4.2H2O – Cat # 27785; 

NaCl – Cat # 15915 from Fisher Scientific, India) and were fixed with 4 % PFA (Cat # 158127) 

in 0.1 M Sodium Phosphate buffer, pH – 7.4. A peristaltic pump (Cat# RH-P110S-25, Ravel 

Hiteks PVT LTD, India) was used to perfuse the animals and the flow rate was constantly 

maintained at 10.2 mL per minute. After perfusion, brains were subjected to post-fixation in 4 

% PFA overnight and transferred to 30 % sucrose with 0.1 % Sodium Azide to prevent bacterial 

and fungal contamination (Cat # TC048 from Hi-Media, India) and were preserved at 4⁰C for 
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further procedures. Functions of the buffer and reagent components used for perfusion and IHC 

are mentioned in (Table 2-6). 

Table 2-5 Details of primary and secondary antibodies used in the study to check 

the expression of autophagy related proteins, Ub, and mHTT aggregates  

 

Table 2-6 Functions of the solutions used for perfusion and IHC 

 

 

1:1000 Rabbit L7543, Sigma, India 

1:1000 Rabbit PAJ288Hu01, Cloud-Clone, India 

1:1000 Rabbit P0067, Sigma 

1:500 Mouse MAB5374, Merck, India 

1:1000 Mouse 
P4D1-BML-PW0930-0100, ENZO Life Sciences, 

India 

1:10000 Rabbit PA116889, Thermo Fischer Scientific 

1:10000  1721019, Bio-Rad, India 

1:10000  1706516, Bio-Rad, India 

Used as a buffer to maintain constant pH 

PFA fixes the tissue and preserves cell components and morphology 

Used to disrupt cross-linking between fixative and antigens (proteins) 

The buffer used as a washing solution to remove leftover residues 

Used to lyse cells and extract proteins 

Used for blocking to prevent non-specific binding of antibodies to tissue or Fc 

receptors 

Used as a blocking agent to prevent non-specific binding of primary antibody 

Used as a blocking agent to prevent non-specific binding of primary antibody 
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2.7.2 Slide coating 

Slides used for taking sections were soaked in 1N HCl (Cat # 29505 from Fischer Scientific, 

India) overnight and rinsed with double distilled water, and air-dried. Slides are treated with 

HCl to degrease the surface and to remove unwanted minute dust particles from the slides that 

are used for the coating to avoid cross-contamination. Slides were coated with 3 % gelatin [3 

g gelatin (Cat # GRM019 from Hi-Media, India), and 0.05 g Chromium potassium sulphate 

dodecahydrate (Cat # GRM3042 from Hi-Media, India) in 100 mL of water]. Gelatin is an 

adhesive substance and slides coated with it are widely used since they are highly reliable and 

can hold the tissue sections effectively, thereby prevent them from falling off the slides. 

Chromium potassium sulphate dodecahydrate is used along with Gelatin to impart a positive 

charge to the slides so that tissues that are negatively charged are attracted to the opposite 

charge and can effectively attach to the surface of the slides. Gelatin coated slides were allowed 

to dry overnight at 60⁰C in a hot air oven and stored at room temperature for further use. 

2.7.3 Cryosectioning 

Sucrose-treated brains were embedded in OCT (Optimal Cutting Temperature) – Tissue 

freezing medium (Cat # 14020108926 from Leica Biosystems, India) on the chuck and was 

placed inside the cryostat (Cat # CM3050s from Leica, India) chamber. OCT is a water-soluble 

resin that provides a suitable matrix for sectioning the tissues at very low temperatures using a 

cryostat. Moreover, OCT leaves no residues after it is cleaned and prevents any undesirable 

background during staining. Internal chamber temperature (CT) in the cryostat was maintained 

at -20°C and Object Temperature (OT) at -22°C throughout the procedure. 40 µm thick coronal 

sections were taken on gelatin-coated slides. 5-6 sections were taken on each slide sequentially 

from the cortex, hippocampus, and striatum. Slides with sections were stored and preserved at 

4°C till further usage. For all the brain tissues processed, experimental procedures were 

maintained constant throughout the study. 

2.8 Immunohistochemistry 

For Immunohistochemistry, the antigen retrieval was done by treating the sections with 10 mM 

Sodium citrate buffer (Cat# 6132-4-3, Fisher Scientific, India). The citrate buffer disrupts the 

protein cross-linking created by PFA, therefore, unmasking the antigens and epitopes. This will 

enhance the efficient binding of primary antibodies and increase the signal to noise ratio during 

imaging. The sections were then permeabilised with PBSTx (0.1 M PBS and 0.1 % Triton-X-
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100) followed by blocking for ~4 hours at room temperature with 2 % BSA (Bovine Serum 

Albumin) and 1 % goat serum, and 1 % horse serum diluted in PBSTx. Functions of the 

components of the solutions used are mentioned in Table 2.6. Sections were incubated with 

primary antibodies for 48 hours at 4°C after 2 hours of incubation at room temperature. A 

cocktail of antibodies was diluted 300 times in 2 % BSA prepared in PBSTx. The antibodies 

used were anti-LC3B, anti-GABARAPL2, anti-p62, anti-HTT – EM48. After primary 

incubation, sections were probed with secondary antibodies for ~4 hours at room temperature 

in the dark. A cocktail of secondary antibodies was diluted 300 times in 2 % BSA, 1 % goat 

serum prepared in PBSTx. Complete details of primary and secondary antibodies were 

mentioned in (Table 2-7). After incubation, sections were mounted with Vecta-Shield 

containing DAPI (4′,6-diamidino-2-phenylindole; Cat# H-1200, Vector Laboratories, CA, 

U.S.A) and were used for imaging. Images were obtained using confocal microscopy LSM 880 

Airy Scan (Zeiss, India), and Delta Vision (Model#, GE Healthcare Ltd, India). 

Table 2-7 Details of the list of primary and secondary antibodies used for 

immunostaining 
 

1:300 Rabbit L7543, Sigma, India 

1:300 Rabbit PAJ288Hu01, Cloud-Clone, India 

1:300 Guinea-pig GP62-C, iProgen Scientific 

1:300 Mouse MAB5374, Merck, India 

1:300 Rabbit 43328, Sigma, India 

1:300 Guinea-pig A-21450, Thermo Fisher Scientific, India 

1:300 Mouse 62197, Sigma, India 

2.9 Cell culture experiments 

HeLa cells were maintained in a growth medium composed of DMEM (Dulbecco’s Modified 

Eagle Medium) (Cat# D5648, Sigma-Aldrich) supplemented with 3.7 g/l sodium bicarbonate 

(Cat# S5761, Sigma-Aldrich) plus 10 % Fetal Bovine Serum (FBS) (Cat#10270-106, Life 

Technologies). (FBS is used as a growth supplement for cell culture media because of its high 

content of embryonic growth-promoting factors and very low levels of antibodies) and 100 

U/ml penicillin and streptomycin (Cat#15140-122, Life Technologies) at 5 % CO2 and 37°C. 
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Upon confluence, the cells were passaged with 0.05 % Trypsin-EDTA  (Cat#59418C, Sigma-

Aldrich). (Trypsin-EDTA is a mixture of proteases used for cell dissociation and breaks down 

the proteins which enable the cells to adhere to the culture plates. Trypsinization is often used 

to passage cells to a new plate. 

The drugs used in this study for the cell-culture experiments were – Nilotinib (TasignaTM) 

procured commercially, 6-bromoindirubin-3′-oxime, (6BIO) (Cat# B1686, Sigma-Aldrich, 

India) and Bafilomycin A1, (BafA1) (Cat#11038, Cayman chemicals) 

2.9.1 Autophagy Assay 

To perform Autophagy assays, 1.0 x 106 HeLa cells were seeded per well on 6-well plates and 

were allowed to attach for 24 hours. Autophagy was induced using Nilotinib(TasignaTM) 

dissolved in saline (5, 25, 50, 100, 250 µM, and 1 mM), 6BIO (10 µM) and BafA1 (100 nM) 

for ~2 hours. 6BIO and BafA1 were used as positive and negative control of autophagy 

modulators, respectively 347. 

Following treatments, cells were washed with ice-cold PBS. Cells were then lysed in 100 μl of 

sample buffer [10 % w/v SDS, 10 mM dithiothreitol (reducing agent to breakdown protein 

disulfide bonds), 20 % vol/vol glycerol, 0.2 M Tris-HCl (pH 6.8), 0.05 % w/v bromophenol 

blue] and then collected using a cell scraper. Immunoblot was performed to check the 

expression of LC3B, and a similar procedure was followed, as mentioned in section 2.6.3. 

2.10 Statistics 

All the graphs were plotted using Microsoft office 365, and Graph Pad Prism 7 (for Survival 

graph). Data are presented as Mean ± Standard Error of Mean (SEM). One-way, Two-way and 

Three-way ANOVA were applied, followed by appropriate post-hoc analysis (Bonferroni and 

Tukey), to test statistical significance as appropriate unless otherwise stated. 
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Chapter- 3  

Characterisation of mutant HUNTINGTIN aggregate 

formation in R6/2 mice 
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3.1 Introduction 

HD is caused by a mutation in the HUNTINGTIN gene resulting in the expansion of polyQ in 

the HUNTINGTIN protein 226. mHTT protein is prone to form amyloid fibrils and triggers the 

formation of the aggregation process. The rate of formation of aggregates from amyloid fibrils 

and oligomers depends on the length of polyQ leading to the presence of cytoplasmic and 

intranuclear inclusions, the most distinctive pathological hallmarks of Huntington’s disease 348. 

These inclusions consisting of toxic polyglutamine aggregates trigger mutant HUNTINGTIN 

dependent neuronal dysfunction. The mechanism of aggregate formation could account for 

many aspects of pathogenesis and the rate at which disease progresses in HD. Initiation of 

aggregation requires a critical concentration of oligomeric precursors and is also associated 

with a lag time, which may contribute and account for late-onset of the disease 349. The process 

of nucleation leading to neuronal inclusions is very complex, and many intracellular factors 

play a determining role 350.  

The critical concentration of aggregate precursor in a given neuronal cell depends on cellular 

factors such as the ability of the cell to divide, transcriptional profile, post-processing of mHTT 

protein, cell-specific expression levels of key proteins, subcellular localisation, and 

compartmentalisation 211,236,244,348,351. The neuropathological hallmark of HD is the presence of 

N-terminal mHTT fragments in the form of inclusion bodies in cell culture models, animal 

models, and human post-mortem brain samples 350,352-355. The concept of N-terminal mHTT 

fragments as a part of inclusion bodies has been supported by many studies where antibodies 

have stained neuronal inclusions against the N-terminal part of mHTT but not the C-terminal 

354-359. Moreover, many mouse models have been generated where HD progression has been 

accelerated by overexpression of N-terminal mHTT fragment compared to full-length mHTT 

protein 268,279,360-363. One such mouse model is R6/2, where exon 1 of the human mHTT gene 

is expressed under the human HTT promoter, which recapitulates HD-like phenotype 268. 

Therefore, as mentioned earlier, the post-processing of mHTT protein plays a very important 

role in the pathogenesis of HD. 

The age-related decline in the capacity of neurons to maintain protein homeostasis also 

contributes to the accumulation of toxic inclusion bodies that may explain the late onset of 

many protein conformation-based diseases, including HD 11,15,31,364. However, the role of 

inclusion bodies in HD has been challenged and proposed that mHTT aggregate bodies can be 

neuroprotective 37,365. Interestingly, studies have shown that mHTT aggregates from cell-line-
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based models, mouse models, and human post-mortem brain samples are positive for 

UBIQUITIN, indicating the role of proteasome degradation pathway and autophagy in 

maintaining the protein quality control in neuronal cells 350,352,366. Studies have shown that 

wild-type HTT and mHTT can be ubiquitinated at its N-terminal domain, suggesting specific 

UBIQUITIN-mediated degradation by cellular clearance mechanisms such as UPS and 

autophagy pathways 207,367-370. Besides the direct role of UPS and autophagy in diluting the 

mHTT oligomers and aggregates, the impairment of these pathways by polyQ expanded mHTT 

protein determine the HD-related pathological changes. 7,15,106.   

Therefore, it is essential to understand the process of mHTT aggregate formation and 

intracellular ubiquitination pattern to get detailed insights into the pathophysiology of HD. To 

date, many studies have been carried out to understand the mechanisms of aggregate formation 

in various cellular and mouse models, but at what stage of disease progression these aggregates 

start accumulating and whether the presence of mHTT aggregates affects the ubiquitination 

pattern is not investigated. In this regard, the HD mouse model, R6/2, has been used to study 

the accumulation of toxic mHTT aggregates across different stages of disease progression in 

various regions of the brain such as the cortex, hippocampus, striatum, and cerebellum. 

3.2 Methods 

Brain lysates from different regions such as cortex, hippocampus, striatum, and cerebellum 

from wild-type and R6/2 mice were prepared in a modified RIPA lysis buffer. Four age groups 

2, 4, 8, and 12 weeks were considered for the analysis corresponding to different stages of 

disease progression in R6/2. mHTT aggregates were detected by probing with mEM48 primary 

antibody, which reacts explicitly with HUNTINGTIN protein that expresses a different number 

of polyglutamine repeats and detects toxic mHTT protein. Ubiquitin profile was checked by 

staining with PAN-Ubiquitin antibody, which detects a stretch of native ubiquitin molecules. 

[Note: Detailed experimental procedures were mentioned in chapter 2: Methods and materials 

section]. 
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3.3 Results 

3.3.1 Mutant HUNTINGTIN aggregates were detected as early as 2 weeks 

in R6/2 mice 

Many studies have been carried out to understand the dynamics of mHTT aggregate formation 

and have been shown that aggregates exist in multiple different conformations inside the cells 

leading to neuronal toxicity 349,350,356,371. Based on the intrinsic properties and post-processing 

of HTT protein with polyQ, aggregates exist as soluble monomers, oligomers, and higher-order 

annular and amyloid fibril like structures, thereby forming inclusion bodies inside the neuronal 

cells 211,368. Immunohistochemical analysis has shown that UBIQUITIN positive mHTT 

aggregates are present as early as PND 1 (Post Natal Day) in neostriatum and hippocampus of 

R6/2 mice, and they increase in number and size as the disease progresses 269.  

To further understand the aggregate formation in R6/2 mice, expression of mHTT aggregates 

was assayed by immunoblotting at the end stage of disease progression, i.e., at 12 weeks from 

the cortex, hippocampus, striatum, cerebellum. Results suggest that, compared to wild-type 

control mice, mHTT aggregates were detected by mEM48 from all four brain regions in R6/2 

mice (Figure 3-1A, B). Furthermore, to understand at what stage of disease progression mHTT 

aggregates accumulate inside the neuronal cells, expression was assayed by immunoblotting 

from 2-, 4-, 8-, and 12-weeks brain lysates from the cortex, hippocampus, striatum, and 

cerebellum. Remarkably, mHTT aggregates were detected from 2 weeks of age in the cortex, 

and striatum (Figure 3-2A, B for Striatum; Figure 3-2C, D for Cortex), whereas in the 

hippocampus, and cerebellum, mHTT aggregates were detected from 4 weeks (Figure 3-2E, 

F for Hippocampus; Figure 3-2G, H for Cerebellum). 

Due to the early presence of mHTT aggregates, there is a disruption in cortico-striatal 

connections making neurons vulnerable to degeneration 235,269,372. These results propose and 

support the fact that striatum and cortex are affected early, leading to cognitive and motor 

dysfunctions in R6/2. These findings suggest that seed nucleation starts early during 

development to form large mHTT aggregates. mHTT aggregates increase in concentration and 

spread gradually across different regions of the brain, thereby contributing to rapid disease 

progression leading to neuronal death in R6/2. 
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Figure 3-1 Detection of mHTT aggregates at different regions of the brain in R6/2 

mice from 12 weeks of age 

A) Representative immunoblot showing mHTT aggregates at 12 weeks of age in R6/2 

compared to wild-type control littermates across different regions of the brain. mHTT 

aggregates were detected by EM48 antibody, which specifically detects polyglutamine 

aggregates. B) Representative ponceau S staining for the blot represented to the left. Vertical 

black dashed lines separate the genotypes. N=12 (Male). C=Cortex, H=Hippocampus, 

S=Striatum, CB=Cerebellum; WT=Wild-type; kDa=kiloDaltons. 
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Figure 3-2 Dynamics of mHTT aggregate formation across different stages of 

disease progression in R6/2 mice 

A) Representative immunoblot showing early accumulation of mHTT aggregates in the 

striatum at 2 weeks of age in R6/2 compared to wild-type control littermates. B) Representative 

image showing ponceau S staining for the striatum blot represented to the left. C) 

Representative image of an immunoblot showing accumulation of mHTT aggregates in the 

cortex at 2 weeks in R6/2. D) Blot showing ponceau S staining for the cortex. E) Representative 

blot showing detection of mHTT aggregates in the hippocampus at 4 weeks of age in R6/2 

compared to wild-type mice. F) Image showing ponceau S staining for the region hippocampus. 

G) Representative immunoblot showing accumulation of mHTT aggregates in the region 

cerebellum at 4 weeks in R6/2. H) Representative image showing ponceau S staining for the 

cerebellum blot. Mouse monoclonal EM48 antibody was used to detect mHTT aggregates in 

R6/2. Vertical black dashed lines separate the genotypes. N=5 for 2 weeks, N=7 for 4 and 8 

weeks, and N=12 for 12 weeks. N=number of mice. C=Cortex, H=Hippocampus, S=Striatum, 

CB=Cerebellum; kDa=kiloDaltons. 

 

3.3.2 Ubiquitination is increased in the striatum at the end stage of disease 

progression in R6/2 mice 

Labelling a chain of UBIQUITIN molecules to the protein is essential for a wide range of 

cellular activities such as degradation and localisation 373. Covalent attachment of a series of 

UBIQUITIN molecules to a lysine residue side chain of a targeted protein is a multistep process 

for degradation by UPS and autophagy machinery 373. Different enzymatic components such 

as a UBIQUITIN-activating enzyme (E1), UBIQUITIN-conjugating enzyme (E2), and 

UBIQUITIN-ligating enzyme (E3) are required for labelling the proteins to be degraded 373. 

mHTT gets ubiquitinated at its N-terminal domain-containing polyQ by specific E3 

UBIQUITIN ligases suggesting UBIQUITIN-mediated degradation by cellular mechanisms 

such as UPS and autophagy pathways 369,374. Since there is an early accumulation of mHTT 

aggregates in R6/2, it is interesting to find out if there are any noticeable changes in the overall 

ubiquitination pattern in the neuronal cell. In this regard, the UBIQUITIN profile of the cell 

was checked by staining with Pan-UBIQUITIN antibody, which identifies the chain of native 

UBIQUITIN molecules binding to aggregates.  
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Figure 3-3 Ubiquitination is increased in the striatum at the end-stage of disease 

progression in R6/2 mice 

A, B, C and D. Representative immunoblot for UBIQUITIN profile from 2, 4, 8, and 12 weeks 

in the cortex, hippocampus, striatum, and cerebellum, respectively. E – H. Representative 

ponceau S-stained blot for UBIQUITIN profile from 2, 4, 8, and 12 weeks in the cortex, 

hippocampus, striatum, and cerebellum, respectively. I – L. Quantified bar graphs for 

UBIQUITIN profile (Stacking) for cortex: Age x Genotype (F(3,54)=0.82, p=0.48), 

hippocampus: Age x Genotype (F(3,54)=0.04, p=0.98), striatum: Age x Genotype (F(3,54)=1.49, 

p=0.22), and cerebellum: Age x Genotype (F(3,54)=1.57, p=0.20), respectively. M – P. 

Quantified bar graphs for UBIQUITIN profile (Resolving) for cortex: Age x Genotype 

(F(3,54)=1.095, p=0.35), hippocampus: Age x Genotype (F(3,54)=0.31, p=0.81), striatum: Age x 
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Genotype (F(3,54)=1.08, p=0.36), and cerebellum: Age x Genotype (F(3,54)=0.89, p=0.44), 

respectively. N=5 for 2 weeks, N=7 for 4 and 8 weeks, and N=12 for 12 weeks for both the 

genotypes wild-type and R6/2. Error bars indicate ±SEM. N=number of mice. The genotypes 

are separated by vertical dashed lines. Statistical analysis was done by Two-way ANOVA 

followed by Bonferroni post-hoc test. * p≤0.05; ** p≤0.01. 

 

Since mHTT aggregates were detected at the early stages of disease progression in R6/2, we 

checked for any alteration in the global ubiquitination profiles across different brain regions. 

Considering that mHTT aggregates are of high molecular weight, we observed aggregates only 

in the stacking gel in western blot analysis (Figure 3-3 (A-H)). In view of this, to identify the 

detectable changes, we assayed the ubiquitination profiles in both stacking and resolving gels 

from different regions of the brain across various stages of disease progression (Figure 3-3). 

There was a significant increase in the ubiquitination pattern in both stacking and resolving in 

the region striatum in R6/2, compared to wild-type controls at 12 weeks of age. (Figure 3-3C, 

G, K, O). Interestingly, despite the presence of mHTT aggregates, there was no significant 

difference observed in the ubiquitination pattern in the other regions of the brain such as the 

cortex (Figure 3-3A, E, I, M), hippocampus (Figure 3-3B, F, J, N), and cerebellum (Figure 

3-3D, H, L, P) across different stages of disease progression in R6/2. These results explain that 

due to the presence of mHTT aggregates, there is increased Ubiquitination in the striatum, 

which is the most affected region of the brain in HD. These findings correlate with previous 

studies suggesting the presence of intracellular ubiquitinated HUNTINGTIN aggregates in 

inclusion bodies 269,355,375-377.  

3.4 Discussion 

The results discussed in this chapter suggest that mHTT aggregates accumulate inside the 

neuronal cells as early as 2 weeks of age and contribute to disease pathogenesis in R6/2. This 

study is the first to characterise the complete developmental profile of mHTT aggregate 

formation in R6/2 across different stages of disease progression from various regions of the 

brain. It has been shown that mHTT aggregates accumulate from 2 weeks in the striatum and 

the cortex, whereas in the hippocampus and cerebellum, mHTT aggregates were detected from 

4 weeks of age. The N-terminal specific antibody mEM48, which specifically identifies toxic 

polyQ human HUNTINGTIN fragments, was used to detect mHTT aggregates 352. The 

accumulation of mHTT aggregates was assayed only in the soluble fractions because studies 

have shown that soluble fractions are toxic and disrupt many cellular processes leading to 
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pathogenicity in HD 378-383. Moreover, it would be interesting to study the properties of 

different oligomeric species of mHTT aggregates. In this regard, in future studies, the A11 

antibody can be used that detects explicitly soluble toxic amyloid polyglutamine aggregates.  

The study also characterised the UBIQUITIN expression profile and shown that it is 

differentially regulated across different regions of the brain in R6/2 mice. The expression of 

the UBIQUITIN profile was increased in both stacking and resolving in the region striatum at 

12 weeks in R6/2 compared to wild-type, suggesting that there was no defect in labelling 

mHTT aggregates by UBIQUITIN molecules. However, despite the early accumulation of 

mHTT aggregates in R6/2, there was no change observed in the global ubiquitination profile 

of the cell across different stages of disease progression in the cortex, hippocampus, and 

cerebellum. These results suggest that mHTT aggregates were detected and labelled by 

UBIQUITIN molecules, but the accumulation is due to the defects in intracellular clearance 

pathways such as UPS and autophagy. In conclusion, mHTT aggregates are complex and 

dynamic and get accumulated starting from 2 weeks of age in R6/2, thereby contributing to 

rapid disease progression. 
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Chapter- 4  

Spatio-temporal analysis of autophagy and its efficiency 

in clearing polyglutamine aggregates in R6/2 mice 

  



79 

 

4.1 Introduction 

Autophagy is a highly conserved catabolic process that degrades and recycles cellular 

constituents such as proteins, protein complexes, and damaged organelles 60. Aggrephagy is a 

major pathway through which many aggregates that are implicated in neurodegenerative 

disorders like PD, AD, ALS, and HD are degraded. Due to increasing evidence for the 

physiological importance of autophagy in neuronal cells, impairment in autophagy may play a 

vital role in the progression of many severe forms of age-related neurodegenerative diseases 

105,106,124,384-386. For example, defect in cargo recognition and loading has been implicated in 

HD and is mediated through the interaction of mHTT aggregates with p62/SQSTM1, and can 

affect autophagy in many ways, such as impairing vesicle trafficking 387,388.  

mHTT interacts with cytoskeletal proteins, thereby disrupting autophagosome motility and 

subsequently preventing the autophagosome fusion with lysosomes 218. It is known that 

lysosomal enzyme activity is reduced in HD, because of the accumulation of reactive oxygen 

species, given the fact that neuronal cells with mHTT aggregates contain markedly increased 

numbers of lysosomes containing non-degraded lipofuscin 204,389. After post-processing of 

mHTT protein, N-terminal fragment of polyQ-HTT translocate into the nucleus and has been 

shown to interact with various transcriptional factors such as TFEB, which encode the proteins 

required for autophagosome assembly, autophagosome-lysosome fusion, and lysosomal 

degradative enzyme activity 204,351,358. Given all the compelling evidence to support autophagy 

dysfunction in NDD’s including HD, yet the state of basal autophagy in these diseases is 

unclear. In this study, the HD mouse model, R6/2, was used to understand and evaluate the 

Spatio-temporal expression of key autophagy related proteins from various brain regions such 

as the cortex, hippocampus, striatum, and cerebellum across different stages of disease 

progression.  

4.2 Methods 

For immunoblotting, brain lysates from different regions of the brain such as the cortex, 

hippocampus, striatum, and cerebellum were collected from four age groups, 2, 4, 8, and 12 

corresponding to different stages of disease progression from wild-type and R6/2 mice. For 

immunohistochemistry analysis, PFA fixed brain sections were taken from 12-week-old wild-

type and R6/2 mice. For both the analysis, proteins were detected by probing with primary 



80 

 

antibodies such as anti-LC3B, anti-p62, anti-GABARAPL2, anti-HTT (EM48), and anti- β-

ACTIN. 

 [Note: Detailed experimental procedures were mentioned in Chapter 2: Methods and materials 

section].  

4.3 Results 

4.3.1 Basal autophagy is unaltered and spatiotemporally maintained in R6/2 

mice 

Autophagy in the brain is tightly controlled and regulated, and its dysfunction plays a very 

important role in the pathophysiology of HD 210,364,386,390,391. To investigate the state of basal 

autophagy in R6/2 mice, the expression of key autophagy related proteins, p62/SQSTM1, 

LC3B, and GABARAPL2, was assessed by immunoblotting technique. Four different age 

groups, i.e., 2, 4, 8, 12 weeks, from different stages of disease progression, were considered for 

temporal analysis and diverse brain regions such as the cortex, hippocampus, striatum, and 

cerebellum were considered for spatial analysis. p62/SQSTM1, a UBIQUITIN-LC3 binding 

protein, one of the most abundantly expressed adapter molecule in the neuronal cell, binds to 

the aggregates and drives its degradation by aggrephagy. There was no significant difference 

observed in the levels of p62/SQSTM1 in the cortex (Figure 4-1A, B), hippocampus (Figure 

4-2A, B), striatum (Figure 4-3A, B), and cerebellum (Figure 4-4A, B) in all the four age 

groups in R6/2 mice compared to wild-type control mice. Further, out of 5 isoforms of 

MAPLC3 (Microtubule Associated Protein Light Chain 3), 2 of them, LC3B and 

GABARAPL2, were used to access the autophagy flux in R6/2. LC3B and GABARAPL2 were 

considered autophagosome markers that lines and labels the double membrane mature 

autophagosomes and exist in both lipidated (phosphatidylethanolamine conjugated) and non-

lipidated (unconjugated) forms, the former being the active one. No significant difference 

observed in the levels of LC3B in the cortex (Figure 4-1A, C, and D), hippocampus (Figure 

4-2A, C, and D), striatum (Figure 4-3A, C, and D), and cerebellum (Figure 4-4A, C, and D) 

in all the four age groups, except for 12 weeks, where there was a significant decrease in the 

expression of LC3B-I in the cortex. This differential regulation of expression at later stages of 

disease progression in R6/2 might be due to the loss of function of LC3B, where there might 

be a defect in the conversion rate of LC3B-I form to LC3B-II form, which is the functional 

one, for active autophagy flux. However, another autophagosome marker, GABARAPL2, 
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showed a significant increase in the cortex only at 8 weeks (Figure 4-1A, E), whereas the 

expression is unaltered in the hippocampus (Figure 4-2A, E), striatum (Figure 4-3A, E), and 

cerebellum (Figure 4-4A, E) in all four age groups in R6/2 compared to wild-type control 

mice. In all the experimental conditions, house-keeping protein β-ACTIN was used as a loading 

control to normalise the expression of all key autophagy related proteins used in the study. 

Despite the build-up of toxic mHTT aggregates in these brain regions, as early as 2 weeks of 

age, the basal level of autophagy was not altered during the developmental stages in R6/2. 

These findings validate an earlier study in the BACHD (Bacterial Artificial Chromosome 

Huntington’s Disease) mouse model of HD in which the basal autophagy remained unaltered 

in the hypothalamus and cortical regions of the brain despite metabolic dysfunction 392. In 

conclusion, western blot analysis showed no significant changes observed in the expression of 

key autophagy related proteins p62/SQSTM1, LC3B-II, GABARAPL2-II in different regions 

of the brain across various stages of disease progression in R6/2 mice. The only significant 

difference found in levels of LC3B-I and GABARAPL2-II in 12 and 8 weeks in the cortex, 

respectively, might suggest an impairment in the formation and maturation of the 

autophagosome. However, these results are inconclusive and need to be further validated by 

different autophagy assays. Moreover, the study carried out in this thesis is the first to provide 

evidence to show that basal autophagy is spatiotemporally maintained in R6/2 and would 

provide critical insights in understanding autophagy dysfunction in other age-related 

neurodegenerative diseases including HD. 

4.3.2 mHTT aggregates form intranuclear inclusions and co-localise with 

p62/SQSTM1 in R6/2 mice 

Many studies have shown that mHTT protein at its N-terminal domain-containing polyQ forms 

intracytoplasmic and nuclear inclusions depending on the post-processing of HTT protein. 

mHTT protein undergoes a series of proteolytic cleavage by various caspases and undergoes 

nuclear translocation, thereby forming intranuclear inclusions. mHTT aggregates inside the 

nucleus, sequester many essential transcriptional factors, thus impairing the expression of key 

proteins for cell survival. Since immunoblotting results suggest no change in the expression of 

key autophagy related proteins in R6/2, it is important to study the expression pattern and co-

localisation of key autophagy related proteins p62/SQSTM1, LC3B, GABARAPL2, with each 

other and with mHTT aggregates. In this regard, their expression was checked by 

immunohistochemistry at 12 weeks in the striatum of wild-type and R6/2 mice. In accordance 
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with previous studies, mHTT aggregates formed intranuclear inclusions and were co-localised 

with an adaptor protein, p62/SQSTM1, where distinct punctate-like structures were observed 

inside the nucleus in R6/2, whereas diffused pattern was observed in wild-type mice (Figure 

4-5A, B). There was no change in the expression pattern of autophagosome markers, LC3B 

and GABARAPL2, in R6/2 at 12 weeks in the striatum compared to the wild-type counterparts. 

However, LC3B and GABARAPL2 did not completely co-localise with neither p62/SQSTM1 

nor mHTT aggregates, indicating impairment in cargo recognition and loading, suggesting 

autophagy dysfunction in R6/2 (Figure 4-5A, B) 

 

Figure 4-1 Basal autophagy is not altered in Cortex across different stages of             

disease progression in R6/2 mice 

A) Representative immunoblots for autophagy related proteins: p62/SQSTM1, LC3B, 

GAPARAPL2 from the region cortex across different stages of disease progression in wild-

type and R6/2 mice. β-ACTIN was used as a loading control for normalisation. B) Quantified 

bar graphs showing no significant difference in the expression levels of p62/SQSTM in R6/2 

compared to wild-type mice across different age groups; Age x Genotype (F(3,54)=0.1322, 

p=0.94). C) Pooled quantified bar graphs showing a significant difference in the expression 

levels of LC3B-I at 12 weeks in R6/2 compared to wild-type control mice; Age x Genotype 

(F(3,54)=2.380, p=0.07); (12 weeks: *p<0.05). D) Compiled quantified bar graphs representing 

no change in the expression of LC3B-II across different stages of disease progression in R6/2; 

Age x Genotype (F(3,54)=0.03193, p=0.99). E) Quantified bar graphs showing a significant 

difference in the expression of autophagosome marker GABARAPL2 (GL2) at 8 weeks in 

R6/2; Age x Genotype (F(3,54)=0.5814, p=0.62); (8 weeks: *p<0.05). N=5 for 2 weeks, N=7 for 

4 and 8 weeks, and N=12 for 12 weeks for both the genotypes wild-type and R6/2. Statistical 
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analysis was done by Two-way ANOVA followed by Bonferroni post-hoc test. Error bars 

indicate ±SEM. N=number of mice. Vertical dashed lines separate the genotypes. 

 

Figure 4-2 Basal autophagy is unaltered in R6/2 mice across different stages of 

disease progression in the region hippocampus 

A) Representative immunoblots for autophagy related proteins: p62/SQSTM1, LC3B, 

GAPARAPL2 from the region hippocampus across different disease progression stages in 

wild-type and R6/2 mice. β-ACTIN was used as a loading control for normalisation. B) 

Quantified bar graphs showing no significant difference in the expression levels of p62 in R6/2 

compared to wild-type mice across different age groups; Age x Genotype (F(3,54)=0.4656, 

p=0.70). C) Pooled quantified bar graphs showing no significant change in the expression 

levels of LC3B-I in R6/2 compared to wild-type control mice; Age x Genotype (F(3,54)=0.1890, 

p=0.90). D) Compiled quantified bar graphs representing no change in the expression of LC3B-

II across different stages of disease progression in R6/2; Age x Genotype (F(3,54)=0.2341, 

p=0.87). E) Summary of quantified bar graphs showing no difference in the expression of 

GABARAPL2 (GL2) in R6/2 across different age groups; Age x Genotype (F(3,54)=0.3486, 

p=0.79). N=5 for 2 weeks, N=7 for 4 and 8 weeks, and N=12 for 12 weeks for both the 

genotypes wild-type and R6/2. Statistical analysis was done by Two-way ANOVA followed 

by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice. Vertical dashed 

lines separate the genotypes. 
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Figure 4-3 Spatio-temporal regulation of autophagy related proteins in striatum 

across different stages of disease progression in R6/2 mice 

A) Representative immunoblots for autophagy related proteins: p62/SQSTM1, LC3B, 

GAPARAPL2 across different disease progression stages in wild-type and R6/2 mice. β-

ACTIN was used as a loading control for normalisation. B) Quantified bar graphs showing no 

significant difference in the expression levels of p62/SQSTM1 in R6/2 compared to wild-type 

mice across different age groups; Age x Genotype (F(3,54)=1.394, p=0.25). C) Compiled 

quantified bar graphs representing no change in the expression of LC3B-I across different 

stages of disease progression in R6/2; Age x Genotype (F(3,54)=0.09385, p=0.96). D) Summary 

of quantified bar graphs showing no change in the expression of LC3B-II in R6/2 across 

different stages of disease progression; Age x Genotype (F(3,54)=0.3311, p=0.80). E) Pooled 

quantified bar graphs showing no significant change in the expression of GABARAPL2 (GL2) 

in R6/2 across different age groups; Age x Genotype (F(3,54)=0.07321, p=0.97). N=5 for 2 

weeks, N=7 for 4 and 8 weeks, and N=12 for 12 weeks for both the genotypes wild-type and 

R6/2. Statistical analysis was done by Two-way ANOVA followed by Bonferroni post-hoc 

test. Error bars indicate ±SEM. N=number of mice. Vertical dashed lines separate the 

genotypes. 
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Figure 4-4 Autophagy protein expression is unaltered in cerebellum across 

different stages of disease progression in R6/2 mice 

A) Representative immunoblots for autophagy related proteins: p62/SQSTM1, LC3B, 

GAPARAPL2 from the region cerebellum across different disease progression stages in wild-

type and R6/2 mice. β-ACTIN was used as a loading control for normalisation. B) Quantified 

bar graphs showing no significant difference in the expression levels of p62/SQSTM1 in R6/2 

compared to wild-type mice across different age groups; Age x Genotype (F(3,54)=0.6080, 

p=0.61). C) Pooled quantified bar graphs showing no difference in the expression levels of 

LC3B-I in R6/2 compared to wild-type control mice; Age x Genotype (F(3,54)=0.1832, p=0.90). 

D) Compiled quantified bar graphs representing no change in the expression of LC3B-II across 

different stages of disease progression in R6/2; Age x Genotype (F(3,54)=0.2769, p=0.84). E) 

Quantified bar graphs showing no difference in the expression of autophagosome marker 

GABARAPL2 (GL2) in R6/2 across different age groups; Age x Genotype (F(3,54)=0.3691, 

p=0.77). N=5 for 2 weeks, N=7 for 4 and 8 weeks, and N=12 for 12 weeks for both the 

genotypes wild-type and R6/2. Statistical analysis was done by Two-way ANOVA followed 

by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice. Vertical dashed 

lines separate the genotypes. 
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Figure 4-5 mHTT aggregates form intranuclear inclusions and get co-localised 

with p62/SQSTM1 in R6/2 mice in the striatum at 12 weeks 

A) Representative images of immunohistochemistry labelling mHTT aggregates by EM48, and 

autophagy related proteins p62/SQSTM1, LC3B from wild-type and R6/2 mice. p62/SQSTM1 

is labelled in green, LC3B in red, and mHTT (EM48) in Blue. B. Representative images of 

immunohistochemistry labelling mHTT aggregates by EM48, and autophagy related proteins 

p62/SQSTM1, and GABARAPL2 from wild-type and R6/2 mice. p62/SQSTM1 is labelled in 

green, GABARAPL2 in red, and mHTT (EM48) in Blue. Scale bar = 5 μm; Magnification = 

63X. N=3 [1M, 2F]; White arrow indicates co-localisation of mHTT (EM48) aggregates with 

autophagy markers. White arrowheads indicate co-localisation of p62/SQSTM1 with 

GABARAPL2. Yellow arrows indicate co-localisation of mHTT (EM48) aggregates with 

p62/SQSTM1. M=Males, F=Females. N=number of mice. 

4.4 Discussion 

In this chapter, it has been shown that basal autophagy is functional and is spatiotemporally 

regulated across different stages of disease progression in R6/2. Immunoblotting results 

suggest no differential change in the expression of key autophagy related proteins: 
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p62/SQSTM1, LC3B, and GABARAPL2 from different regions of the brain at 2, 4, 8, and 12 

weeks in R6/2 compared to wild-type control mice. It is interesting to note that, despite the 

early presence of mHTT aggregates, and given that autophagy related proteins get sequestered 

in inclusion bodies, there was no differential change observed in the expression of autophagy 

related proteins in R6/2 at any stage of disease progression. To date, there are no studies in any 

of the neurodegenerative mouse models explaining the status of basal autophagy across disease 

progression. The study performed in this thesis would be the first to report unaltered basal 

autophagy in R6/2, which is the most severe and robust mouse model for HD. This study can 

be correlated with other age-related neurodegenerative diseases and would provide valuable 

insights into the pathophysiology of the disease, focusing primarily on autophagy dysfunction.  

The study hypothesises that, as the age progresses, the efficiency of the neuronal cell to cope 

up with a build-up of toxic mHTT aggregates is compromised, and the basal autophagy 

functioning at a steady-state level was insufficient to clear it, thereby unable to prevent the 

neuronal death. Moreover, in addition to this, autophagy dysfunction with protein level being 

unaffected involves a deficit in the functionalities of autophagy related proteins rather than in 

their levels. The results imply that there is a significant change in the expression of LC3B-I 

and GABARAPL2 in the cortex at 12 and 8 weeks, respectively, suggesting a possible defect 

in the conversion rate of autophagosome markers. Another possible hypothesis is impairment 

in the expression of autophagy related genes, and the studies shown so far have conflicting 

results. Considering the fact that HTT plays a role in autophagy pathway 211,248,351,393, it is of 

no surprise that in HD patients, there is clear evidence that gene expression of the autophagy 

pathway is altered 394. In one of the studies, the expression levels of autophagy mRNA and 

proteins are unaltered in the HD mouse model despite the presence of metabolic dysfunction 

395. 

Similar results from immunohistochemistry suggest that mHTT aggregates co-localised with 

adaptor protein p62/SQSTM1, but not with autophagosome markers LC3B and GABARAPL2, 

signifying aggrephagy dysfunction in R6/2 mice. In conclusion, the results described in this 

chapter suggest that basal autophagy is unaltered in R6/2, and thus inducing autophagy at an 

early stage of disease progression might be beneficial, where newly expressed functional 

autophagy related proteins might potentially enhance the clearance of mHTT aggregates in 

neurons (Thus, autophagy induction by small molecules and its impact on the clearance of 

mHTT aggregates will be discussed in the next two chapters). 
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Chapter- 5  

Nilotinib (TasignaTM) is ineffective in inducing autophagy and 

clearing mHTT aggregates in R6/2 mice 
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5.1 Introduction 

Autophagy, an intracellular catabolic process that maintains the protein homeostasis, has been 

in the limelight in the pathophysiology of many late-onset proteinopathies such as AD, PD, 

HD, and ALS 364,384,386. Many misfolded proteins and their aggregates contribute to disease 

pathology through diverse mechanisms, and in recent times due to the increasing evidence of 

the importance of autophagy, there has been a focus on its role in understanding the pathologic 

mechanisms, and as a therapeutic target in many neurodegenerative diseases 7,106. In HD, the 

first evidence for the role of autophagy was made by the observations of elevated levels of key 

autophagy related markers in the brains of mouse models and patients with HD 192,396,397. 

Studies have shown that key autophagy regulator mTOR is sequestered in mHTT aggregates 

in cell models, transgenic mice, and human brain samples, resulting in decreased mTOR 

activity, thereby inducing autophagy 196,205,385. However, this inactivation of mTOR signalling 

suggests an autophagy upregulation in HD, but the situation may be more complicated due to 

the dynamic nature of mHTT aggregate formation and sequestration of other downstream 

signalling proteins 398.  

Given the therapeutic potential of autophagy upregulation in clearing mHTT aggregates in HD, 

there is a need to develop and design more specific autophagy modulators where they can act 

at every step of the process involved with more defined mechanisms of action. This would 

enable the efficient counteraction of the autophagy defects present in the specific 

neurodegenerative disease pathology. In this study, the efficacy of Nilotinib (TasignaTM) was 

tested in enhancing the clearance of mHTT aggregates and ameliorating behavioural deficits 

that extend the lifespan of the R6/2 mouse. Studies have shown that inhibition of BCR-ABL1 

tyrosine kinase by Nilotinib (TasignaTM) protects neurons from dying against MPTP toxicity 

in a pre-clinical mouse model of PD and enhances the clearance of α-SYN 322,332. BCR-ABL 

is activated by phosphorylation, and its levels are increased in the nigrostriatal region of PD 

patients, and its inhibition has proven to be efficient in preventing the neurons from dying in 

PD mouse models 333. Mice treated with Nilotinib have shown to induce autophagy and 

increased the expression of BECLIN-1, and ATG12, thereby enhancing the clearance of toxic 

α-SYN aggregates in the brain 322. Therefore, its efficacy is tested in a more severe model of 

HD, R6/2 in alleviating the disease phenotypes. 
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5.2 Methods 

For immunoblotting, brain lysates from different regions of the brain such as the cortex, 

hippocampus, striatum, and cerebellum were collected from four age groups, 6, 8, 10, and 12 

weeks from saline and Tasigna treated wild-type and R6/2 mice. For immunohistochemistry 

analysis, PFA fixed brain sections were taken from 12-week-old saline and Tasigna treated 

wild-type and R6/2 mice. For both the analysis, proteins were detected by probing with primary 

antibodies such as anti-LC3B, anti-p62, anti-GABARAPL2, anti-Ub, anti-HTT (EM48), and 

anti- β-ACTIN. 

An autophagy assay was done in HeLa cells to test the efficacy of Tasigna in inducing 

autophagy in a dosage-dependent manner. 6BIO and Bafilomycin A1 were used as positive 

and negative modulators of autophagy, respectively. 

 [Note: Detailed experimental procedures were mentioned in chapter 2: Methods and materials 

section]. 

5.3 Results 

5.3.1 Nilotinib (TasignaTM) induces autophagy in HeLa cells 

Autophagy is the process of sequestering the cargo into the double membrane autophagic 

vesicles and fusing them with lysosomes, thereby degrading the cytoplasmic contents. To 

validate the efficiency of Tasigna in inducing autophagy, HeLa cells were treated with varying 

concentrations of the drug for 2 hours and observed that Tasigna induced autophagy in a 

dosage-dependent manner. Tasigna (1mM) treatment induced autophagy compared to controls, 

as revealed by the significant increase in the expression of LC3B-II. Immunoblot results 

suggest that Tasigna enhanced the conversion of LC3B-I to LC3B-II compared to the control 

treatment in a dosage-dependent manner. Treatment with bafilomycin A1 and 6BIO was used 

as a negative and positive modulator of autophagy, respectively. These results suggest that 

Nilotinib (TasignaTM) induces autophagy (Figure 5-1). 
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Figure 5-1 Nilotinib (TasignaTM) induces autophagy in HeLa cells in a dosage-

dependent manner 

A. Representative western blot showing an increase in the expression of autophagy related 

protein LC3B upon treatment with Nilotinib (TasignaTM). β-ACTIN was used as a loading 

control. B. Quantified bar graphs showing induction of autophagy (ratio of LC3B-II/LC3B-I) 

in a dosage-dependent manner. (F(8,18) =10.91, p<0.0001). Bafilomycin (100 nM), and 6BIO 

(10 µM) were used as negative and positive autophagy controls, respectively. n=3. Error bars 

indicate ±SEM. n=number of biological replicates. Statistical analysis was done by One-way 

ANOVA followed by Bonferroni post-hoc test. *≤0.05; ***≤0.001; ****≤0.0001. 

5.3.2 Nilotinib (TasignaTM) is ineffective in inducing autophagy in Wild-type 

and R6/2 mice 

Nilotinib is a BCR-ABL tyrosine kinase inhibitor and was proved to be effective in the 

clearance of α-SYNUCLEIN aggregates by inducing autophagy, thereby preventing the 

neurons from dying and rescuing them the behavioural defects in the MPTP mouse model of 

PD 322. The efficacy of this small molecule was tested in the more severe form of the mouse 

model, R6/2. Tasigna was dissolved in saline, and mice were injected intraperitoneally every 

day, from 2 to 12 weeks of age at a dosage of 20 mg/kg body weight in C57BL/6 wild-type 

and R6/2 mice (see methods). Post-injection of Tasigna, brain samples from mice were 

collected for immunoblotting and immunohistochemical analyses at various disease 

progression stages, from the cortex, hippocampus, striatum, and cerebellum from both wild-

type and R6/2 mice. To investigate the induction of autophagy, the expression of key autophagy 

related proteins, p62, LC3B, GABARAPL2 was assessed by immunoblotting technique. In all 

the experimental conditions, house-keeping protein β-ACTIN was used as a loading control to 

normalise the expression of all key autophagy related proteins used in the study. Results 

showed that Tasigna had failed to induce autophagy in wild-type control mice, as there was no 

significant change observed in the expression of p62, LC3B, and GABARAPL2 in all the four 
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age groups in the cortex [Figure 5-2 (A-E)], hippocampus [Figure 5-3 (A-E)], striatum 

[Figure 5-4 (A-E)], and cerebellum [Figure 5-5 (A-E)] respectively, except for p62 in the 

cerebellum where there was a significant decrease in the expression level at 8 weeks and for 

GABARAPL2 in the cortex where its expression significantly increased at 10 weeks. In 

accordance with this, Tasigna did not affect autophagy induction in R6/2 mice as well, as the 

expression of autophagy related proteins,p62, LC3B, and GABARAPL2 remained unaltered in 

all the 4 age groups in the cortex [Figure 5-6 (A-E)], hippocampus [Figure 5-7 (A-E)], 

striatum [Figure 5-8 (A-E)], and cerebellum [Figure 5-9 (A-E)]. Immunoblotting results 

suggest that Tasigna did not modulate the autophagy flux in both wild-type and R6/2 and mice 

across different stages of disease progression, which further validates and explains the lack of 

improvement in motor function in R6/2 (see chapter 6).  

 

Figure 5-2 Tasigna is ineffective in inducing autophagy in Cortex across different 

age groups in wild-type mice 

A) Representative immunoblots for autophagy related proteins: p62, LC3B, GAPARAPL2 

from the region cortex in wild-type mice. β-ACTIN was used as a loading control for 

normalisation. B) Quantified bar graphs showing no significant difference in the expression 

levels of p62 in Tasigna treated group compared to saline in wild-type mice across different 

age groups; Age x treatment (F(3,12)=2.32, p=0.12). C) Pooled quantified bar graphs showing 

no significant difference in the expression levels of LC3B-I in Tasigna treated group compared 

to saline in wild-type mice across different age groups; Age x treatment (F(3,12)=0.59, p=0.63). 

D) Compiled quantified bar graphs representing no change in the expression of LC3B-II in 
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Tasigna treated group compared to saline in wild-type mice; Age x treatment (F(3,12)=1.65, 

p=0.22). E) Quantified bar graphs showing a significant difference in the expression of 

autophagosome marker GABARAPL2 (GL2) at 10 weeks in wild-type mice in Tasigna treated 

group compared to saline; Age x treatment (F(3,12)=1.86, p=0.18); (10 weeks: *p <0.05). N = 3 

[1M, 2F] for all the age groups 6, 8, 10, and 12 weeks. Statistical analysis was done by Two-

way ANOVA followed by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of 

mice, M=Males, F=Females. Vertical dashed lines separate the drug treatment groups. 

 

 

Figure 5-3 Tasigna is unable to induce autophagy in Hippocampus in wild-type 

mice 

A) Representative immunoblots for autophagy related proteins: p62, LC3B, GAPARAPL2 

from the region hippocampus in wild-type mice. β-ACTIN was used as a loading control for 

normalisation. B) Quantified bar graphs showing no significant difference in the expression 

levels of p62 in Tasigna treated group compared to saline in wild-type mice across different 

age groups; Age x treatment (F(3,12)=1.87, p=0.18). C) Pooled quantified bar graphs showing 

no significant change in the expression levels of LC3B-I in Tasigna treated group compared to 

saline in wild-type mice across different age groups; Age x treatment (F(3,12)=1.72, p=0.21); D) 

Compiled quantified bar graphs representing no change in the expression of LC3B-II across 

different age groups in Tasigna treated group compared to saline in wild-type mice; Age x 

treatment (F(3,12)=0.57, p=0.64). E) Summary of quantified bar graphs showing no difference 

in the expression of GABARAPL2 (GL2) in Tasigna treated group compared to saline in wild-

type mice across different age groups; Age x treatment (F(3,12)=1.01, p=0.42). N = 3 [1M, 2F] 

for all the age groups 6, 8, 10, and 12 weeks. Statistical analysis was done by Two-way 
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ANOVA followed by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice, 

M=Males, F=Females. Vertical dashed lines separate the drug treatment groups. 

 

Figure 5-4 Tasigna is ineffective in inducing autophagy in the striatum in wild-

type across different age groups 

A) Representative immunoblots for autophagy related proteins: p62, LC3B, GAPARAPL2 

across different age groups in wild-type mice. β-ACTIN was used as a loading control for 

normalisation. B) Quantified bar graphs showing no significant difference in the expression 

levels of p62 in Tasigna treated group compared to saline in wild-type mice across different 

age groups; Age x treatment (F(3,12)=0.99, p=0.42). C) Compiled quantified bar graphs 

representing no change in the expression of LC3B-I across different age groups in wild-type in 

Tasigna treated group compared to saline; Age x treatment (F(3,12)=1.13, p=0.37). D) Summary 

of quantified bar graphs showing no change in the expression of LC3B-II in wild-type mice 

across different age groups in Tasigna treated group compared to saline; Age x treatment 

(F(3,12)=1.22, p=0.34). E) Pooled quantified bar graphs showing no significant change in the 

expression of GABARAPL2 (GL2) in wild-type mice in Tasigna treated group compared to 

saline; Age x treatment (F(3,12)=0.08, p=0.96). N = 3 [1M, 2F] for all the age groups 6, 8, 10, 

and 12 weeks. Statistical analysis was done by Two-way ANOVA followed by Bonferroni 

post-hoc test. Error bars indicate ±SEM. N=number of mice, M=Males, F=Females. Vertical 

dashed lines separate the drug treatment groups. 
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Figure 5-5 Tasigna is ineffective in inducing autophagy in the cerebellum across 

different age groups in wild-type mice 

A) Representative immunoblots for autophagy related proteins: p62, LC3B, GAPARAPL2 

from the region cerebellum across different age groups in wild-type mice. β-ACTIN was used 

as a loading control for normalisation. B) Quantified bar graphs showing no significant 

difference in the expression levels of p62 in Tasigna treated group compared to saline in wild-

type mice across different age groups; Age x treatment (F(3,12)=5.40, p=0.01); (8 weeks: *p < 

0.01). C) Pooled quantified bar graphs showing no difference in the expression levels of LC3B-

I in wild-type mice in the Tasigna treated group compared to saline across different age groups; 

Age x treatment (F(3,12)=3.06, p=0.06). D) Compiled quantified bar graphs representing no 

change in the expression of LC3B-II across various age groups in Tasigna treated group 

compared to saline; Age x treatment (F(3,12)=2.22, p=0.13). E) Quantified bar graphs showing 

no difference in the expression of autophagosome marker GABARAPL2 (GL2) in wild-type 

mice across different age groups; Age x treatment (F(3,12)=3.74, p=0.04). N = 3 [1M, 2F] for all 

the age groups 6, 8, 10, and 12 weeks. Statistical analysis was done by Two-way ANOVA 

followed by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice, M=Males, 

F=Females. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-6 Tasigna is ineffective in inducing autophagy in the cortex across 

different stages of disease progression in R6/2 mice 

A) Representative immunoblots for autophagy related proteins: p62, LC3B, GAPARAPL2 

from the region cortex in R6/2 mice. β-ACTIN was used as a loading control for normalisation. 

B) Quantified bar graphs showing no significant difference in the expression levels of p62 in 

Tasigna treated group compared to saline in R6/2 mice across different age groups; Age x 

treatment (F(3,12)=2.29, p=0.12). C) Pooled quantified bar graphs showing no significant 

difference in the expression levels of LC3B-I in Tasigna treated group compared to saline in 

R6/2 mice across different age groups; Age x treatment (F(3,12)=3.27, p=0.05). D) Compiled 

quantified bar graphs representing no change in the expression of LC3B-II in Tasigna treated 

group compared to saline in R6/2 mice; Age x treatment (F(3,12)=0.91, p=0.46). E) Quantified 

bar graphs showing no significant difference in the expression of autophagosome marker 

GABARAPL2 (GL2) in R6/2 mice in Tasigna treated group compared to saline; Age x 

treatment (F(3,12)=3.30, p=0.05). N = 3 [1M, 2F] for all the age groups 6, 8, 10, and 12 weeks. 

Statistical analysis was done by Two-way ANOVA followed by Bonferroni post-hoc test. Error 

bars indicate ±SEM. N=number of mice, M=Males, F=Females. The drug treatment groups are 

separated by vertical dashed lines. 
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Figure 5-7 Tasigna is ineffective in inducing autophagy in Hippocampus across 

different stages of disease progression in R6/2 mice 

A) Representative immunoblots for autophagy related proteins: p62, LC3B, GAPARAPL2 

from the region hippocampus in R6/2 mice. β-ACTIN was used as a loading control for 

normalisation. B) Quantified bar graphs showing no significant difference in the expression 

levels of p62 in Tasigna treated group compared to saline in R6/2 mice across different age 

groups; Age x treatment (F(3,12)=0.28, p=0.83). C) Pooled quantified bar graphs showing no 

significant change in the expression levels of LC3B-I in Tasigna treated group compared to 

saline in R6/2 mice across different age groups; Age x treatment (F(3,12)=0.27, p=0.84); D) 

Compiled quantified bar graphs representing no change in the expression of LC3B-II across 

different age groups in Tasigna treated group compared to saline in R6/2 mice; Age x treatment 

(F(3,12)=0.13, p=0.93). E) Summary of quantified bar graphs showing no difference in the 

expression of GABARAPL2 (GL2) in Tasigna treated group compared to saline in R6/2 mice 

across different age groups; Age x treatment (F(3,12)=0.20, p=0.88). N = 3 [1M, 2F] for all the 

age groups 6, 8, 10, and 12 weeks. Statistical analysis was done by Two-way ANOVA followed 

by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice, M=Males, 

F=Females. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-8 Tasigna is ineffective in inducing autophagy in striatum across different 

stages of disease progression in R6/2 mice 

A) Representative immunoblots for autophagy related proteins: p62, LC3B, GAPARAPL2 

across different age groups in R6/2 mice. β-ACTIN was used as a loading control for 

normalisation. B) Quantified bar graphs showing no significant difference in the expression 

levels of p62 in Tasigna treated group compared to saline in R6/2 mice across different age 

groups; Age x treatment (F(3,12)=0.39, p=0.76). C) Compiled quantified bar graphs representing 

no change in the expression of LC3B-I across different age groups in R6/2 in Tasigna treated 

group compared to saline; Age x treatment (F(3,12)=0.85, p=0.49). D) Summary of quantified 

bar graphs showing no change in the expression of LC3B-II in R6/2 mice across different age 

groups in Tasigna treated group compared to saline; Age x treatment (F(3,12)=4.68, p=0.02). E) 

Pooled quantified bar graphs showing no significant change in the expression of GABARAPL2 

(GL2) in R6/2 mice in Tasigna treated group compared to saline; Age x treatment (F(3,12)=3.09, 

p=0.06). N = 3 [1M, 2F] for all the age groups 6, 8, 10, and 12 weeks. Statistical analysis was 

done by Two-way ANOVA followed by Bonferroni post-hoc test. Error bars indicate ±SEM. 

N=number of mice, M=Males, F=Females. Vertical dashed lines separate the drug treatment 

groups. 
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Figure 5-9 Tasigna is ineffective in inducing autophagy in Cerebellum across 

different stages of disease progression in R6/2 mice 

A) Representative immunoblots for autophagy related proteins: p62, LC3B, GAPARAPL2 

from the region cerebellum across different age groups in R6/2 mice. β-ACTIN was used as a 

loading control for normalisation. B) Quantified bar graphs showing no significant difference 

in the expression levels of p62 in Tasigna treated group compared to saline in R6/2 mice across 

different age groups; Age x treatment (F(3,12)=0.27, p=0.84). C) Pooled quantified bar graphs 

showing no difference in the expression levels of LC3B-I in R6/2 mice in Tasigna treated group 

compared to saline across different age groups; Age x treatment (F(3,12)=0.55, p=0.65). D) 

Compiled quantified bar graphs representing no change in the expression of LC3B-II across 

various age groups in Tasigna treated group compared to saline; Age x treatment (F(3,12)=0.43, 

p=0.73). E) Quantified bar graphs showing no difference in the expression of autophagosome 

marker GABARAPL2 (GL2) in R6/2 mice across different age groups; Age x treatment 

(F(3,12)=2.24, p=0.13). N = 3 [1M, 2F] for all the age groups 6, 8, 10, and 12 weeks. Statistical 

analysis was done by Two-way ANOVA followed by Bonferroni post-hoc test. Error bars 

indicate ±SEM. N=number of mice, M=Males, F=Females. Vertical dashed lines separate the 

drug treatment groups. 

5.3.3 Nilotinib (TasignaTM) is unable to clear mHTT aggregates in R6/2 mice 

Despite the inability of Tasigna in inducing autophagy in wild-type and R6/2 mice and given 

the severity and accelerated disease progression in R6/2, Tasigna may increase the clearance 

of mHTT aggregates to an extent. To test the efficacy of Tasigna, expression of mHTT 

aggregates was assayed by immunoblotting from 6-, 8-, 10-, and 12-weeks brain lysates from 

the cortex, hippocampus, striatum, and cerebellum. Results of immunoblot assays further 
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validated the earlier observations on the inability of Tasigna to clear mHTT aggregates in 

Tasigna treated group compared to saline across all four age groups in R6/2 in the cortex 

[Figure 5-10 (A-C)], hippocampus [Figure 5-11 (A-C)], striatum [Figure 5-12 (A-C)], and 

cerebellum [Figure 5-13 (A-C)]. In addition to the investigation of mHTT expression, the 

global UBIQUITINATION profile of different brain regions in wild-type and R6/2 mice was 

checked for any observable changes. Tasigna treatment showed no significant change in the 

UBIQUITINATION pattern compared to saline in wild-type control mice in all the age groups 

in the cortex [Figure 5-14 (A-B)], hippocampus [Figure 5-14 (C-D)], striatum [Figure 5-15 

(A-B)], and cerebellum [Figure 5-15 (C-D)], except for 8th week, where a significant decrease 

was observed in Tasigna treated group in the cerebellum. Since, Tasigna was inefficient in 

inducing autophagy and clearance of mHTT aggregates in R6/2, we did not check the ubiquitin 

pattern in stacking gels for Tasigna treated group. Similarly, Tasigna failed to change the 

ubiquitination pattern irrespective of the stage of disease progression in all the age groups in 

R6/2 in the cortex [Figure 5-16 (A-B)], hippocampus [Figure 5-16 (C-D)], striatum [Figure 

5-17 (A-B)], and cerebellum [Figure 5-17 (C-D)].  

For immunohistochemistry, the expression of autophagy markers in the striatum was checked 

in both wild-type and R6/2 mice at 12 weeks. Tasigna did not modulate the expression of 

autophagy related proteins p62, LC3B, and GABARAPL2 at 12 weeks in the striatum in wild-

type control mice [Figure 5-18 (A-B)]. Moreover, as Tasigna did not induce autophagy in 

R6/2, there was no change observed in the expression of p62, LC3B, and GABARAPL2 in 

Tasigna treated group compared to saline-treated at 12 weeks in the striatum [Figure 5-18 (C-

D)]. Compared to the saline-treated group, Tasigna treatment did not affect the clearance of 

mHTT aggregates in R6/2 [Figure 5-18 (C-D)]. Overall, immunoblotting and 

immunohistochemical analysis suggest that Tasigna was ineffective in inducing autophagy in 

both wild-type and R6/2 mice and did not increase the clearance of mHTT aggregates at any 

given stage of disease progression, thereby it might not improve the motor functions in R6/2 

(see chapter 6). 
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Figure 5-10 Tasigna is ineffective in clearing mHTT aggregates in Cortex across 

different stages of disease progression in R6/2 mice 

A) Representative immunoblot showing no effect of Tasigna in clearing mHTT aggregates 

(EM48) from 6, 8, 10, and 12 weeks in the cortex in R6/2. B) Representative Ponceau S-stained 

blot for mHTT aggregates from 6, 8, 10, and 12 weeks in the cortex. C) Pooled quantified bar 

graphs for mHTT aggregates for cortex (6, 8, 10, 12 weeks: p>0.05). N = 3 [1M, 2F]; (R6/2-

Saline), and (R6/2-Tasigna) for all the 4 age groups 6, 8, 10, and 12 weeks. Error bars indicate 

±SEM. N=number of mice, M=Males, F=Females. Vertical dashed lines separate the treatment 

groups. Statistical analysis was done by Two-way ANOVA followed by Bonferroni post-hoc 

test. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-11 Tasigna is ineffective in clearing mHTT aggregates in the 

hippocampus across different stages of disease progression in R6/2 mice 

A) Representative immunoblot showing no effect of Tasigna in clearing mHTT aggregates 

(EM48) from 6, 8, 10, and 12 weeks in the hippocampus in R6/2. B) Representative Ponceau 

S-stained blot for mHTT aggregates from 6, 8, 10, and 12 weeks in the hippocampus. C) Pooled 

quantified bar graphs for mHTT aggregates for the hippocampus (6, 8, 10, 12 weeks: p>0.05). 

N = 3 [1M, 2F]; (R6/2-Saline), and (R6/2-Tasigna) for all the 4 age groups 6, 8, 10, and 12 

weeks. Error bars indicate ±SEM. N=number of mice, M=Males, F=Females. Vertical dashed 

lines separate the treatment groups. Statistical analysis was done by Two-way ANOVA 

followed by Bonferroni post-hoc test. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-12 Tasigna is ineffective in clearing mHTT aggregates in striatum across 

different stages of disease progression in R6/2 mice 

A) Representative immunoblot showing no effect of Tasigna in clearing mHTT aggregates 

(EM48) from 6, 8, 10, and 12 weeks in the Striatum in R6/2. B) Representative Ponceau S-

stained blot for mHTT aggregates from 6, 8, 10, and 12 weeks in the striatum. C) Pooled 

quantified bar graphs for mHTT aggregates for striatum (6, 8, 10, 12 weeks: p>0.05). N = 3 

[1M, 2F]; (R6/2-Saline), and (R6/2-Tasigna) for all the 4 age groups 6, 8, 10, and 12 weeks. 

Error bars indicate ±SEM. N=number of mice, M=Males, F=Females. Vertical dashed lines 

separate the treatment groups. Statistical analysis was done by Two-way ANOVA followed by 

Bonferroni post-hoc test. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-13 Tasigna is ineffective in clearing mHTT aggregates in the cerebellum 

across different stages of disease progression in R6/2 mice 

A) Representative immunoblot showing no effect of Tasigna in clearing mHTT aggregates 

(EM48) from 6, 8, 10, and 12 weeks in the cerebellum in R6/2. B) Representative Ponceau S-

stained blot for mHTT aggregates from 6, 8, 10, and 12 weeks in the cerebellum. C) Pooled 

quantified bar graphs for mHTT aggregates for cerebellum (6, 8, 10, 12 weeks: p>0.05). N = 3 

[1M, 2F]; (R6/2-Saline), and (R6/2-Tasigna) for all the 4 age groups 6, 8, 10, and 12 weeks. 

Error bars indicate ±SEM. N=number of mice, M=Males, F=Females. Vertical dashed lines 

separate the treatment groups. Statistical analysis was done by Two-way ANOVA followed by 

Bonferroni post-hoc test. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-14 UBIQUITIN profile of the cell is unchanged in cortex and 

hippocampus across different age groups in wild-type mice 

A) Representative blot of UBIQUITIN profile for the region cortex in wild-type across 

different age groups. B) Pooled quantified bar graphs showing no significant difference in 

UBIQUITIN profile for the region cortex in wild-type; Age x treatment (F (3, 12) =2.24, p=0.13). 

C) Representative Immunoblot for the region hippocampus showing no change in the 

UBIQUITIN profile in wild-type in Tasigna treated group compared to saline across different 

age groups. D) Quantified bar graphs representing no difference in UBIQUITIN profile for the 

region hippocampus in wild-type across different age groups; Age x treatment (F (3, 12) =5.70, 

p=0.01). β-ACTIN is used as a loading control in all the experimental conditions. N = 3 [1M, 

2F] for all the age groups 6, 8, 10, and 12 weeks. Statistical analysis was done by Two-way 

ANOVA followed by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice, 

M=Males, F=Females. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-15 UBIQUITIN profile of the cell is unchanged in striatum and 

cerebellum across different age groups in wild-type mice 

A) Representative blot of UBIQUITIN profile for the region Striatum in wild-type mice across 

different age groups. B) Pooled quantified bar graphs showing no significant difference in 

UBIQUITIN profile for the region Striatum in wild-type; Age x treatment (F(3,12)=0.31, 

p=0.81). C) Representative Immunoblot for the region cerebellum showing no change in the 

UBIQUITIN profile in wild-type mice across different age groups. D) Quantified bar graphs 

representing the significant difference in UBIQUITIN profile for the region cerebellum in wild-

type at 8 weeks of age; Age x treatment (F(3,12)=4.48, p=0.02); (8 weeks: **p<0.01). β-ACTIN 

is used as a loading control in all the experimental conditions. N = 3 [1M, 2F] for all the age 

groups 6, 8, 10, and 12 weeks. Statistical analysis was done by Two-way ANOVA followed 

by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice, M=Males, 

F=Females. Blue bar graphs show saline and black for Tasigna. Vertical dashed lines separate 

the drug treatment groups. 
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Figure 5-16 UBIQUITIN profile of the cell is unchanged despite the presence of 

mHTT aggregates in cortex and hippocampus across different stages of disease 

progression in R6/2 mice 

A) Representative blot of UBIQUITIN profile for the region cortex in R6/2 mice across 

different age groups. B) Pooled quantified bar graphs showing no significant difference in 

UBIQUITIN profile for the region cortex in R6/2; Age x treatment (F(3,12)=2.40, p=0.11). C) 

Representative immunoblot for the region hippocampus showing no change in the UBIQUITIN 

profile in R6/2 in Tasigna treated group compared to saline across different stages of disease 

progression. D) Quantified bar graphs representing no difference in UBIQUITIN profile for 

the region hippocampus in R6/2 across different age groups; Age x treatment (F(3,12)=0.58, 

p=0.63). β-ACTIN is used as a loading control in all the experimental conditions. N = 3 [1M, 

2F] for all the age groups 6, 8, 10, and 12 weeks. Statistical analysis was done by Two-way 

ANOVA followed by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice, 

M=Males, F=Females. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-17 UBIQUITIN profile of the cell is unchanged despite the presence of 

mHTT aggregates in striatum and cerebellum across different stages of disease 

progression in R6/2 mice 

A) Representative blot of UBIQUITIN profile for the region Striatum in R6/2 mice across 

different age groups. B) Pooled quantified bar graphs showing no significant difference in 

UBIQUITIN profile for the region Striatum in R6/2; Age x treatment (F(3,12)=1.42, p=0.28). C) 

Representative Immunoblot for the region Cerebellum showing no change in the UBIQUITIN 

profile in R6/2 in Tasigna treated group compared to saline across different stages of disease 

progression. D) Quantified bar graphs representing no difference in UBIQUITIN profile for 

the region Cerebellum in R6/2 across different age groups; Age x treatment (F(3,12)=0.62, 

p=0.61). β-ACTIN is used as a loading control in all the experimental conditions. N = 3 [1M, 

2F] for all the age groups 6, 8, 10, and 12 weeks. Statistical analysis was done by Two-way 

ANOVA followed by Bonferroni post-hoc test. Error bars indicate ±SEM. N=number of mice, 

M=Males, F=Females. Vertical dashed lines separate the drug treatment groups. 
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Figure 5-18 Nilotinib (TasignaTM) does not affect the expression of autophagy 

related proteins and clearance of mHTT aggregates at 12 weeks in Striatum in 

R6/2 mice 

A. Representative images of immunohistochemistry for labelling autophagy related proteins 

p62, LC3B from WT-Saline and WT-Tasigna treated mice in the striatum at 12 weeks. p62 

labelled in green, LC3B in red. B. Representative images of immunohistochemistry for 

labelling autophagy related proteins p62, GABARAPL2 from WT-Saline and WT-Tasigna 

treated mice in the striatum at 12 weeks. p62 labelled in green, GABARAPL2 in red. C. 

Representative images for immunohistochemistry for labelling mHTT aggregates by EM48, 

and autophagy related proteins p62, LC3B from R6/2-Saline and R6/2-Tasigna treated mice in 

the striatum at 12 weeks. mHTT (EM48) aggregates are labelled in Blue, p62 in green, and 

LC3B in red. D. Representative images for immunohistochemistry for labelling of mHTT 

aggregates by EM48, and autophagy related proteins p62, and GABARAPL2 from R6/2-Saline 

and R6/2-Tasigna treated mice in the striatum at 12 weeks. mHTT (EM48) aggregates are 

labelled in Blue, p62 in green, and GABARAPL2 in red. Magnification = 63X. Scale bar = 5 

μm. N=3 [1M, 2F]; WT-Saline, and WT-Tasigna; N=3 [1M, 2F]; R6/2-Saline, and R6/2-

Tasigna. N=number of mice, M=Males, F=Females. White arrows indicate co-localisation of 

mHTT (EM48) aggregates with p62, LC3B or GABARAPL2.  

5.4 Discussion 

The HD mouse model, R6/2, was one of the first and extensively used models in pre-clinical 

drug trials to target autophagy 361. Small molecule modulators of autophagy effectively induce 

the process in several models of neurodegenerative diseases, including HD 193,399. Our lab has 

previously shown that inducing autophagy was proven beneficial in clearing toxic α-

SYNUCLEIN aggregates, thereby rescuing behavioural phenotypes in a pre-clinical mouse 

model of PD 400,401. Tasigna induces autophagy and was proven to be neuroprotective in the 

MPTP mouse model of PD 322,332. Currently, Tasigna is in clinical trials to study the tolerance 

of the drug in PD, and HD patients, although not validated using a pre-clinical model for the 

latter. Therefore, we tested the efficacy of Tasigna in the more severe and robust form of the 

HD mouse model, R6/2.  

Immunoblotting and immunohistochemical results suggest no differential change in the 

expression of key autophagy related proteins: p62, LC3B, and GABARAPL2 from different 

regions of the brain at 6, 8, 10, and 12 weeks in Tasigna treated wild-type and R6/2 mice. These 

results have been further validated and supported, showing that Tasigna is inefficient in 

clearing mHTT aggregates in R6/2 at any given stage of disease progression. The study carried 

out in this thesis will be the first one to report its inefficacy in ameliorating disease pathology 

in the HD mouse model, R6/2. There might be several reasons accounting for discrepancies 

observed regarding a model-based bias ineffectiveness. It is possible that dosage optimisation 

might give an insight into the efficacy of this drug in inducing autophagy, but it is also plausible 
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that Tasigna effectively induces autophagy in the presymptomatic stage when the aggregate 

load is not overwhelming. For therapeutic benefit, the desired levels of Tasigna in inducing 

autophagy in R6/2 mice may not be achieved by the concentration used in this study due to the 

severity and rapid progression of the disease. Therefore, studying the effect of Tasigna at higher 

concentrations could clarify the appropriate dosage and effectiveness of the drug.  

Studies so far carried out to exhibit the effect of Tasigna as an active therapeutic molecule for 

NDDs are in concern with C-ABL inhibition and some are also focused on autophagic 

clearance of α-SYNUCLEIN and amyloid aggregates in PD and AD, respectively. It has been 

previously established that C-ABL kinase levels are upregulated in PD 321,341,402. However, 

concerning HD, there are no reports of over-expression of C-ABL and its interaction with HTT 

protein in any of the HD mouse models to date. The levels of C-ABL kinase in HD and its 

modulation after treatment with Tasigna needs to be elucidated.  
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Chapter- 6  

Nilotinib (TasignaTM) is not neuroprotective and is 

unable to rescue motor functions in R6/2 mice 
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6.1 Introduction 

Huntington’s disease is an autosomal dominant, fatal, progressive neurodegenerative disorder 

caused by an expansion of trinucleotide CAG repeats in the gene coding for HUNTINGTIN 

236,403. Despite enormous progress, a direct causative pathway/mechanism from HD gene 

mutation to various neuronal dysfunction and death has not yet been clearly elucidated. One of 

the major advances in understanding the pathophysiology of the disease has been the 

development of multiple rodent models that replicate many of the molecular, cellular, 

neuropathological, and clinical events in HD patients 279,360. Various mouse models have 

played a significant role in providing accurate, rapid, and experimentally accessible systems to 

study and understand the multiple aspects of the disease pathogenesis and test and validate 

potential therapeutic strategies to ameliorate the disease phenotypes 360. Moreover, 

understanding how the disease progresses over a period of time has become vital in identifying 

pharmacotherapy and success in clinical trials. To date, there is no clinically proven treatment 

or drug that can halt or ameliorate the inexorable disease progression for HD.  

Since the identification of the disease-causing mutation for HD in 1993, various genetically 

modified mouse models of HD have been generated 404,405. The first transgenic mouse model 

R6/2 remained the best characterised and widely used robust model to study the pathogenesis 

of HD and also to test and validate novel therapeutic strategies. In terms of behavioural 

changes, brain pathology, and age of death, the rapid disease progression makes these mice 

relatively faster to study the disease pathophysiology of HD 236. In this study, R6/2 mice were 

used to understand the proteostasis defects concerning pathological significance in autophagy 

dysfunction. As discussed earlier, results presented in this study suggested that mHTT 

aggregates form early in R6/2, and basal autophagy is spatio-temporally maintained across 

different stages of disease progression in various regions of the brain (refer to chapter 3 & 4). 

Moreover, Nilotinib (TasignaTM) is in clinical trials for PD and HD, but its potency has not 

been evaluated in any rodent models neurodegenerative illnesses 345,346. Although our results 

suggest that Nilotinib (TasignaTM) is ineffective in inducing autophagy and clearing mHTT 

aggregates in R6/2, (discussed in chapter 5) we, assessed to check if Tasigna would be able to 

ameliorate and improve subtle behavioural deficits and extend the lifespan of the R6/2 mouse. 
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6.2 Methods 

6.2.1 Behavioural studies 

All the experiments were done in the behaviour room in the Institute’s animal facility. HD 

mouse model, R6/2, and wild-type littermates (all males) were used for the experiments from 

5-6 to 12-13 weeks of age. Mice used for the tests were habituated in the behaviour room for 

approximately 30 minutes before the start of the experiment. The light intensity was maintained 

at 100 LUX. Behavioural experiments such as open-field, rotarod, hind-limb clasping were 

conducted to assess the motor function tests in R6/2 mice. The bodyweight of the mice was 

measured and monitored through the experimental paradigm. [Note: Detailed experimental 

procedures were mentioned in chapter 2: Methods and materials section]. 

6.3 Results 

6.3.1 Nilotinib (TasignaTM) is ineffective in improving the body weight and 

survival rate in R6/2 mice 

Tasigna was dissolved in saline, and mice were injected intraperitoneally every day, from 2 to 

12 weeks of age at a dosage of 20 mg/kg body weight in C57BL/6 wild-type and R6/2 mice. 

The control littermates were treated with saline. All the experimental mice were weighed on 

alternate days before the start of injections, and dosage was calculated according to the weight 

of the mouse. The mice were trained at 5 weeks of age and all the behaviour experiments were 

performed every week from 6 to 12 weeks of age. Tasigna treatment neither affected body 

weight (Figure 6-1A) nor the survival rate of WT and R6/2 (Figure 6-1B). Our results imply 

that Tasigna is safe, tolerable, and non-toxic, as we observe no significant changes in the health 

and behaviour of the wild-type control littermates. 
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Figure 6-1 Nilotinib is unable to improve the body weight and survival rate in R6/2 

mice 

A. Line graph showing no effect of Tasigna on weight gain in R6/2 compared to wild-type 

control mice (saline and Tasigna) across different disease progression stages. R6/2-Saline: 

N=12 (M); R6/2-Tasigna: N=12 (M); WT-Saline: N=12 (M); WT-Tasigna: N=12 (M); Age x 

Treatment x Genotype (F (8, 8) =2.079, p=0.03). B. Kaplan-Meier survival curve showing no 

increase in life span in Tasigna treated R6/2 mice compared to saline-treated mice (R6/2 - 

Saline: N=12 (M); R6/2-Tasigna: N=12 (M)). 

 

6.3.2 Nilotinib (TasignaTM) is unable to ameliorate motor functions in R6/2 

mice 

The next question asked was whether administering Tasigna would alleviate motor dysfunction 

in R6/2 in the open-field and rotarod test. An open-field test was done to assess the exploratory 

and locomotory behaviour of the R6/2 mice. The results imply that there is no improvement in 

locomotor activity in R6/2 mice treated with Tasigna compared to wild-type littermates 

(Figure 6-2A, B). Following, the rotarod test was performed to check the motor coordination 

in mice by calculating the latency time to fall on the rotating rod in R6/2 mice. Tasigna treated 

mice showed no signs of improvement in drug-treated groups and their motor coordination had 

progressively deteriorated across different stages of disease progression. (Figure 6-2C). These 

results confirm that Tasigna is not effective in rescuing behavioural impairments in R6/2, 

which led us to verify by checking the hind-limb clasping phenotype in R6/2. Tasigna treatment 

failed to restore hind-limb clasping issues in R6/2 to WT levels, suggesting no delay in disease 
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Wild-type - Tasigna

Wild-type - Saline

0 50 100 150

0

50

100

Age in Days

P
er

ce
n

t 
su

rv
iv

a
l

R6/2 - Tasigna

R6/2 - Saline

*
*

*
*

*
*

*
*

3 4 5 6 7 8 9 10 11

0

5

10

15

20

25

Age in weeks

W
ei

g
h

t 
(g

)

Wild-type - Saline

Wild-type - Tasigna

R6/2 - Saline

R6/2 - Tasigna

A) Body weight B) Survival test



116 

 

Therefore, Tasigna was ineffective in rescuing or delaying the onset of behavioural symptoms 

in R6/2, suggesting that the drug is not a potent therapeutic molecule in the R6/2 mouse model 

of HD. 

 

Figure 6-2 Nilotinib (TasignaTM) is ineffective in rescuing the motor functions in 

R6/2 mice 

A. Representative traces showing no significant improvement in the distance travelled in the 

Open-Field test in Tasigna treated group in R6/2 compared to the saline-treated group from 6 

to 11 weeks. WT-Saline and WT-Tasigna groups also showing no significant difference in the 

distance travelled. B. Line graph depicting total distance travelled in Open-field test from 6 to 

11 weeks in Tasigna and saline-treated ones in both the genotypes. R6/2-Saline: N=12 (M); 

R6/2-Tasigna: N=12 (M); WT-Saline: N=12 (M); WT-Tasigna: N=12 (M); Age x Treatment x 

Genotype (F (5, 5) =0.560, p=0.73). C. Line graph showing no significant improvement in 

latency to fall in Rotarod test in R6/2 from 6 to 11 weeks in Tasigna-treated group compared 

to saline-treated. Tasigna does not affect WT control mice from 6 to 11 weeks. R6/2-Saline: 

N=12 (M); R6/2-Tasigna: N=12 (M); WT-Saline: N=12 (M); WT-Tasigna: N=12 (M); Age x 

Treatment x Genotype (F (5, 5) =0.5618, p=0.72). D. Line graph showing Tasigna having no 
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significant effect in delaying the onset of hind-limb clasping symptom in R6/2 from 6 to 11 

weeks. WT control mice were showing no effect on Tasigna treatment. Scores were plotted 

based on the Racine scale from 0-5, as explained in the methods section. R6/2-Saline: N=12 

(M); R6/2-Tasigna: N=12 (M); WT-Saline: N=12 (M); WT-Tasigna: N=12 (M); Age x 

Treatment x Genotype (F (5, 5) =0.4634, p=0.80). Error bars indicate ±SEM. N=number of mice, 

M=Males. Statistical analysis was done by 3-way ANOVA followed by Tukey post-hoc test. 

6.4 Discussion 

The R6/2 mice are considered a robust mouse model to screen small molecule modulators of 

autophagy and to develop novel therapeutic strategies for HD 193,399. Our lab has previously 

shown that inducing autophagy by small molecules cleared α-SYNUCLEIN aggregates, 

thereby improving the behavioural phenotypes in an MPTP mouse model of PD 400,401. 

Currently, Tasigna is in clinical trials for PD, and HD is not yet validated for its efficacy in any 

of the HD mouse models. Therefore, we assessed the potency of Tasigna in improving the 

motor phenotypes in an HD mouse model, R6/2.  

The results from a battery of behavioural tests suggested that Tasigna is ineffective in 

improving the bodyweight or extending lifespan and unable to rescue the motor functions in 

R6/2 mice. Due to the aggressive and penetrant phenotypes of R6/2, subtle improvements 

caused by Tasigna treatment at the molecular level might have masked any observable changes 

in behaviour phenotypes. Due to the severity of disease progression in R6/2, Tasigna when 

administered at higher doses might throw some clarity on the effectiveness of the drug in 

delaying the onset of symptoms and improving the life span.  

Apart from R6/2, many HD mouse models have been developed by expressing full-length HTT 

gene containing a variable number of polyQ such as BACHD, YAC128 transgenic mouse 

models or CAG140, CAG150 knock-in mouse models 279,360,362. These mouse models exhibit 

less severe and modest behaviour phenotypes 406. Moreover, since R6/2 expresses only exon 1, 

but not the complete HTT gene, it is often considered as a polyglutamine toxicity model rather 

than an HD model. However, pathogenicity and symptoms in R6/2 are correlated with juvenile 

HD. So, considering R6/2 as a model system for HD or for polyglutamine toxicity is a debatable 

topic. Therefore, Tasigna, when tested in these mouse models or at a higher dose, may prove 

to be effective in rescuing the motor functions and ameliorate the disease phenotype. 
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Chapter- 7  

Discussion and future directions 
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Protein homeostasis refers to a highly complex and interconnected set of cellular processes that 

affect and determine the levels and conformational stability of proteins inside the cell 12. 

Maintenance of optimal protein homeostasis especially in neurons is critical for its viability, 

growth, and function 32. The functions of the normal proteins are determined by their precise 

three-dimensional structures, which are defined by their amino acid sequences during the 

process of protein folding that is regulated by a special class of proteins called chaperones 407. 

Mutations, external stress-related factors, and inherent instability of proteins contribute to the 

failure of maintaining the correct conformational structure causing them to misfold and 

aggregate 14. Protein homeostatic processes combat these problems by stabilising proteins that 

carry out beneficial functions or by degrading the misfolded proteins and aggregates that are 

detrimental to the neuronal cell 14. Impairment in the protein degradation pathways such as 

UPS and autophagy leads to the accumulation of intracellular mutant protein aggregates in the 

form of inclusion bodies. The presence of such toxic proteinaceous bodies inside the neuronal 

cells is the characteristics of protein conformational disorders or proteinopathies 11. 

Proteinopathies encompass a class of family of neurodegenerative diseases such as AD, PD, 

HD, and ALS. The signature hallmark of all these groups of devastating diseases is the presence 

of specific mutant protein aggregates/inclusions inside the brain 11. 

Neurodegenerative diseases are severe forms of neurological aberrations due to the progressive 

degeneration of neurons 39. The neuropathology of protein misfolding diseases is primarily 

linked to the toxic gain-of-function mechanisms, and one way of combatting disease is to 

reduce the levels of such proteins inside the neuronal cells 12,39. The aggregate-prone 

neurodegenerative disease-associated proteins are autophagy substrates, including mutant 

HTT, α-SYNUCLEIN, and TAU 105,106. Increasing evidence has firmly certified the fact that 

neuronal autophagy is an essential anchor for delaying ageing and pathophysiology of NDDs 

310,408. The evidence supporting a pathogenic role for autophagy impairment in several major 

proteinopathies is becoming persuasive and provides a strong rationale for developing novel 

therapeutics to modulate autophagy in these disorders 106. As promising as these beginnings 

are, the nutshell has barely been cracked on understanding the regulation of autophagy, 

especially in the broader context of proteostasis and general metabolic regulation with respect 

to NDDs 109. 
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Dynamics of mHTT aggregate formation and state of basal autophagy in R6/2 mice 

In this study, the HD mouse model, R6/2 was used to study the proteostasis defects concerning 

pathological significance in autophagy dysfunction. The molecular mechanisms underlying the 

pathogenesis of HD are very complex and are not completely understood. The presence of 

intranuclear and cytoplasmic accumulation of mutant N-terminal HTT fragments is well 

established, but their role in disease pathogenesis is still controversial 352,409,410. However, 

mHTT aggregate formation plays a direct role in the induction of neuronal dysfunction and 

death thereby contributing to disease progression in HD 352. Our understanding of the complex 

molecular process of mHTT aggregate formation in HD mouse models are very limited and 

only a few studies have characterised its role in disease pathogenesis 352,411,412. In this thesis, a 

comprehensive study was carried out to investigate the mHTT aggregate formation in the R6/2 

mouse model across different stages of disease progression in certain regions of the brain.  

mHTT aggregates were detected at a very early stage of disease progression (before the onset 

of symptoms), i.e., from 2 weeks in the region cortex and striatum, and 4 weeks in the 

hippocampus and cerebellum. This early accumulation of toxic N-terminal mHTT aggregates 

implies that the striatum and cortex are primarily affected leading to the disruption of cortico-

striatal signalling impairing the motor and cognitive functions such as mood, and attention. As 

the disease progresses, the aggregate formation increases and spread to the other regions of the 

brain thereby impairing and causing more severe deficits in the executive and motor functions 

in R6/2 mice. The accumulation of noxious HTT aggregates sequesters and impairs the 

functions of many cellular proteins including that of autophagy pathways contributing to 

disease pathogenesis 375,413-415. 

The degradation of mHTT aggregates by autophagy involves the identification and labelling of 

aggregates by a chain of UBIQUITIN molecules 59,416. In this regard, the UBIQUITIN 

expression of the cell was checked for any alteration as the disease progresses in R6/2. The 

ubiquitination pattern was increased in both stacking and resolving gels only in the region 

striatum at 12 weeks in R6/2 mice compared to wild-type control littermates. There was no 

differential change observed in other regions of the brain in R6/2 indicating that mHTT 

aggregates are being detected and labelled by UBIQUITIN molecules. These results are 

supported by initial findings that ubiquitinated N-terminal mHTT fragments are detected in 

intracellular aggregates and are targeted to degradation 352,355,416. However, the accumulation 

of aggregates inside the neuronal cells might be due to the impairment in downstream 
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signalling processes of the autophagy pathway and these facets have to be considered seriously 

for the critical investigation to identify the factors associated with disease-causing mechanisms. 

Our knowledge of the intricate molecular mechanisms of autophagy impairment in 

neurodegenerative diseases is far from complete and may lead to variable outcomes. Although, 

autophagy in the brain is tightly controlled and regulated, it is challenging to modulate 

autophagy flux inside the neuronal cells 390,391. To assess the regulation of autophagy in R6/2 

mice, the state of basal autophagy was studied by investigating the expression of key autophagy 

related markers such as p62/SQSTM1, LC3B and GABARAPL2 from the cortex, 

hippocampus, striatum, and cerebellum across different stages of disease progression. Despite 

the early accumulation of toxic mHTT aggregates, there is no differential change in the 

expression of autophagy related markers at any given stage of disease progression, indicating 

that basal autophagy in R6/2 mice is spatio-temporally maintained. These results substantiate 

earlier findings that indicate no change in basal autophagy despite metabolic dysfunction in 

HD mouse model 392. Moreover, contrary to the earlier report, the study performed in this thesis 

comprehensively examined the basal autophagy levels in major regions of the brain during 

various stages of disease progression in an R6/2 mouse model. 

mHTT aggregates exist in multiple different conformational states and their pathogenicity is 

dependent on the number of CAG repeats, the solubility of the aggregates, and the precise 

accumulation of intranuclear, cytoplasmic and perinuclear inclusion bodies 348,417. Many 

studies have proved that soluble mHTT aggregates are highly toxic and disrupt many cellular 

processes leading to pathogenicity in HD 378-383. These soluble mHTT aggregates undergo 

various proteolytic cleavages by various caspases and form a prime seedling to generate higher-

order oligomers. During this process, mHTT aggregates sequester many functional proteins 

including that of autophagy pathways rendering its toxicity 198,211.  

In this regard, the study performed in this project involves the evaluation of mHTT aggregate 

formation and state of basal autophagy only in the soluble fractions of the R6/2 brain lysates. 

On the contrary, there are other few studies, which propose that insoluble mHTT aggregates 

formed and accumulated as inclusion bodies are neuroprotective. One of the landmark paper 

published in Nature by Steve Finkbeiner group has shown that the formation of inclusion 

bodies reduces the toxicity and load of mHTT aggregates, thereby protecting the neurons from 

dying 418. In the aid of this report, few other groups have also shown the neuroprotective role 

of mHTT aggregates in inclusion bodies 419,420. However, some of the studies contradict the 
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function of inclusion bodies as neuroprotective in HD 421-424. Contemplating these results, the 

role of mHTT aggregates as inclusion bodies in HD is debatable and inconclusive; therefore, 

further studies have to be carried out to understand its role in neurodegenerative diseases. 

The results discussed in this thesis hypothesise that the functioning of the steady-state basal 

autophagy in neurons does not cope with the rapid accumulation of mHTT aggregates. The rate 

at which aggregates getting cleared by basal autophagy is not sufficient to maintain proteostasis 

balance to prevent/delay neuronal death. Another conceivable theory for autophagic 

dysfunction without the protein level being affected involves a deficit in the functionalities of 

autophagy related proteins, rather than in their levels. This hypothesis supports the findings as 

there is a significant change in the expression of LC3B-I form in the cortex at 12 weeks, 

suggesting a possible defect in the conversion rate of LC3B, implying aggrephagy dysfunction 

in R6/2 mice. Moreover, impairment in the expression of autophagy related genes may add to 

the autophagy dysfunction and studies carried out so far has conflicting results. Considering 

the fact that HTT plays a crucial role in autophagy pathway 211,248,351,393, it is of no surprise that 

in HD patients, there is clear evidence that gene expression of the autophagy pathway is altered 

394. However, in one of the study, the expression levels of mRNA and proteins of the autophagy 

pathway are unaffected in the HD mouse model despite the metabolic dysfunction 395. 

Therefore, to ascertain the reasons for autophagy impairment, a wide-ranging analysis of gene 

expression of various autophagy related proteins needs to be investigated across different 

stages of disease progression in R6/2 mice.  

Inducing autophagy as a potential therapeutic strategy to alleviate the disease 

phenotypes in R6/2 mice 

The HD mouse model, R6/2, is considered as one of the severe pre-clinical models to study the 

potency of the drugs that modulate the autophagy pathway in neurodegenerative diseases 361. 

Autophagy induction by small molecules was established as a potential disease-modifying 

strategy in enhancing the clearance of toxic aggregates, thereby rescuing the molecular and 

behavioural phenotypes, and increasing the lifespan in several neurodegenerative diseases 

including HD 326,329,399,400,425. Recently, our lab has extensively contributed to screening and 

testing the potency of various small molecules and have reported that inducing autophagy 

cleared toxic α-SYNUCLEIN aggregates and rescued behavioural phenotypes in a pre-clinical 

MPTP mouse model of PD 400,401.  
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Tasigna is a BCR-ABL receptor tyrosine kinase inhibitor and was shown to be effective in 

inducing autophagy and clearing α-SYNUCLEIN aggregates thereby preventing neurons from 

dying and improving the motor functions in a pre-clinical mouse model of PD 322,332. Currently, 

Tasigna is already in phase-II clinical trials to study the tolerance of the drug for PD and HD 

patients, but no pre-clinical study has been carried out to validate its potency in inducing 

autophagy in any of the HD mouse models. Therefore, in this thesis, the efficacy of Tasigna 

was studied in a more severe and robust HD mouse model, R6/2. The results from a battery of 

behavioural experiments indicate that Tasigna treatment is neither effective in rescuing the 

motor functions nor extending the lifespan in R6/2 mice. Immunoblotting and 

immunohistochemistry results suggest that Tasigna is unable to induce autophagy, as the 

expression of key autophagy related markers remained unchanged in both wild-type and R6/2 

mice. Due to the inability of Tasigna treatment in increasing autophagy flux, mHTT aggregates 

are not cleared at any given stage of disease progression in R6/2 mice.  

Based on the results, there might be multiple reasons accounting for discrepancies observed 

involving a model-based bias ineffectiveness of Tasigna treatment. Due to the severe, 

aggressive, and penetrant phenotypes of R6/2, the subtle improvements caused by Tasigna at 

the molecular level might have masked any observable changes in the behavioural phenotype. 

Moreover, due to the rapid disease progression in R6/2, the desired levels of Tasigna in 

inducing autophagy may not be achieved by the concentration used in this study. It is most 

likely that optimization of the drug dosage may give an insight into the efficacy of Tasigna in 

inducing autophagy, however, it is also conceivable that the drug effectively induces autophagy 

in the presymptomatic stage when the aggregate load is not overwhelming.  

Studies so far reported the effectiveness of Tasigna as an active therapeutic agent for NDDs is 

in interest with the C-ABL inhibition 322,332. Some groups have also focused on autophagic 

clearance of α-SYNUCLEIN and amyloid aggregates in PD and AD, respectively 322,332. Given 

the lack of detailed investigations related to the potency of Tasigna in inducing autophagy and 

based on a study showing that Tasigna induces autophagy unconventionally through a non-

canonical pathway in hepatocellular carcinoma cells 426, a thorough study has to be carried out 

to ascertain the use of Tasigna in HD patients by using appropriate pre-clinical models. Some 

studies have shown that levels of C-ABL kinase are elevated in PD 321,341,402. However, with 

respect to HD disease, there are no reports of over-expression of C-ABL and its interaction 

with HTT protein in any of the HD mouse models to date. The levels of C-ABL kinase in HD 
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and its modulation after treatment with Tasigna needs to be investigated to ascertain its 

efficacy.  

However, given that Tasigna is in Phase-II clinical trials for PD, and HD, researchers have 

expressed serious concerns about its safety in PD, despite a recent study suggesting its promise 

in treating certain symptoms 339. Recently, a clinical trial conducted with 76 PD patients was 

completed and results have shown that dopamine metabolites were not altered in CSF of 

Tasigna recipients. Therefore, authors have concluded that drug treatment was safe but was 

ineffective for the treatment of PD and should not be considered as a potential therapeutic agent 

for further studies 427. These reports and the results presented in this thesis suggest that Tasigna 

is ineffective in ameliorating the disease pathogenesis in severe models of neurodegenerative 

diseases such as PD and HD.  
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Future directions 

1) In this study, the expression of mHTT aggregates was evaluated only in the soluble 

fractions considering the fact that soluble mHTT aggregates are toxic. However, as 

mentioned earlier, there is a discrepancy and healthy debate about the role of mHTT 

aggregates as inclusion bodies in HD 418-420 421-424. To understand the toxicity of N-

terminal mutant HTT aggregates, it is essential to investigate the expression in insoluble 

fractions as well. The process of formation and accumulation of mHTT aggregates from 

seed nucleation to higher-order oligomers might start early in HD, but it requires a 

critical concentration inside the neuronal cells to get detected by various N-terminal 

specific antibodies 10,198. In this study, N-terminal specific antibody mEM48, which 

specifically identifies toxic polyglutamine HUNTINGTIN fragments, was used to 

detect mHTT aggregates. It would be interesting to study the properties of other 

different oligomeric species of mHTT aggregates by using different conformation-

specific antibodies which identifies the toxic form of mHTT aggregates. Soluble 

amyloid oligomers are considered as the potentially pathogenic species and are 

involved in the pathogenesis of many NDDs including HD. A11 polyclonal antibody 

identifies amino acid independent oligomers of amyloidogenic polypeptides. This 

antibody can be used to identify the toxic amyloid oligomers in R6/2 across different 

stages of disease progression.  

 

2) The mHTT aggregates undergo various proteolytic cleavages and sequester many 

functional proteins related to the autophagy pathway and form inclusion bodies that are 

mostly insoluble 10,198. In this study, the expression of autophagy related markers was 

assessed only in the soluble fractions. It is quite surprising that despite the early 

presence of mHTT aggregates, there is no differential change in the expression of key 

autophagy markers in R6/2 mice. Apart from p62, LC3B, and GABARAPL2, there are 

many autophagy related markers that play a very important role in regulating the 

autophagy flux, and many of them have been implicated in neurodegenerative diseases. 

To ascertain the reasons for autophagy dysfunction in R6/2, it would be ideal for 

checking the expression levels of these markers in both soluble and insoluble fractions 
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to understand the state of basal autophagy across different stages of disease progression 

in R6/2 mice.  

 

3) The concentration of the Tasigna used in this study might not be sufficient to induce 

autophagy. Therefore, studying the potency of Tasigna in a dosage-dependent manner 

or at higher concentrations could throw clarity on the appropriate dosage and 

effectiveness of the drug in R6/2 mice. Moreover, inducing autophagy at an early stage 

of disease progression might be beneficial, where newly expressed, functional 

autophagy related proteins might potentially enhance the clearance of mHTT 

aggregates in neurons. Additionally, a thorough examination of the expression of 

autophagy genes also needs to be investigated to conclusively assert the effects of 

Tasigna in pre-clinical models of HD. 

 

4) It is critical to understand the precise autophagy mechanism that helps to evaluate the 

therapeutic value of various small molecules of autophagy modulators in 

neurodegenerative diseases. Since the autophagy pathway is impaired at multiple steps 

in HD, multiple autophagy modulators (6BIO, XCT, and Tasigna) can be used in 

combination where it can have multiple effects in inducing autophagic flux, thereby 

enhancing the clearance of toxic aggregates in an R6/2 mouse model. This attempt to 

target autophagy in the brain brings tremendous excitement for the development of 

novel therapeutic strategies for several NDDs. Yet, it is also necessary to elucidate the 

complexity of autophagy and its signalling pathways to limit the potential side effect 

for detrimental outcomes. Moreover, future studies must also focus on the disease-

causing mechanisms by which aberrant protein aggregates impair the autophagy 

pathway and on the exploration of therapeutic strategies to prevent their toxicity. 

 

5) Studies have shown that overexpression of Atg5 in mice resulted in increased basal 

autophagy, which correlated strongly with an extended lifespan, increased insulin 

sensitivity and improved motor function 94. Interestingly, the neonatal lethality of 

systemic deletion of Atg5 is rescued even when it is re-expressed only in neurons 96. 

The lifespan extension after autophagy induction has also been corroborated in a knock-

in Beclin1 mouse model, where they show an apparent increase in the life span 95. Thus, 

upregulation of basal autophagy in these mouse models protects the neuronal cells from 

age-mediated death. Therefore, it would be ideal to restore proteostasis balance in R6/2 
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by crossing Atg5 transgenic mice or induce autophagy in R6/2 by overexpressing  

Atg5/Atg7 genes by AAV mediated gene transfer. 
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