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Abstract 
 
 
Huntington’s disease (HD) is a progressive neurodegenerative disorder caused by the 

inheritance of a single defect in the huntingtin gene, called a polyglutamine coding (CAG) 

repeat expansion. In unaffected individuals the average CAG repeat length is ~19 units but 

in HD patients this is expanded to beyond 36 repeats, and this is the causative mutation. At 

the moment, there is no effective treatment for HD. 

 

In an effort to fast-track treatment strategies for HD into clinical trials, allow long term 

safety studies and to gain a better understanding of early molecular pathophysiological 

mechanisms, our group developed a large-animal HD transgenic ovine model carrying a full 

length human HTT with 73 CAG repeats (OVT73). The OVT73 line of sheep demonstrates an 

ideally situated insertion locus and early circadian abnormality. 

 

The results of this thesis describe neuropathological anayses of the OVT73 sheep. A 

progressive loss of GABAA α1 receptor immunoreactivity was observed in the striatum from 

6 month to 5 year old OVT73 cohorts. In addition, progressive time point histopathological 

analyses in OVT73 reveal mutant huntingtin aggregates mainly in cortex and this distinctive 

cortical distribution closely resembles the pattern observed in early stage HD patients.  

 

In addition, this thesis describes a large scale proteomic screen to identify markers to track 

HD disease progression for use in therapeutic testing. This screen made use of advanced 

mass spectrometry techniques to quantify all detectable proteins within OVT73 brain 

samples. We identified and quantified approximately 3000 proteins in each brain region. 

There were more proteins altered in abundance between OVT73 and control sheep in 

striatum compared to motor cortex and cerebellum. These alterations included proteins 

involved in energy metabolism, synaptic function, mitochondrial activity and oxidative 

stress. 

 

OVT73 sheep appear to recapitulate the late onset phenotype of the human HD condition, thus 

providing an extended presymptomatic window through which experimental therapies can be 
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tested. Ultimately, it is hoped that this model will serve as a useful platform to rapidly develop 

therapies for HD to translate into clinic. 
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1. CHAPTER ONE  

Review of the literature and introduction 
 

1.1. Review of the literature  
 

1.1.1. Introduction 

 

The first description of Huntington’s Disease (HD) was made in 1872 by George Huntington and 

named after him. In 1993, the HD gene was discovered by the Huntington’s Disease Research 

Collaborative Group which defined HD as an inherited autosomal dominant disorder, due to an 

expansion of a repeat sequence of CAG triplets within exon 1 of a gene called HTT (Huntington’s 

Disease Research Collaborative Group., 1993). This gene encodes for a protein called huntingtin 

(Htt) whose function and role in the pathological process of HD is not yet fully understood. 

 

1.1.2. Clinical symptoms of HD 

 

Clinically, HD manifests as progressive motor dysfunction, cognitive decline, and psychiatric 

disturbance (Walker et al., 2007) and diagnosis is made on characteristic motor signs of chorea, 

incoordination, bradykinesia, gait disturbance and dystonia in patients at risk of developing this 

disease (Huntington study group., 1996). Despite chorea being the leading motor impairment in the 

early course of the disease from a functional perspective, rigidity, incoordination and bradykinesia are 

more disabling (Rosenblatt et al., 2003). Aggression, irritability, depression and sleep disturbances are 

psychiatric and behavioural manifestations which occur in HD patients to varying degrees (Morton et 

al., 2013). Interestingly, many patients have prominent behavioural or cognitive disturbances before 

the onset of diagnostic motor signs (Marder et al., 2000), possibly due to neuronal dysfunction.   

Prevalence in the population is 4-10 per 100000 in the Western world. The mean age at onset of 
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symptoms is 40 years and death occurs within 15-20 years from the onset (Bates et al., 2002). Weight 

loss is a characteristic symptom in HD patients and there are indications that this starts early in the 

disease (Aziz et al., 2008).  

 

1.1.3. Clinical genetics of HD 

 

From a genetic perspective, the inherited mutation causing HD is an increased size of the CAG repeat 

region in the HTT gene. The HTT gene spans 180 kb and consists of 67 exons ranging in size from 48 

bp to 341 bp, which code for a large 348 kDa protein of 3144 amino acids. The pathogenic 

polyglutamine portion resides in the N-terminus encoded by the exon 1 of the HTT gene. The length 

of the polyglutamine coding region ranges from 9 to 34 CAGs in unaffected humans and 36 to 121 

repeats in affected individuals (Snell et al., 1993; Duyao et al., 1993; Kremer et al., 1994).      

  

Interestingly, those inheriting alleles with repeat sizes in the range from 36 to 39 exhibit incomplete 

penetrance and they may or may not develop the signs and symptoms of HD. 

 

A strong inverse correlation exists between the number of CAG repeats and the age of onset of HD. 

Longer CAG repeats predict earlier onset, accounting for up to 50-70% of the variance of age of onset, 

with the remaining 50-30% due to genetic modifiers or environment effect (Wexler et al., 2004). 

Usually, individuals developing the adult onset form of the disorder have a CAG spanning from 36 to 

55 repeats. Large expansions over 55 CAG repeats are generally associated with an early onset of the 

disease before 20 years of age and named juvenile-onset Huntington’s disease (JHD) (Squitieri et al., 

2006).  

 

Individuals carrying within 27 to 35 CAG repeats usually do not develop HD, but they are at risk of 

having children who will eventually develop the disease. Longer “normal range” repeats can expand 

on transmission to a disease causing length. This phenomenon of expansion, known as genetic 

anticipation, may result in a decreased age of onset and/or increased severity of the disease due to 

increased repeat length in the children (Walker., 2007). Also repeats in the disease range can further 

expand. Commonly, anticipation is associated with paternal transmission of the mutated allele due to 

the instability of the CAG repeat during spermatogenesis (Zühlke et al., 1993). CAG expansions on 
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transmission with a length size bigger than 7 CAG repeats occur mainly through paternal transmission 

(Wheeler et al., 2007). Indeed, large scale genetic pedigree analysis indicates that juvenile-onset 

Huntington’s disease (JHD) is almost always the result of anticipation, particularly when the disease 

allele is inherited from the father (Ridley et al., 1988; Nahhas et al., 2005). 

 

Furthermore, a significant negative correlation also exists between CAG size and variability of onset. 

There is a greater variability in the late age of onset in those associated with smaller CAG expansion, 

suggesting that non-CAG related genetic modifiers may have a bigger impact at lower CAG expansion 

than larger CAG sizes (Gusella and MacDonald., 2009). Whilst CAG repeat length is associated to age 

of onset, it does not appear to dictate the progression of the disease (Rosenblatt et al., 2006; Ravina  

et al., 2008). 

 

Because the variance in age of onset is not completely explained by CAG repeat length, other 

modifiers are thought to contribute to the disease onset in HD. For this reason, many efforts have 

been made to identify novel genetic modifiers in HD. A notable number of genetic association studies 

about modifiers influencing the age of onset in HD has been published (Holbert et al., 2001; 

MacDonald et al., 1999; Metzger et al., 2006; Metzger et al., 2008; Naze et al., 2002; Rubinsztein et 

al., 1997; Arning et al., 2005; Arning et al., 2007; Arning et al., 2008; Brune et al., 2004; 

Chattopadhyay et al., 2005; Kehoe et al., 1999).  

 

Notably, in some of the studies reported so far, the products of the candidates suggested as genetic 

modifiers, such as peroxisome proliferator-activated receptor ϒ, coactivator 1α (PGC1α), huntingtin-

associated protein 1 (HAP1), glutamate receptor ionotropic kainate 2 (GLUR6) and transcription 

elongation regulator 1 (CA150) are known to interact with huntingtin protein (Taherzadeh-Fard et al., 

2009, Metzger et al., 2008; Rubinsztein et al., 1997; Holbert et al., 2001). Altogether these 

observations suggest that several pathways are associated with the HD and more importantly, 

highlight potential targets for therapeutics. However, recent genome-wide association studies 

suggested that some of the proposed candidates may be not real genetic modifiers of HD and that 

the underpowered study sample size may be the main cause behind these failures (Lee et al., 2012; 

Andresen et al., 2007; Ramos et al., 2012; Gusella et al., 2014). The rapid technological progress of 

unbiased genome-wide analysis and larger sample sizes will help in the identification of reliable 

modifiers of HD. 
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1.1.4. The huntingtin protein 

 

1.1.4.1. Structure and function of the normal protein 

 

The polymorphic glutamine region within the large huntingtin protein is at the N-terminus, and is 

immediately followed by polyproline residues (figure 1). Huntingtin is composed of an assembly of 

multiple amino acid repeated sequences called HEAT domains which create a hydrophobic core (Li et 

al., 2006). Despite considerable efforts, the precise structure of the huntingtin has not been 

deciphered yet because the polyglutamine tract can misfold and form amyloid-like structures 

(McGowan et al., 2000).  The large class of amyloid-like proteins have crystal structures which are 

difficult to grow (Durbin et al., 1996). At the time of writing this thesis, fascinating studies are being 

carried out, under the direction of Prof. Pamela Bjorkman, to establish the huntingtin molecular 

conformation using the microgravity environment in space to grow up huntingtin large crystal 

structures (personal communication). 

 

Huntingtin is ubiquitously expressed in every cell and tissue with highest levels in the CNS and testis. 

Its localisation is mostly cytoplasmatic and associated with a variety of organelles, endoplasmic 

reticulum and Golgi complex (DiFiglia et al., 1995). Detailed immunohistochemical analysis showed 

that pyramidal neurons of cortical layers III and V are the most enriched with huntingtin protein 

(Fusco et al., 1999).  

 

The physiological function of huntingtin is not yet fully elucidated although many studies have been 

carried out over the past 20 years to advance the knowledge of its role (reviewed in Cattaneo et al., 

2005). Huntingtin is fundamental for early embryogenesis development, cell migration, neurogenesis 

and early neural development (Tong et al., 2011). The knock-out of the huntingtin gene shows that its 

protein is essential, since knock-out embryos become developmentally retarded and die prematurely 

at day 7 during gestation (Zeitlin et al., 1995; Duyao et al., 1995; Nasir et al., 1995). The increased 

apoptosis after gastrulation appears to be the main cause of this effect (Zeitlin et al., 1995). It is 

known that the overexpression of normal huntingtin enhances cell survival whereas its removal cause 

detrimental effects similar to those observed in the presence of the mutant form (Rigamonti et al., 

2000; Zuccato et al., 2001; Dragatsis et al., 2000; Trushina et al., 2004; Gunawardena et al., 2003). 
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Furthermore, the loss of normal huntingtin seems to worsen the motor activity in a full length model 

of HD (Van Raamsdonk et al., 2006).    

 

Other functions associated with huntingtin include: synaptic function and receptor transmembrane 

trafficking (Fan et al., 2007; Smith et al., 2005); RNA trafficking (Savas et al., 2010); regulation of gene 

transcription (Sadri-Vakili et al., 2006; Cattaneo et al., 2005); facilitation of vesicle transit and 

promotion of BDNF transport (Caviston et al., 2007; Gauthier et al., 2004); mitochondrial metabolism 

and bioenergetics (Ismailoglu et al., 2014). Additionally, huntingtin interacts with several proteins 

primarily involved in modulation of trafficking, regulation of metabolism, control of cellular signalling 

pathways and regulation of transcriptional activation (Li et al., 1998; Singaraja et al., 2002; Boutell et 

al., 1998; Kalchman et al., 1996; Bao et al., 1996; Subramaniam et al., 2009; Steffan et al., 2000; 

Holbert et al., 2001). Interestingly, some of the huntingtin associated proteins interact with the N-

terminal of the huntingtin protein and this synergic functionality appears to be polyQ tract length 

dependent (Harjes et al., 2003). Taken together, these observations suggest that the huntingtin 

protein plays a central role in a large variety of physiological processes and indicate cellular 

mechanisms which may be potentially dysfunctional in HD.  

 

Noteworthy, huntingtin function is altered by a large number of post-translational modifications 

(figure 1) including SUMOylation, phosphorylation, ubiquitination, proteolytic cleavage, 

palmitoylation and acetylation making the elucidation of its role in cell homeostasis quite complex 

(Ehrnhoefer et al., 2011). 
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Figure 1. Schematic diagram of the huntingtin protein, its post-translational modifications and cleavage sites.   

The red square indicates the poyglutamine region (PolyQ). The pale blue square indicates the polyproline sequence 

(PolyP). In the white squares the HEAT domain regions are illustrated. The green square indicates the nuclear export signal 

(NES). The post-translational modifications and cleavage sites are indicated by different colours as shown in the legend 

underneath the protein diagram image (image adapted from Cattaneo et al., 2005).   

 

1.1.4.2. Function of the mutant protein 

 

A key feature of mutant Htt (mHtt) is its capability of self-aggregation and this event is largely 

accepted as pivotal in HD pathogenesis.  The aggregation mechanism is not clear yet, but appears to 

be dependent on both the polyQ stretch length and the quantity of the mutant huntingtin fragments 

(Li et al., 1998; Hackam et al., 1998). The aggregate process proposed for huntingtin theorises a 

misfolding mechanism which entails several intermediate steps including the formation of oligomers, 

the assembly of these oligomers into protofibrils, followed by the protofibrils assembly into fibrils 

(Wacker et al., 2004).  

 

Despite the efforts to better understand the role of aggregates, the biological function of these 

structures in HD remains unknown. Several studies support either a harmful or protective function of 

mHtt aggregates in HD pathology. 
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The harmful role of aggregates is mostly supported by in vitro studies indicating that inclusion 

deposition is perhaps associated with increased cell death (Ho et al., 2001). Other studies, endorsing 

this theory, report a robust dysfunction of the cellular transcriptional mechanisms in vitro following 

the sequestration of essential transcriptional regulators into the large mHtt clumps localised in cell 

nuclei (Nucifora et al., 2003; Cha et al., 2007). Further indications about the toxic function arise from 

in vitro studies demonstrating the participation of mHtt aggregates in the disruption of the cellular 

axonal transport by synergic interaction with several proteins involved in the modulation of axonal 

vesicle kinetics (Morfini et al., 2005; Apostol et al., 2006). 

  

The protective role is based on studies supporting the idea that mHtt aggregates may represent the 

end product of a poorly defined cellular mechanism which may mediate the sequestration of the 

small toxic fragments as a defensive strategy (Arrasate et al., 2004; Saudou et al., 1998; Kuemmerle 

et al., 1999; Ravikumar et al., 2004). Altogether, these studies suggest that the inability to degrade 

the mutant protein fragments is the leading cause of the toxic effects on cells. It has been recently 

proposed that cells more resistant to degeneration such as cortical neurons are likely to be more 

efficient in degrading the mHtt toxic fragments in comparison to the more susceptible striatal 

neurons (Tsvetkov et al., 2013). 

    

 

1.1.4.3. Cellular pathophysiology mediated by the mutant protein 

 

1.1.4.3.1. Proteolytic cleavage of mutant protein  

 

Some studies emphasise the critical importance of proteolytic cleavage of mHtt as a key event 

contributing to the HD adverse symptoms. In fact, it has been suggested that the cleavage of Htt 

generates an increase of polyQ mHtt toxic fragments which in turn activate a detrimental feedback 

loop mechanism promoting an overall proteolytic activity in vitro (Wellington et al., 2000; Hermel et 

al., 2004; Zhang et al., 2003). In addition, in vivo studies proposed that the pharmacological inhibition 

of caspases, preventing the mHtt proteolytic cleavage, ameliorates HD murine model dysfunctions 

(Wang et al., 2003; Ona et al., 1999; Hersch et al., 2003; Grahman et al., 2010).  

 



                                                                                              Chapter one   Review of the literature and introduction 

8 
 

Beyond the role of caspases as a mediator of mHtt proteolysis, other classes of proteases including 

calpains, aspartyl proteases and metalloproteases are also capable of cleaving mHtt (Kim et al., 2001; 

Lunkes et al., 2002; Miller et al., 2010).  

 

1.1.4.3.2. Mitochondria and mutant protein  

 

Altered metabolic activity is observed in HD brains, for example with the direct binding of mHtt to 

mitochondria and/or its detrimental interaction with the mitochondrial activity (Orr et al., 2008; 

Horton et al., 1995; Choo et al., 2004). Indeed, several mitochondrial enzymes involved in the 

maintenance of cellular energy metabolism have been reported to be dysfunctional in HD gene 

carriers (Browne et al., 2008; Chen et al., 2007; Gu et al., 1996; Saft et al., 2005; Tabrizi et al., 1999). 

Furthermore, early dysfunction in mitochondrial calcium activity has been observed in a HD mouse 

model carrying the full length human HTT gene with mild CAG expansion (Panov et al., 2002). An 

interesting study claims that the oxidative damage mediated by mitochondria, generating a somatic 

expansion in the CAG portion of the HTT gene during cellular division, may contribute to the onset 

and progression rate of HD (Kovtun et al., 2007). In a different way, mHTT may contribute to the 

mitochondrial dysfunction modulating the PGC-1α gene, a transcriptional factor which regulates the 

expression of essential genes involved in the biogenesis and respiration of mitochondria (Cui et al., 

2006).    

 

1.1.4.3.3. Transcriptional dysregulation and mutant protein  

 

Many studies reported gene expression alterations occurring in both HD patients and HD models 

(Hodges et al., 2006; Luthi-Carter et al., 2002; Cha et al., 2007). Additional examples of transcriptional 

dysregulation in HD are seen in several studies showing that mHtt is capable of directly binding to the 

DNA and regulating the function of some components of the transcriptional machinery such as TFIID, 

TFIIF and TAFII130 and/or interfering with the activity of transcriptional cofactors like CREB, CA150, 

p53, TBP, CBP (Dunah et al., 2002; Shimohata et al., 2000; Zhai et al., 2005; Holbert et al., 2001; 

Huang et al., 1998; Kegel et al., 2000; Steffan  et al., 2001; Nucifora  et al., 2001). Taken together, 

these observations provide a better understanding into the transcriptional dysregulation occurring in 

HD and define potential targets for therapeutics.   
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1.1.5. Neuropathology of HD  

 

1.1.5.1. Anatomy and pathology of basal ganglia  

  
The primary site of degeneration in HD are the basal ganglia which consist of different nuclei: the 

striatum, globus pallidus (GP), subthalamic nucleus (STN) and substantia nigra (SN). The striatum is 

divided into three different areas, caudate nucleus (CN), putamen and ventral pallidum (VP) and 

consists of two major neuron types, projection neurons and interneurons. 

 

Striatal projection neurons are inhibitory cells using GABA as their neurotrasmitter and can be 

subdivided into four different types based on their projection targets: (1) GABA positive projecting to 

the external part of globus pallidus (GPe), which also contains enkephalin (ENK); (2) GABA positive 

projection to the internal part of globus pallidus (GPi), which also contains substance P (SP) and 

dynorphin (DYN); (3) GABA positive projecting to the substantia nigra pars reticulata (SNr), which is 

rich in SP and DYN and (4) GABA positive projecting to the substantia nigra pars compacta (SNc), 

which is also rich in SP and DYN (Kawaguchi et al., 1990; Parent et al., 1989; Wu et al., 2000). The 

basal ganglia nuclei create an interconnected loop spanning the telencephalon, diencephalon and 

midbrain using two different pathways with antagonistic functions (figure 2): the direct pathway and 

the indirect pathway (Albin et al., 1989; De Long., 1990). 

 

In the direct pathway, cortical pyramidal neurons project glutamatergic excitatory inputs to the 

dorsal part of the striatum, which in turn projects GABAergic inhibitory inputs onto the neurons of 

GPi and SNr. Both GPi and SNr project inhibitory signals to the VA/VL thalamus. Thus, in the direct 

pathway circuit model, the striatum, through the inhibition of the GPi and SNr, reduce the inhibition 

of the thalamus. The VA/VL thalamic nuclei project excitatory glutamatergic inputs to the motor 

cortex and as a consequence, the direct pathway controls the excitation of the motor cortex by the 

thalamus via the striatum. The activation of this pathway promotes desired movements. In HD, 

dysfunction of the direct pathway is associated with the appearance of akinesia and muscle rigidity. 
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Figure 2. Schematic diagram of basal ganglia connection.   

The direct and indirect pathways are labelled by black/white squares. The glutamate excitatory connections are 

highlighted by red arrows. The GABAergic inhibitory connections are highlighted by black arrows. The dopaminergic nigro-

striatal connection is depicted with a purple arrow. Abbreviations : Globus pallidus external segment (GPe), Globus pallidus 

internal segment (GPi), subthalamic nucleus (STN), substantia nigra pars reticulata (SNr), substantia nigra pars compacta 

(SNc), ventral anterior nucleus (VA), ventral lateral nucleus (VL), enkephalin (ENK), substance P (SP), ϒ-aminobutyric acid 

(GABA). 
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The diagram below shows the direct pathway loop: 

 

Motor cortex (excitatory)   striatum (inhibitory)  GPi / SNr (inhibitory)  thalamus VA/VL 

(excited)  motor cortex (excited)  facilitation of desired movements 

 

In the indirect pathway, once stimulated by the motor cortex, striatal neurons project inhibitory 

inputs in the GPe, which in turn have an inhibitory effect on STN. The striatal inhibition on GPe 

determines a reduced subthalamical inhibition. As a consequence, the STN projects glutamatergic 

excitatory inputs to GPi and SNr, which together determine an inhibitory effect on the thalamus. The 

inhibition of the thalamus and, consequently, the reduced stimulation of the motor cortex generates 

a modular suppression of unwanted movements. Dysfunction of the indirect pathway explains the 

early appearance of choreic movements in HD.   

 

The diagram below shows the indirect pathway loop: 

 

Motor cortex (excitatory)   striatum (inhibitory)   GPe (inhibitory) STN (excitatory)   GPi / SNr 

(inhibitory)   thalamus VA/VL (inhibited)  motor cortex (inhibited)  suppression of unwanted 

movements.  

 

Lastly, the dopaminergic projection from the pars compacta of the substantia nigra has the double 

function of exciting the striatal neurons of the direct pathway and inhibiting the striatal neurons of 

the indirect pathway, thereby facilitating movement (Albin et al., 1989). 

 

In 1985, Vonsattel and colleagues created a systematic ranking criterion to establish the severity of 

HD pathology resulting in 5 ascending grades of progressive degeneration (Vonsattel et al., 1985). No 

visible or modest signs of degeneration are reported in striatum at grade 0-1 whereas severe cell loss 

is recorded in the same area at grade 4. Striatal cellular loss of a type of GABAergic neuron called the 

medium spiny neuron (MSN), occurs as the disease progresses. Astrocytosis, an abnormal increase in 

the number of a class of glial cells named astrocytes, is observed from grade 2 to 4 in striatum.         

 

 



                                                                                              Chapter one   Review of the literature and introduction 

12 
 

Notably, in the progression of HD neuropathology, striatal neurons projecting to GPe and SNr are 

lost more rapidly than are striatal neurons projecting to GPi (Reiner et al., 1988). In fact, GABAergic 

enkephalin positive striatopallidal neurons projecting to GPe are affected in the lower pathological 

grades of the disease, GABAergic substance P striatonigral neurons projecting to SNr are impaired at 

intermediate neuropathological grades and lastly, GABAergic substance P striatopallidal neurons 

projecting to the GPi are lost in the higher grades of the disease (Vonsattel and Difiglia., 1998).  

 

Neurochemically, the soma and terminals of striatal neurons projecting to GPe indirect pathway are 

mostly enriched in A2a adenosine receptors and D2 receptors (Le Moine and Block., 1995; 

Schiffmann et al., 1991). Conversely, the soma and terminals of striatal neurons projecting to GPi in 

the direct pathway are abundant in D1 receptors as are the striatal neurons and terminals projecting 

to the SNr (Le Moine and Block., 1995; Schiffmann et al., 1991). Also all striatal projection neurons 

and their terminals also express cannabinoid receptors (Glass et al., 1997). 

 

A pattern of neurochemical receptor changes occurs in the basal ganglia in HD (Glass et al., 2000). At 

lower pathological grades a major loss of cannabinoid CB1, dopamine D2 and adenosine A2a receptor 

binding has been reported in CN, putamen and GPi, likewise a GABAA receptor binding increase in 

GPe. Moderate pathological grades reveal a further decrease of CB1 and D1 receptor binding in CN 

and putamen and a loss of both CB1 and D1 receptors in SN. In the late grades of HD pathology there 

is a complete loss of CB1 receptors and a robust reduction of D1 receptors in CN, putamen and GPi 

and an increase in GABAA receptors in GPi. The absence of reduction in D1 receptor binding in 

striatum or in GPi at grade 0 suggests that striatal projecting SP positive neurons are largely 

unaffected in lower pathological grades in HD. 

 

1.1.5.2. Anatomy and pathology of cortex  

 

A variable cell loss is also noticed in the cerebral cortex of HD patients, including motor, sensory, 

parietal and temporal regions to a lesser degree than that seen in the striatum at early stages (Thu et 

al., 2010; Mann et al. 1993; Heinsen et al., 1994). A progressive global reduction of cortical areas and 

cortical white matter has been reported at lower and higher pathological HD grades as well as a 

general reduction of the cortical ribbon (de la Monte et al., 1988). These observations indicated an 

overall reduction of 30% of cortical pyramidal neurons in several cortical layers (Hedreen et al., 1991; 
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Heinsen et al., 1994). Several studies indicated the primary motor cortex and premotor area as the 

main cortical region of neuronal degeneration (Thu et al., 2010; Halliday et al., 1998; MacDonald and 

Halliday., 2002). Interestingly, HD patients showing mostly motor dysfunctions are correlated with a 

pronounced loss of pyramidal neurons in cortical motor areas. Conversely, HD patients having mostly 

mood alterations exhibit a major loss in pyramidal neurons in cingulate gyrus, which is part of the 

limbic lobe and modulates emotions (Thu et al., 2010). 

 

Cortical interneurons were considered to be unaffected in HD (Macdonald and Halliday., 2002); 

however, recent observations suggest that HD patients with a prominent mood alterations present a 

robust decrease of different classes of GABAergic interneurons in cingulate gyrus (Kim et al., 2014).  

 

1.1.5.3. Selective neuronal vulnerability 

 

Despite the massive loss of pyramidal neurons in the cortex and MSNs in striatum in HD human brain, 

some subclasses of neurons, for unclear reasons, are spared (Graveland et al., 1985; Ferrante et al., 

1985). Several theories have been proposed to explain the selective neuronal vulnerability in HD 

pathology including: a variation in mutant huntingtin levels across different neuron types (Bhide et 

al., 1996; Gutekunst et al., 1995); somatic instability of CAG repeats in the HTT gene in specific 

subclasses of neurons (Shelbourne et al., 2007); formation and abundance of mutant huntingtin 

aggregates and their contribution to the survival or vulnerability of different categories of  neurons 

(Gutekunst et al., 1999; Saudou et al.,1998 ; Arrasate et al., 2004); neurotrophic factors cell-specific 

deprivation (Zuccato and Cattaneo., 2007); mitochondrial damage and/or energy metabolism 

impairment (Beal., 1992; Lee et al., 2007; Browne., 2008); dopamine and other neurotransmitters 

imbalance influence on neuronal survival (Jakel and Maragos.,  2000); altered gene expression cell-

type specific (Hodges et al., 2006), and lastly, deficits in axonal transport (Lee et al., 2004; Li and Li., 

2004; Sinadinos et al., 2009). Altogether, these observations shed light on some of the many 

pathways potentially involved in the selective vulnerability observed in specific cell types in HD. A 

better knowledge of these pathways could yield targets for treatments that specifically address 

neuronal populations affected in this disease.  
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1.1.5.4. Aggregates accumulation in HD brain 

 

One pathological hallmark feature in the brain of HD patients is the accumulation of mHtt aggregates 

in different regions of the CNS although the distribution of these aggregates does not correlate with 

the severity of neuropathology (DiFiglia et al., 1997). Indeed, mHtt aggregates are mostly localised in 

the neurons of the cortical layers rather than in the MSNs of the striatum where the degeneration is 

severe. At a cellular level, two major types of mHtt have been identified: the neuropil aggregates 

which are localised in dendrites and spines and the neuronal intranuclear inclusions (NII’s) which are 

larger in size and limited to the cellular nucleus. In comparison with NII’s, neuropil aggregates are 

prevalent in number and more frequent in autoptic HD brains before the onset of clinical symptoms 

(Gutekunst et al., 1999). 

 

Biochemical assays of nuclear and neuropil aggregates in vitro suggest that the nuclear inclusions are 

enriched in mHtt N-terminal fragments while neuropil aggregates contain both N-terminal fragments 

and full length mHtt (Cooper et al., 1998; Martindale et al., 1998). 

 

Apart from the brain, mHtt aggregates have been also observed in skeletal muscle suggesting lack of 

association within the distribution of these and the regional specific susceptibility (Sathasivam et al., 

1999). 

   

1.1.6. Therapeutic strategies in HD  
 

1.1.6.1. Therapeutic strategies targeting pathogenic mechanisms  

 

Although several drugs and strategies have been proposed, only a few compounds are available yet 

for clinical use in HD. Indeed, most of the drugs used at the moment are primarily directed at 

ameliorating the clinical symptoms of cognitive decline, motor deficits and behavioural abnormalities 

(Handley et al., 2006). One of them is tetrabenazine, a catecholamine-depleting agent that has 

proven to be useful for the treatment of the hyperkinetic movements such as chorea (Paleacu et 

al., 2004).    
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Clearly these approaches have an effect on the immediate manifestations but do not prevent the 

course of the disease. The major effort to advance therapeutic strategies includes the identification of 

the mechanisms which may be involved in the disease and afterwards the development of 

appropriate molecules to target those pathways.  

 

One of the first theories proposed for the cell death observed in HD is excitotoxicity, a detrimental 

cellular mechanism triggered by an excessive glutamate release which determines an abnormal 

NMDA receptor activity and an increase of intracellular calcium levels (Manev et al., 1989). Drugs like 

riluzole and memantine, which are an inhibitor of glutamate neurotransmission and an inhibitor of 

NMDA receptors respectively, were tested on patients carrying the HD mutation demonstrating 

transient beneficial effects (Seppi et al., 2001; Cankurtaran et al., 2006). No neuroprotective or 

beneficial effects in HD were demonstrated in a larger clinical trial for riluzole (Landwehrmeyer et al., 

2007). The memantine trials are still in progress. 

 

The lack of neurotrophic factors, such as BDNF, is another HD neuropathological observation. 

Strategies aimed at restoring the reduced levels of those molecules have been investigated using 

different approaches (Zuccato et al., 2001; Canals et al., 2004; Kells et al., 2008; Ryu et al., 2004; 

Fletcher et al., 2009; Squitieri et al., 2009). Although encouraging results have been generated in 

these studies, BDNF administration therapies still hold some issues like optimal dosage and delivery 

method (Gill et al., 2003; Arancibia et al., 2008). A possible alternative to overcome these issues is the 

use of small molecules artificially engineered to resemble the BDNF structure which are designed to 

better penetrate the blood brain barrier and to better monitor their dosage (Fletcher et al., 2009; 

Pardridge et al., 2006). Similarly, compounds aimed at increasing the endogenous levels or 

intracellular transport of BDNF have been proposed to overcome these limitations (Simmons et al., 

2009; Pineda et al., 2009). Since preliminary studies suggested that dietary restriction delays motor 

deficits and improves BDNF levels in HD mice, a fascinating approach based on dietary restriction and 

environmental enrichment has been proposed to stimulate the levels of endogenous BDNF in the 

brain (Nithianantharajah et al., 2006).  

 

Although not clear yet, the prevention or acceleration of aggregation of mutant huntingtin are active 

areas for pharmacological targeting in HD. This topic is still controversial; drugs either suppressing or 

promoting aggregate formation have been proposed as therapeutic strategies. Most of the 
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antiaggregation compounds screened in vitro and in vivo generated conflicting results casting some 

doubt on the utility of these drugs (Doumanis et al., 2009; Sanchez et al., 2003; Wood et al., 2007). 

Similarly, small molecules aimed at augmenting cellular autophagy have been investigated although 

safety and in vivo efficacy require further investigations (Sarkar et al., 2007; Williams et al., 2008). 

Finally, drugs promoting aggregation showed a beneficial effect in preventing the mHtt mediated 

proteasome dysfunction in cellular models of HD (Bodner et al., 2006).  

 

Energy imbalance and mitochondrial impairment are pathological processes which may contribute to 

HD progression. Thus, compounds enhancing energy production, mitochondrial function or 

preventing oxidative stress may be beneficial and are in development or being tested. Creatine and 

coezyme Q10 are stimulators of mitochondrial activity or proliferation and have been tested in human 

clinical trials although with limited success (Hersch et al., 2006; Tabrizi et al., 2005; the Huntington 

study group., 2001; the Huntington study group., 2008). Other approaches to mitigate mitochondrial 

dysfunction in HD may involve the inhibition of oxidative stress mechanisms (Borrell-Pages et al., 

2006).  

 

Lastly, human histone deacetylases such as sirtuins, have been the focus of intense investigation in 

HD in recent years. Studies in different animal models suggested that sirtuins may protect neurons in 

vivo (Baur et al., 2006; Parker et al., 2005; Pallos et al., 2008). However, little is still known about 

potential side effects of long term pharmacological inhibition of histone deacetylates and recent 

outcomes suggest caution in the application of these therapeutic strategies (Venkatraman et al., 

2014). Further validation is still necessary to establish the potential of these molecules in HD 

(Kazantsev et al., 2008). 

 

1.1.6.2. Therapeutic strategies targeting mutant huntingtin RNA  

 

The identification of relevant HD treatments is challenging. Firstly, HD pathogenic effects are 

heterogeneous, and therapeutic approaches focused at just one of these effects may not be 

adequate. Secondly, since there is a poor understanding of the stepwise progression of 

pathophysiological events occurring in HD, there is also limited capacity of discerning between the 

causes and the consequences of this disease. Therefore attractive therapy approaches aimed at 
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decreasing the production of mutant huntingtin through inhibition of its mRNA have been recently 

developed.  

 

Indeed, mutant huntingtin mRNA may be targeted for degradation using antisense short 

oligonucleotides (ASOs) or RNA interference (RNAi) technologies. An ASO is a single strand of nucleic 

acid or nucleic acid analogs, usually short in length, which carries a sequence complementary to a 

specific target mRNA. ASOs are capable of binding to the target mRNA and this DNA-RNA 

hybridisation leads to a decreased translation of the target transcript. This silencing is primarily 

mediated by RNase H, an endonuclease which selectively degrades the target mRNA through 

recognition of the double strength DNA-RNA complex (Wu et al., 2004). ASOs designed to target 

huntingtin mRNA are capable of decreasing the expression and aggregation of huntingtin protein in 

vitro (Boado et al., 2000; Hasholt et al., 2003).    

 

Huntingtin silencing has been tested in vivo using a mouse model of HD carrying the full length 

human huntingtin by intracerebroventricular infusion of specifically designed ASOs targeting the 

human huntingtin mRNA (Kordasiewicz et al., 2012). In this study, ASOs infusion demonstrated a 

homogenous distribution throughout the brain and a robust reduction of the human mutant HTT 

transgene. However, this strategy directed at targeting the human mutant HTT mRNA in the mouse 

model could be less successful on humans where the oligonucleotide non-selective target design 

would also target the normal huntingtin transcripts.  

 

For this reason, allele-specific mutant HTT mRNA knockdown oligonucleotides have been 

investigated. A straightforward approach to obtain allele-specific silencing is the targeting of the CAG 

expansion mutation itself. In vitro, a robust allele-selectivity of the mutant target using different types 

of ASOs has been reported (Van denDriessche et al., 2009; Gagnon et al., 2010; Fiszer et al., 2012). 

Although the results are encouraging some caveats still remain. In fact, ASOs designed to silence 

mutant HTT mRNA indicated crossreactivity with other mRNAs containing CAG tracts and thereby 

posing a potential increased risk for detrimental off-target silencing (Evers et al., 2011; Hu et al., 

2010; Butland et al., 2007). 

 

Another approach to achieve allele-specific mutant HTT knockdown takes advantage of the allele 

specific single nucleotide polymorphism (SNPs) identified in the HTT gene region using large 
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population genetic screening analyses (Warby et al., 2009). In addition, these results suggest that 

reagents that are selective for the region harbouring just three SNPs should be sufficient to cover the 

majority of HD patients (Warby et al., 2009; Pfister et al., 2009). Demonstration of allele-specific 

knockdown of the mHtt protein by oligonucleotides using SNP sites as targets has been provided both 

in vitro and in vivo (Carroll et al., 2011). 

 

Another silencing approach originates from a breakthrough study introducing for the first time the 

concept that double-stranded RNAs (dsRNAs) are capable of potent and selective gene silencing (Fire 

et al., 1998). Further investigations clarified that small portions of dsRNAs, now known as small 

interfering RNAs (siRNAs), are responsible for this robust silencing known as RNA interference (RNAi) 

(Hammond et al., 2000). Similar to these, micro RNAs (miRNAs), share the same function of siRNAs 

except they are directly encoded by the genome instead of using dsRNAs as starting material (Lee et 

al., 1993). The RNAi mechanism is clearly an attractive approach for the treatment of a disease like 

HD.  

 

RNAi technology has been tested in mice models of HD where mutant HTT mRNA is targeted with 

short hairpin RNAs (shRNAs) delivered by different types of adeno-associated virus (AAV) (Harper et 

al., 2005; Denovan-Wright et al., 2008). Subsequently, alternate strategies and improvements in this 

technology have been applied to achieve better stability, specificity, delivery and cellular uptake 

(Aleman et al., 2007; Grimm et al.,2006; Snove et al., 2006; Heidel  et al., 2004; DiFiglia  et al., 2007; 

Thakker  et al., 2004; McBride et al., 2008; Dufour et al., 2014).   

 

In the case of ASOs, long term therapies based on RNAi may require selective targeting of the mutant 

HTT allele through specific target of the CAG repeat expansion or the SNPs identified, segregating 

with the mutant alleles (Hu et al., 2010; Pfister et al., 2009).    

 

ASOs and RNAi approaches are under active investigation although some issues still need to be 

addressed to efficiently translate these therapies to humans. These include: increasing the stability of 

the silencing and improved targeting of the mutant transcripts, which will be necessary for use in 

clinical trials (Aronin et al., 2006). Additionally, the changes in expression of off-targets genes, the 

activation of cellular immunoreactive responses and the interference of exogenous RNAi with the 

endogenous mRNA system require further investigation (Scacheri et al., 2004; Sledz et al., 2003; 
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Lewis et al., 2005). Lastly, it is important to understand the pharmacology of these approaches 

including the appropriate dosage in HD patients and attempting the delivery in clinical trials, which 

will be essential to carefully investigate the distribution of the ASOs/RNAi in a large brain resembling 

the anatomy of the human CNS (McCormack et al., 2010; Stiles et al., 2012). The diagram in figure 3 

summarises the strategies in use for silencing mutant huntingtin expression in HD.   

 

Figure 3. Therapeutic strategies targeting mutant huntingtin RNA. 

Diagram showing the pathways of the molecules commonly used to achieve the silencing of mutant huntingtin mRNA: 

RNase H and microRNA/small interfering RNA (miRNA/siRNA). Antisense oligonucleotides (ASOs) are single strands of DNA 

promoting the silencing of mutant huntingtin mRNA by activation of RNase H. miRNA/siRNA are small non-coding RNA 

molecules inducing the mutant hunting mRNA degradation in association with RNA-induced silencing complex (RISC). 

Genetic silencers could be designed to operate either in the nucleus or in the cytoplasm.  Abbreviations: primary miRNA 

(pri-miRNA), hairpin precursor miRNA (pre-miRNA), short hairpin RNA (shRNA)(image adapted from Kay et al., 2014). 
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1.1.6.3. Therapeutic strategies targeting mutant huntingtin 

 

Apart from targeting the mRNA, the silencing of mutant huntingtin could also be achieved using 

artificial peptides or recombinant antibodies which target the mutant huntingtin (Kazantsev et., 2002; 

Colby et al., 2004; Wang et al., 2008;  Southwell et al., 2009). As for the RNAi silencing approach, 

specificity, stability and delivery method should be improved before considering these small 

molecules for clinical trials.     

 

1.1.6.4. Therapeutic strategies targeting cell loss   

 

Lastly, cell replacement and transplantation therapies have been developed for HD showing potential 

for clinical use (Dunnett et al., 2007). A relevant study suggested that the transplantation of neural 

allografts ameliorates motor and cognitive deficits in HD patients although this effect was only 

transient and only three of the five patients grafted showed some benefits (Bachoud-Levi et al., 2000; 

Bachoud-Levi et al., 2006). However, transplantation therapy approach is a subject of lively debate. 

Most likely the HD brain, lacking in neurotropic factors, may be not the appropriate environment to 

ensure the survival of grafted neurons. Furthermore, a recent study has demonstrated that mHtt is 

capable of spreading into healthy grafted cells suggesting that cell replacement therapies may not 

be long-term effective in humans (Cicchetti et al., 2014).  
 

1.1.6.5. Biomarker discovery in HD  

 

In the few last years many clinical trials have been completed in HD with no drug proven to slow the 

progression of the disease (Mason et al., 2009).  Although in theory with presymptomatic genetic 

testing there is a therapeutic window for intervention aimed at preventing or delaying disease onset, 

the evaluation of drug candidates for clinical trials is still challenging. This is because there has not 

been a biological marker to evaluate the progression of this disease identified.  A biomarker is defined 

as “a characteristic that is objectively measured and evaluated as an indicator of normal biological 

processes, pathogenic processes or pharmacological responses to a therapeutic intervention” 

(Biomarkers Definitions Working Group 2001). 
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Several structural brain imaging approaches, including structural MRI, DTI, functional MRI, magnetic 

resonance spectroscopy (MRS) and PET, have been applied to identify change in volume for use as 

biomarkers in disease-modifying therapies (Ruocco et al., 2008; Delmaire et al., 2013; van den 

Bogaard et al., 2012; Sturrock et al., 2010; Ciarmiello et al., 2012). 

 

Although the CNS is the biological system primarily impaired in HD, several studies, supported by the 

evidence that mHtt is expressed in several tissues, indicated that peripheral tissues may also be 

affected and therefore, peripheral biomarkers may be helpful in the tracking of HD progression (Wild 

et al., 2008; Bjorkqvist et al., 2009). Biofluids such as CSF, plasma, urine may represent a good source 

for measuring the progression of disease considering they are easy to access and enable longitudinal 

assessments. 

 

Interestingly, it has been reported that branched chain amino acid (BCAA) and metabolites involved 

in the fatty acid breakdown are dysregulated in serum of HD gene carriers and HD mice models 

(Underwood et al., 2006; Mochel et al., 2007).  BCAA is involved in mitochondrial metabolism and its 

reduction may correlate with the early weight loss observed in presymptomatic HD (Djousse et al., 

2002; Mochel et al., 2007; Aziz et al., 2008). Potentially, BCAA levels may be indicative of disease 

onset and early progression. However, the small number of samples analysed in these studies makes 

it difficult to establish the usefulness of these metabolites as potential biomarkers in HD.    

 

A study in 2008 used proteomic approaches to profile the human plasma of HD patients at different 

stages of disease progression (Bjorkqvist et al., 2008). Some proteins involved in immune response 

have been reported to change in abundance with the disease progression. Among them, interleukin 6 

was further investigated in a smaller subgroup of HD patients, where its levels were increased in 

plasma of HD gene carriers before the onset of clinical symptoms (Bjorkqvist et al., 2008). 

 

In the attempt of identifying new molecules involved in neurodegenerative mechanisms, the CSF is 

an interesting source for biomarker discovery considering it is the only biofluid in direct contact 

with the brain and may better reflect changes occurring in the CNS. It has been reported that brain 

specific proteins are more likely detected in CSF than in plasma and that the abundance of these 

proteins is decreased in CSF of HD gene carriers compared to controls. Notably, this study 

described similar quantitative changes of brain specific proteins in CSF when compared with 
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transcriptional changes identified in different regions of HD brain reiterating the important value 

of CSF for biomarker discovery (Fang et al., 2009). 

 

In conclusion, the development of biofluid markers for HD is difficult and despite many potential 

candidates proposed none have been confirmed yet (Weir et al., 2011; Scahill et al., 2012). An 

example of this challenge has been provided by the conflicting results reported by two different 

groups about the DNA damage marker 8OHdG. The first group reported that 8OHdG is elevated in 

serum of HD patients and responsive to creatine treatment (Hersch et al., 2006). The second group 

using similar methodologies did not confirm these results (Borowsky et al., 2013).  

 

Taken together, these data indicate advances in the potential identification of appropriate 

biomarkers to track the disease progression in HD. Most likely the best time to treat HD would be 

prior to symptom onset and before major neuronal loss. Hence the need in clinical trials for markers 

to measure the efficacy of therapies before the disease symptoms occur is prominent. The evaluation 

of effective treatments for HD in the future will rely on the availability of reliable biomarkers to 

determine target engagement and clinical efficacy. 

 

1.1.7. Animal models of HD  

 

1.1.7.1. Rodent models of HD: chemical models  

 

Although the analysis of post mortem human brains offers great opportunities for the investigation of 

Huntington’s disease mechanisms, many limitations in using these samples still remain. First of all,              

a pure HD effect is difficult to identify because of variability introduced by confounding factors such 

as post mortem interval, age, medical treatments and lifestyle. As consequence, a large sample size is 

usually required to detect a significant effect in human post mortem analysis. Secondly, early stage 

HD human samples, where the person has died due to unrelated causes, are probably the most 

useful to better understand the main causes of this devastating disease but are extremely limited. As 

in other neurodegenerative diseases, HD triggers a cascade of pathophysiological events which 

progressively exacerbate towards end stage making it difficult at this point to identify relevant 

mechanisms for use in therapeutics.  
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To face these limitations, the introduction of animal models of HD has provided an alternative for the 

study of HD pathology. Most of the HD models closely resemble some features of HD although a valid 

model which encompasses all the main aspects of HD in humans does not exist yet. Nevertheless, 

research on HD widely depends on animal models and not surprisingly many of the crucial milestone 

discoveries concerning the mechanisms and therapeutic targets of HD have been achieved using 

these models.  

 

Before the discovery of the causative mutation in 1993, animal models for HD were generated 

introducing chemical toxins into the striatum and thereby inducing a lesion mimicking the selective 

neurodegenerative pattern observed in striatum of HD patients. Glutamate analogs as quinolinic acid 

and kainic acid have been widely used to create murine and non-human primate models of HD 

(McGeer et al., 1976; Beal et al., 1986; Roitberg et al., 2002). Thereafter, the injection of 

mitochondrial toxins such as 3-nitropropionic acid and malonic acid were widely used to reproduce 

the main clinical features of HD in rats and monkeys (Brouillet et al., 1999). Since these chemical 

models are unable to mimic the pathophysiological mechanisms promoted by the HD mutation their 

use is nowadays limited.  

 

1.1.7.2. Genetic models of HD: small models  

 

To overcome these limitations a variety of genetic approaches have been used, after the discovery of 

the HD gene in 1993, to generate animal and cell models of HD. In vitro cell models have been 

extensively used to elucidate the finest disease mechanisms and act as simple assays for screening of 

therapeutics (Sipione et al., 2001; Varma et al., 2007).  

 

The simple and straightforward genetic manipulation makes yeast another useful model for drug 

discovery in HD research (Krobitsch et al., 2000; Meriin et al., 2002). Small models as C. elegans and 

D. melanogaster, owing to their simple and autonomous nervous system, have been investigated in 

HD research to better understand the basic components of the process of neurodegeneration. The 

expression of polyQ tracts of different length size in C. elegans has suggested that the neuronal 

dysfunction associated with HD pathology may be modulated by age and polyQ length (Faber et al., 

1999; Parker et al., 2001).  
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Similarly, the expression of an N-terminal fragment of human Htt including a polyQ expanded tract in 

D. melanogaster produced a gradual loss of motor coordination and activity and degeneration of the 

fly eyes (Gunawardena et al., 2003; Marsh et al., 2006). As for the C. elegans, in D. melanogaster the 

severity of neuronal degeneration and age of onset correlate with the polyQ tract length (for further 

details please refer to table 1). 

 

 

Table 1. Small models of HD: Caenorhabditis elegans and Drosophila melanogaster models. 
Abbrevations : apterous ventral nerve cord (apVNC), embryonic lethal abnormal vision (Elav), green fluorescent 

protein (GFP), glass multimer reporter (Gmr), huntingtin gene (HTT), osmosensory 10 (Osm-10), mec-3 promoter 

(Pmec-3). 

 

1.1.7.3. Genetic models of HD: Transgenic murine models  

 

Although these small models are valuable to elucidate many aspects of the HD pathophysiology, the 

evolutionary distance with the human condition requires a careful interpretation of the results.  

Murine models are by far the most commonly used animals to model HD and a large selection of 

rodent models have been developed to date. 

 

There are two different classes of HD mouse models: (1) the fragment models which express the N-

terminal portion of the mutant huntingtin and (2) the full length models which express the whole 

mutant protein. The assumption implicit in the fragment models is that the polyglutamine tract per se 
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is the disease causing element and it acts more or less independently from the protein where it 

belongs, whereas in the full length models it is considered that the combination of the polyglutamine 

tract while it is embedded in the full length huntingtin protein is the cause triggering HD. 

 

1.1.7.3.1. Fragment mouse models 

 

In HD research, a widely used used mouse strain is the R6/2 line which is a truncated N-terminal Htt 

model generated by introducing a 1.9 kb fragment encompassing 1.1 kb of the presumed human HD 

promoter region and exon 1 of the human HTT gene initially bearing 144 CAG repeats (Mangiarini et 

al., 1996). Somatic instability of the CAG repeat tract has been reported in the R6/2 model (Gonitel et 

al., 2008). Behavioural and brain structure abnormalities, including a great quantity of nuclear mHtt 

aggregates and altered neurotransmitter receptor expression, are observed at very early stage in this 

model (Davies et al., 1997; Cha et al., 1998). The progression of the detrimental phenotype is 

remarkably severe with reported learning and memory deficits at 3.5 weeks of age and motor tasks 

abnormalities from 5 weeks of age (Carter et al., 1999; Lione et al., 1999). The R6/2 model lifespan is 

in the range of 12-13 weeks of age (Mangiarini et al., 1996). The less severe R6/1 line has been 

generated, by the same group, using a similar transgenic construct with fewer repeats (Mangiarini et 

al., 1996). As for the R6/2, the R6/1 line demonstrated somatic instability of the CAG repeat tract 

(Gonitel et al., 2008). Both lines have shown the presence of large nuclear aggregates, mostly 

localised in the cortical areas, which progressively increase as the disease progresses (Stack et al., 

2005; Naver et al., 2003). In these lines brain weight is reduced, although the cell loss in the brain is 

minimal in comparison to the behavioural deficits observed. The R6/2 mice are still widely used for 

assessment of HD therapeutics since their phenotype traits make them very useful for rapid 

preclinical studies (Gil et al., 2009). 

 

In 1999, Borchelt’s group generated a truncated N-terminal mhtt model, known as N171-82Q, 

carrying exon 1, 2 and part of the exon 3 of the human HTT gene bearing different lengths of CAG 

repeats under the control of the mouse Prp promoter (Schilling et al., 1999). Similar to the human HD 

brains, in N171-82Q mice, nuclear inclusion and neuropil aggregates have been observed in different 

types of neurons. Interestingly, the shorter polyQ tract in N171-82Q mice culminates in a delayed 

onset of symptoms which is more ideal than R6/2 for preclinical testing. 
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The complex cascade of events explaining the selective neuronal degeneration occurring in HD are 

not yet understood although different theories suggest these may be triggered by cell autonomous 

and/or cell-cell interaction mechanisms. To elucidate the relationship within the selective cellular 

degeneration and mHtt expression in HD pathology, Yamamoto and colleagues created a conditional 

mouse model carrying exon 1 of the human HTT gene with 94 CAG repeats controlled by an inducible 

promoter regulated by a tet-off doxycycline dependent system (Yamamoto et al., 2000). In these 

mice, when mHtt is expressed, an increase of neuronal inclusions and progressive motor dysfunction 

has been observed. Conversely, when mHtt expression is switched off by doxycycline injection in 

already symptomatic mice, mHtt inclusions disappear and an improvement of the behavioural 

phenotype has been observed. This study may indicate that cell autonomous mechanisms contribute 

to the HD toxicity and that HD symptoms may be reversible by inactivation of mHtt protein 

expression.  

 

On the other hand, Gu and colleagues using a cre-lox system generated a conditional mouse model 

carrying exon 1 of the human HTT gene bearing 103 CAG repeats which can be selectively expressed 

either in all the brain neurons or just in selected classes of cortical and striatal neurons. Interestingly, 

progressive motor deficits and widespread neuropathology were only observed when mHtt was 

expressed in all neuronal types and not when its expression was limited only to cortical or striatal 

neurons. These results suggest that cell-cell interactions mechanisms mediated by pathogenic forms 

of mHtt may contribute to cortical and striatal pathogenesis in vivo (Gu et al., 2005; Gu et al., 2007).   

These studies also raise the question of which cells are important in the early phase of the disease 

(for further details please refer to table 2).  

 

1.1.7.3.2. Full-length mouse models 

 

Full-length huntingtin mice appear to be more successful than truncated N-terminal huntingtin 

models in recapitulating the neuropathology and the cascade of events leading to HD. The first 

attempt to generate a full-length huntingtin model was carried out in 1996 using a full length human 

HTT cDNA with 44 CAG repeats under the control of the CMV promoter (Goldberg et al., 1996). 

Although the transgene mRNA was highly expressed, there was no evidence of transgene protein 

expression in any of these mice. These observations suggest that the production of mRNA transcripts 

alone is insufficient to cause HD pathogenesis.  
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Similarly, Reddy and colleagues in 1998 created a mouse model carrying a full-length human HTT 

cDNA with 16, 48 or 89 CAG repeats driven by the CMV promoter (Reddy et al., 1998). Only mice with 

48 or 89 CAG repeats showed progressive behavioural and motor dysfunction with selective neuronal 

loss and gliosis in several brain regions.        

 

One year later, a major step in model development was accomplished with the introduction of 

transgenic mice expressing the full-length genomic HTT comprehensive of the endogenous regulatory 

regions (Hodgson et al, 1999). An extensive number of YAC murine models carrying different length 

of CAG repeats have been generated since then (Hodgson et al, 1999; Slow et al., 2003). YAC46 and 

YAC72 mice show early electrophysiological abnormalities, before any neurodegeneration or mHtt 

aggregates accumulation is observed. Although no mHtt aggregates were detected in YAC72 a 

selective degeneration of MSNs in the striatum has been reported suggesting that aggregates are not 

necessary for initiation of selective neuronal loss. 

On the other hand, an accumulation of neuropil aggregates in striatal neurons has been observed in 

YAC128 mice starting from 3 months of age followed by striatal and cortical atrophy at 9 months and 

neuronal loss at 12 months of age (Van Raamsdonk et al., 2006; Carroll et al., 2011). The unique 

finding of cell loss in the YAC128 mice models compared with other HD mouse models suggests that, 

beyond the polyQ length, there are other intrinsic features within the HTT gene which may influence 

the age of onset and progression of the disease. To investigate this, the same group used a line of 

mice called “Short-stop”, carrying a CAG expanded genomic human HTT truncated after the exon 2. 

Compared with YAC128 mice, in these mice no evidence of neurodegeneration and/or brain 

dysfunctions has been observed despite the robust presence of mHtt aggregates. These results may 

indicate that inclusions alone are not sufficient to trigger a pathological event whereas in YAC128 

mice, the HD-like pathology observed may be initiated by the soluble fragments generated by 

proteolytic cleavage of the full-length huntingtin. In support of this, it has been suggested that the 

lack of HD-like phenotype in “short-stop” mice cannot be completely explained by the product 

generated by the truncated transgene inserted into these animals (Tebbenkamp et al., 2011). 

 

A better understanding about the role of proteolytic cleavage in HD came from a milestone study 

carried out in 2006, where the authors generated a special YAC128 mice line bearing selective 

mutations for the caspase-3 and caspase-6 huntingtin cleavage sites (Graham et al., 2006).            
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Table 2.  Rodent models of HD. 

Abbrevations : calcium/calmodulin-dependent protein kinase Iiα (CamkIIa),cyclomegalovirus (CMV), huntingtin gene (HTT), mutant huntingtin protein (mHtt), prion protein (Prp). 

 * The mHtt expression is relative to endogenous levels. 
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These results indicated the cleavage of mHtt at the caspase-6 site (586aa) as crucial for the 

development of HD-like symptoms and its selective elimination is sufficient to provide 

neuroprotection in vivo. To better elucidate the toxic function of the huntingtin fragments 

cleaved by caspase-6, an additional transgenic mouse model expressing toxic HTT cDNA 

encoding for the first 586aa has been generated (Tebbenkamp et al., 2011). In these mice, 

caspase-6-derived mHtt fragments are subjected to additional proteolytic cleavage 

contributing, in this manner, to the generation of HD-like symptoms as mediators rather than 

end-products of toxicity. 

 

Similarly, the study of a conditional full length HD model carrying a transgene controlled by a 

tet-transactivator (tTA) and driven by the promoter PrP  has produced additional evidence that 

different types of mHtt fragments contribute to the HD toxicity (Tanaka et al., 2006).  

 

In 2008, a bacterial artificial chromosome (BAC)-mediated transgenic mouse model, named 

BACHD, was generated using a genomic full length human HTT expressing a 97 CAG tract. 

These mice showed progressive motor deficits and late onset of cortical and striatal 

abnormalities. Unlike YAC models the BACHD does not exhibit widespread distribution of mHtt 

nuclear aggregates suggesting that these may be not related with the progressive detrimental 

traits observed in BACHD mice (Grey et al., 2008). 

 

More recently, a HD mouse model for testing silencing therapies has been generated cross- 

breeding BACHD 97 and YAC18 mice. As result, the Hu97/18 mouse model is the first HD model 

genetically equivalent to the heterozygous condition of human HD patients having one human 

mHTT gene and one human normal HTT gene and no mouse HTT alleles (Southwell et al., 

2013). Given that this model closely resembles the genetic context of the human condition, it 

will be useful not only to gain insight into the HD mechanisms but also for testing silencing 

therapies targeting human HTT (for further details please refer to table 2). 
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1.1.7.3.3. Fragment rat models 

 

The generation of HD transgenic rat models enabled a better assessment of longitudinal in vivo 

imaging studies because of their brain size. In 2002, the first rat model was created delivering, 

into the rat striatum, lentiviral vectors carrying a variety of HTT gene tracts bearing different 

ranges of CAG expansions (de Almeida et al., 2002). This model demonstrates that lentiviral-

mediated mHtt expression cause a progressive adverse phenotype similar to other HD mice 

models.  

 

The first transgenic rat model of HD was established in 2003 using a truncated huntingtin cDNA 

fragment with 51 CAG repeats under control of the native rat huntingtin promoter (von 

Horsten et al., 2003). These rats exhibited adult-onset behavioural dysfunctions and presence 

of mHtt inclusions in the brain. Similarly to HD patients, in vivo imaging techniques indicated 

striatal shrinkage and reduced brain glucose metabolism in these TgHD rats. Due to its large 

size rat model may be well suited for the evaluation of therapeutic approaches such as 

neurotransplantation (for further details please refer to table 2). 

 

1.1.7.3.4. Full-length rat models 

 

More recently, the first full length HTT rat model was generated using a human bacterial 

artificial chromosome including the full-length HTT genomic sequence with 97 CAG/CAA 

repeats and all regulatory elements (Yu-Taeger et al., 2012). BACHD transgenic rats showed an 

early onset and progressive HD-like phenotype including motor deficits and anxiety-related 

symptoms. In BACHD rats, neuropil aggregates appear earlier than nuclear aggregates and 

similar to the human HD brains, mHtt aggregates are mainly observed in cortex rather than 

striatum. Interestingly a decrease of the striatal striosome compartment area at very early 

stages and a reduced dopamine receptor binding activity at 18 months of age has been 

reported in these rats (for further details please refer to table 2). 
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1.1.7.4. Genetic models of HD: Knock-in murine models  

 

Despite the usefulness and the contribution of transgenic models in dissecting the mechanisms 

of HD pathophysiology some caveats still remain. The expression of exogenous HTT tracts 

under the control of inappropriate promoters may lead to a transgene expression vastly above 

the physiological conditions. Furthermore, has been recently observed that complex genomic 

reorganisation can occur during transgenic integration, suggesting a risk of interference and/or 

silencing other genes not related to HD (Chiang et al., 2012). To tackle these major limitations, 

HD models carrying the mutation in the correct genomic context and physiological expression 

have been developed with the purpose of generating models that better mimic the HD 

pathology. 

 

A large battery of knock-in mice have been created inserting toxic CAG repeats of variable 

range length into the endogenous mouse HD gene located on chromosome 5 (Shelbourne et 

al., 1999; Lin et al., 2001). Although no visible HD-like symptoms have been reported in these 

knock-in mice, detailed analysis revealed a progressive nuclear accumulation of mHtt 

fragments leading to the formation of inclusions and insoluble aggregates in MSNs (Wheeler et 

al., 2000). Not surprisingly, more robust neuropathological abnormalities and progressive 

behavioural dysfunctions have been reported in similar HD knock-in mice carrying longer CAG 

expansions (Lin et al., 2001; Heng et al., 2010).  

 

Another line of HD knock-in mice was generated in 2002 replacing the mouse exon 1 with a 

human exon 1 carrying 140 CAG repeats (Menalled et al., 2002). Early motor and non-motor 

abnormalities observed at 2 months of age were followed by the detection of small mHtt 

nuclear aggregates in striatal neurons at 6 months of age. Furthermore, progressive gliosis has 

been reported from 12 months of age followed by MSNs loss at 2 years of age (Hickey et al., 

2008). From a spontaneous expansion of the CAG copy number in this HD knock-in strain 

during transmission, a new line of mice showing a more robust impairment than the parental 

one, is now also in use (Menalled et al., 2012). 
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Taken together, these observations suggest that once a physiological level, due to being knock-

in, the repeat length needs to be very long to generate an HD-like phenotype over the lifespan 

of a mouse. Why this is happening is not clear yet although the examination of allelic series 

may provide insight into the actual effect of repeat length in HD (Lee et al., 2013). 

 

1.1.7.5. Large animal models of HD 

 

Although recent international studies, involving hundreds of presymptomatic and symptomatic 

HD patients, have been initiated to identify “measurements” to best use for clinical trials, there 

is still a need to model HD (Tabrizi et al., 2012; Paulsen et al., 2014). In fact, despite these large 

studies are providing helpful datasets for a better understanding of the morphological and 

functional disease-related changes, they do not contribute towards explaining the subtle 

cellular mechanism leading to HD pathology.  

 

Post mortem human brain samples are invaluable resources; however, they represent end 

stage pathology and do not capture the early stage HD pathophysiological mechanism. 

Furthermore, studies analysing human samples require caution in the data interpretation 

considering the heterogeneous complexity of the human brain and the intra-individual 

variability. 

 

Certainly, these hurdles make it difficult to decode the earliest changes occurring in the brain 

of HD gene carriers and the symptomatic progression of the disease. A better reproduction of 

the earliest physiological manifestations of HD using a more accessible biological system will 

allow us to establish a platform to design therapeutic strategies aimed at targeting the disease 

potentially before clinical symptoms occur. 

 

At the moment, several lines of murine models, either transgenic or knock-in are available for 

testing therapeutic approaches and preclinical trials. Beyond doubt, the extensive use of 

rodents has proven to be an invaluable source for researchers to address their biological 

questions and has provided a better understanding and discovery of unknown aspects of the 

human HD condition (Davies et al., 1997; Ransome et al., 2012). Despite the essential 
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achievements that murine models have brought to HD research development, there are some 

limitations related with these small animals that should be addressed when considering their 

use to model a slow progressive neurodegenerative disorder such as HD. 

 

First of all, murine models possess a small brain which makes it difficult to apply some of 

modern state-of-art diagnostic imaging technologies such as MRI and PET. Furthermore, the  

development of brain delivery technologies, particularly useful to advance effective treatments 

for HD, will be very limited using small brain models. 

 

Another limitation of these animals is the short lifespan. Huntington’s disease, as well as other 

neurodegenerative diseases, is defined by a late onset and a slow progression phenotype 

which cannot be easily modelled in rodents, which live for approximatively 2 years. Indeed 

even if HD murine models develop a HD-like phenotype, their short lives considerably limit the 

opportunity of complex highly specialised longitudinal studies.  

 

Lastly, the murine brain neuroanatomical organisation is far distant from the human brain 

condition. With emphasis on HD, where the main targets of degeneration are the basal ganglia 

and cortex, the mouse brain is a “prototypical” mammalian brain and has substantial structural 

differences in these areas compared to the human brain. For example, the murine basal 

ganglia do not present a complete segregation of caudate and putamen and the cortical 

architecture is not gyrencephalic as for humans raising some doubts about the utility of mice 

for testing promising therapies involving these brain regions as main target (Herculano-Houzel 

et al., 2009). 

 

Potentially, large animals, with their long lifespan, may represent more suitable models to 

picture the presymptomatic stage of HD over an extended time. Moreover, since promising 

treatments developed in rodent models do not easily translate into clinical trials without valid 

confirmation, the experimentation on larger animals may be, in any case, a necessary step. 

These large models are especially relevant for developing silencing therapies, allowing the 

optimisation of several aspects related with these technologies which cannot be answered in 

small models. Ideally, large non-human primates are the most suitable model to mimic HD, 

although ethical issues make the use of these restricted (Wadman et al., 2011).  
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1.1.7.5.1. Large animal models of HD: non-human primates 

 

Since their genome and brain anatomy is similar to humans, non-human primates like monkeys 

are well suited models for neurodegenerative diseases (Chan., 2004). In 2007, the first genetic 

non-human primate model for HD was generated by injecting into the dorsolateral striatum of 

rhesus monkeys, lentiviruses carrying a fragment of the mutant HTT gene with 82 CAG repeats 

(Palfi et al., 2007). Although the mHtt expression was limited only to selected areas of the 

brain, some HD-like symptoms were observed in these monkeys. 

  

To better encompass the extent of HD pathophysiology, in 2008, Yang and colleagues made 

the first transgenic monkey model of HD injecting rhesus macaque oocytes with a lentivirus 

carrying a human exon 1 HTT gene fragment bearing 82 CAG repeats under the control of the 

potent ubiquitin promoter (Yang et al., 2008). This resulted in features of HD, including 

neuropil aggregates and nuclear inclusions in different brain regions. Furthermore, clinical 

symptoms such as dystonia and chorea have been reported. However, this model is not 

established yet as three of the founders generated died perinatally and another one after just 

11 months of age. The polyQ length of the transgene product and the high levels of mhtt N-

terminal fragments expressed are likely to be the cause of the early death of the monkeys. 

Similarly, an analogous construct with longer polyQ tract demonstrated high toxicity in 

monkeys (Wang et al., 2008). 

 

A fifth founder, carrying the human exon 1 HTT with 29 CAG repeats, showed recently a 

modest cognitive decline as well as brain volume decrease (Chan et al., 2014). However, this 

result is based on a single HD monkey and future work will be necessary to establish the 

usefulness of this model in HD research. 

 

Undeniably, the potential impact of the transgenic non-human primate models towards the 

understanding of HD is tremendous; however, there are several complications to overcome 

before monkeys can be a practical resource for HD preclinical trials (Sparman et al., 2010) (for 

further details please refer to table 3). 
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Table 3.  Large models of HD.  
Abbrevations: cyclomegalovirus (CMV); huntingtin gene (HTT); mutant huntingtin protein (mHtt); prion protein 

(Prp). * The mHtt expression is relative to endogenous levels. 

 

1.1.7.5.2. Large animal models of HD: farm animals  

 

Farm animals like pigs and sheep may represent a valid alternative to non-human primates as 

large models for Huntington’s disease for several reasons:  they are relatively docile, cheap to 

maintain and more importantly they possess a large size brain with a more highly developed 

forebrain which more closely resembles the human brain architecture. Furthermore, their 

relatively long lifespan (12-15 years) makes them very suitable to closely model the slow 

progressive HD phenotype and enable the investigation of the earliest disease related changes. 

There has been significant progress in sequencing the porcine and ovine genomes recently, 

advancing the application of powerful genetic tools and genetic manipulation techniques 

(Archibald et al., 2010; Jiang et al., 2014). 

 

In 2010, transgenic HD minipigs were generated using two analogous truncated transgenic 

constructs with different polyQ tracts (Yang et al., 2010). None of the porcine embryos carrying 

the 160Q transgene construct resulted in any live piglets. One containing 105Q transgene 

construct survived. Most likely, high levels of mhtt truncated fragments caused the postnatal 

death and apoptosis in the brains of these pigs. 

 

More recently, a new HD porcine model has been generated using lentiviruses carrying a 

truncated human huntingtin cDNA bearing 145 repeats under the control of the minimal 

human HTT promoter (Baxa et al., 2013). In these animals, mHtt is expressed in the brain at 
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physiological level. Interestingly, reduced sperm cell mobility and oocyte penetration has been 

reported in these HD transgenic pigs suggesting an effect of mHtt expression on fertility.  

 

In recent years our group has also played a major role in the establishment of a transgenic 

ovine model of HD which shows great potential for developing therapies. 

 

1.2. Introduction to this thesis project 

 

1.2.1. Advantages of a pre and post symptomatic ovine 

model for HD research 
 

Despite a huge investment in research and clinical trials there is no therapy for delaying or 

preventing the onset of HD to date. There are some reasons why this is happening: 

 

First of all, the discovery of effective treatments has been hampered by an incomplete 

knowledge of the early processes of HD and by the absence of reliable biomarkers in human 

patients.  

 

Secondly, clinical trials are difficult, as they require large populations that need to be followed 

for long periods to capture possible effects on the HD progression. Furthermore, the outcomes 

of these human trials are perplexed by individual variability, caused by complex genetic and 

environmental interactions. 

 

To overcome these limitations, HD large models, mimicking the pathogenesis, late onset and 

slow progression of the disease, may help in elucidating the earliest HD changes. Moreover, 

given the poor translation of putative compounds from rodent to human, it may be 

appropriate to have a large animal alternative to enable the design of more effective and 

targeted therapies before the translation to expensive human clinical trials.  
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In light of this, our group developed a new large-animal HD transgenic ovine model with the 

aim of fast-tracking potential treatment strategies for HD (Jacobsen et al., 2010). Since sheep 

are long-lived (12-15 years), they enable longitudinal studies of the pre-symptomatic stage of 

HD, and their comparable brain structure to human makes them an attractive species to use to 

investigate the brain delivery of gene therapy agents. Six founder animals were generated by 

pronuclear injection of a full-length human HTT gene cDNA with 73 CAG repeats under the 

control of the human HTT promoter. Of these, a single founder (G0/5) which reliably expresses 

the transgene protein product was selected to create the OVT73 line of sheep, currently under 

detailed investigation. The transgene is known to be ideally located within the OVT73 genome, 

at a single locus on ovine chromosome 10, determined by capture sequencing (Chiang et al., 

2012).  

 

1.2.2. Is the ovine model of HD valid yet? 
 

Preliminary analysis of a single animal originated from this line showed changes of DARPP32 

and Cb1 immunoreactivity in caudate/putamen and globus pallidus respectively, at 7 months 

of age (Jacobsen et al., 2010). These neurochemical changes are reminiscent of what we know 

to date about early HD changes from rodent model data, although one animal is insufficient to 

determine the validity of the sheep as a model. A recent study suggested that circadian 

abnormalities appear in OVT73 animals at relatively young age although no structural brain 

changes are detected even at 5 years of age (Morton et al., 2014).  

 

Thus, although OVT73 model holds great promise as a valuable source for discovery and 

therapeutic advancement in HD, its capability of recapitulating the slow and progressive nature 

of HD had not been investigated in-depth in a larger cohort at the commencement of this 

thesis project.  

 

If validated, the OVT73 is likely to be an ideal platform to elucidate the consequences of 

mutant huntingtin expression and to identify clinically relevant biomarkers to be used when 

assessing therapeutics in the sheep.   
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1.2.3. Aims and objectives 

 

1.2.3.1. General aim 

 

The general aim of this thesis is to investigate the suitability of the OVT73 line as a late onset 

model of HD and to use discovery tools to identify early stage disease-related mechanisms 

which may be targets for experimental therapeutics for translation into clinical research. 

 

1.2.3.2. Specific aims 

 

1. To monitor the neuropathological progression occurring in OVT73 animals using detailed 

immunohistochemical techniques. Receptors, markers and neurotransmitters of interest 

(GABAA, DARPP32, Calb D28k, Cb1, Enkephalin, Substance P, GFAP) will be assessed to identify 

the earliest morphological, neurochemical and neuroinflammation changes occurring in OVT73 

transgenic animals. 

 

2. State of the art sensitive immunohistochemical methodologies will be employed to explore 

and quantify multiple brain areas for mutant huntingtin aggregates in OVT73 transgenic 

animals and to compare findings to the pattern of mutant huntingtin accumulation occurring at 

the earliest stages in HD human brain.    

 

3. To use powerful proteomic iTRAQ LC MS MS screening techniques to discover and 

investigate pathways of interest in OVT73 line which may lead to the identification of the 

earliest causative events triggering HD pathology in the brain.  
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2. CHAPTER TWO 

General methods 

 

2.1. Materials 

 
The sheep used in this study live in the South Australian Research & Development Institute (SARDI) 

in the middle of the Barossa valley, north of Adelaide. They grow in normal mating conditions in a 

natural environment on a 60 hectare grass field. So far, the transgenic sheep cohorts have shown 

no overt sign of disease and are indistinguishable from the normal sheep.  

 

In this study, samples from four groups of sheep aged 6 months, 18 months, 36 months and 5 years 

were used. In the diagram depicted in figure 4 the animals examined are highlighted. The group of 

sheep 6 month old (7 controls and 7 OVT73) was harvested in September 2010. The cohort of sheep 

18 months of age (1 controls and 3 OVT73) was collected in February 2008. The group of sheep 36 

month old (1 controls and 1 OVT73) was harvested in November 2011 and lastly the cohort of sheep 

5 years of age (6 controls and 6 OVT73) was collected in June 2012. The sample collection was 

performed by Auckland and SARDI teams in Australia and the specimens were then shipped to 

Auckland on dry ice for examination. The detailed list of the animals used in this study is shown in 

table 4.    

 

After the removal of the brain from the skull of these animals we used a custom-made cutting 

matrix to coronally slice the cerebrum and generate several blocks (figure 5). After removal of 

each coronal block from the matrix, the left hemisphere blocks had specific subsamples taken 

from cerebellum, occipital pole, frontal pole, motor cortex and striatum as described in figure 5. 

Subsamples were frozen under liquid nitrogen in cryovials while the remaining left hemisphere 

blocks were frozen under dry ice snow and stored at – 80   ̊C until further use.  
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The right hemisphere blocks, after removal from the matrix and separation, were placed in 10% 

buffered formalin at 4  ̊C. Two days after sectioning, the blocks were rinsed and then transferred 

into 0.1M phosphate buffer including 0.1% (w/v) sodium azide and stored at 4  ̊C until shipment. 

To cryoprotect the brain tissue, the blocks were quickly rinsed in fresh phosphate buffer and 

subsequently immersed in 0.1M phosphate buffer including 20% sucrose. After one week, the 

blocks were transferred in 0.1M phosphate buffer plus 30% sucrose for additional seven days. At 

the end of this cycle, blocks were removed from sucrose buffer, frozen in dry ice snow and stored 

at – 80  ̊C. All blocks were cut on a freezing sledge microtome at 50 µm and stored in PBS-azide 

buffer at 4  ̊C until use. For further details about the buffers used in this study please refer to 

Appendix I.                
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Figure 4. The OVT73 pedigree.  

Shaded boxes depict transgene positive ewes (circles) and rams (boxes), with numbers of individuals underneath. 

Three generations of the OVT73 line are depicted in the pedigree. The animal cohorts used in this study are shown in 

the pedigree diagram by different colours: in red the sheep 6 month old group, in blue the sheep 18 month old group, 

in orange the sheep 36 month old group and in green the sheep 5 year old cohort. The age (in months, m) of animals 

at the time of sacrifice is indicated (image adapted from HDSHRG et al., 2013).  
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 Table 4. List of the animals used in this study. 



                                                                                                                                   Chapter two   General methods 
 

43 
 

 

Figure 5. Sheep brain dissection and sub-sampling for molecular analyses. 

We used a cutting matrix to dissect the cerebrum and generate several blocks (block 6 to block 1). The left hemisphere 

blocks, after subsampling of different brain regions including cerebellum, occipital pole, frontal pole, motor cortex and 

striatum, were frozen and stored. The right hemisphere blocks were used for histopathological analyses. The block 5 of the 

right hemisphere was dissected as a whole to preserve the structure of the striatum. Abbreviations: dorsal (d), dorso-

medial (dm), medio-ventral (mv), ventral (v), posterior (p), medio-posterior (mp), medio-anterior (am), anterior (a), dorso-

lateral (dl), ventro-lateral (vl), ventro-medial (vm).  
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2.2. Methods 
 

2.2.1. Immunohistochemistry 

 
Free floating sections were initially washed for 20 minutes in a solution of 50% methanol 

and 1% H2O2 to expose binding sites and block endogenous peroxidase activity. Sections 

were washed three times in PBST prior to incubation in primary antiserum (table 5 and 

appendix II) diluted in 1% NGS immunobuffer for 48 hours at 4 °C. Sections were 

subsequently washed three times for 10 minutes each in PBST at room temperature and 

incubated for 24 hours at room temperature in biotinylated goat anti-mouse or goat anti-

rabbit IgG, (depending on the primary antiserum) in 1% NGS immunobuffer.  

The following day, sections were washed three times with PBST for 10 minutes each and 

incubated for 4 hours at room temperature in avidin-biotin-horseradish peroxidase complex 

in 1% NGS immunobuffer. After a further three 10 minute washes in PBST, each series of 

sections was incubated in 0.05% diaminobenzidine tetrahydrochloride (DAB) in 0.4M 

phosphate buffer with the addition of 0.01% H2O2 to visualise the tertiary complex. For 

visualisation of the tertiary complex using nickel intensification 40 μL/mL of 1% nickel 

ammonium sulfate was added to the DAB solution. Sections were incubated until a colour 

change was observed (maximum 20 minutes). Saturation studies were undertaken for each 

antibody to determine the optimal antibody concentration for the immunohistochemical 

demonstration of protein or receptors changes.  

After a further three washes with PBST, sections were mounted onto slides with gelatine 

and left to dry overnight. The following day the mounted sections were hydrated in dH20 for 

5 minutes and then dehydrated in a graded ethanol series (75%, 85%, 95% for 5 minutes, 

and 100% twice for 10 minutes each) completed with three 20 minutes incubations in pure 

xylene. Sections were subsequently coverslipped with DPX prior to visualisation. Control 

sections were routinely processed to determine nonspecific staining using the same 

immunohistochemical procedures as detailed above, except that the primary antibody was 
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omitted from the procedure. All sections from HD sheep and control brains within the same 

time point were batch processed at the same time for each immunostaining session in order 

to decrease any variability. 

In addition, some sections were Nissl stained with cresyl violet solution according to 

standard techniques (Paxinos and Watson., 2009).   Untreated sections were gelatine-

mounted on slides and left to dry overnight. The following day, sections were dehydrated in 

75%, 85%, 95% and 100% graded ethanol baths and then cleared of insoluble fats in xylene 

for 20 minutes as described above. Sections were subsequently rehydrated in graded 

ethanol baths and placed in distilled water for 5 minutes prior to immersion to cresyl violet 

solution stain for 20 minutes. Stained sections were briefly washed in dH20 and then 

differentiated for 1-15 minutes in 75% ethanol and 1% acetic acid. Sections were 

subsequently dehydrated as previously described, immersed in xylene for 60 minutes (3 x 20 

minutes), and covered with glass coverslips and DPX, then left to dry.  

For immunohistochemical detection of mHtt aggregates, the biotinylated S830 antibody was 

used (table 5). As inclusions are made of dense protein aggregates, the use of formic acid pre-

treatment was necessary. This breaks protein cross-links exposing antigen epitopes which 

would otherwise be buried within the protein aggregate and thus not be accessible to the 

antibody (Osmand et al., 2006). After formic acid treatment, sections were processed free-

floating in PBS, with gentle continuous agitation at room temperature. Subsequently, sections 

were treated with 1% sodium borohydride in PBS for 30 min. Afterwards, sections were 

permeabilised and blocked by several washes in PBST. On the same day, the tissue was 

incubated overnight in a solution of biotinylated S830 in PBST. The following day, sections were 

washed several times over 1 h with PBST and incubated for 1 h in avidin-biotinylated 

peroxidase. Unbound peroxidase reagent was removed by washing several times with PBST 

and tris-imidazole. Afterwards, the tissue was incubated for 30 mins in nickel-DAB-H2O2 

prepared by diluting stock DAB to a concentration of 0.01% in substrate buffer and adding 

H2O2 to a final concentration of 0.001%. Subsequently, sections were washed once in tris-

imidazole, gelatine-mounted on slides and left to dry overnight. Mounted sections were 

processed through graded alcohols, xylenes, and coverslipped with DPX as previously 

discussed.  
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To identify the location of the mHtt aggregates some of sections already immunolabelled with 

S830 antibody were counterstained with Nissl to expose the brain cells.  

For further details about the buffers and solutions used in this study please refer to 

appendix I.                

 

Table 5. List of the antibodies used for immunohistochemistry in this study. 
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2.2.2. Densitometric analysis   

Two sections for each animal were examined for each marker; a rostral section containing 

anterior striatum, and a caudal section containing caudate, putamen and globus pallidus. 

Before anything else, single immunoperoxidase-labelled sections were examined by light 

microscopy and qualitative observations were recorded. Subsequently, comparative semi-

quantitative densitometric analysis of GABAAα1, DARPP32, CALB D28K, CB1, Enkephalin, 

Substance P and GFAP immunoreactivity was performed using a Zeiss Vslide scanner 

microscope (Metasystems). This microscope is equipped with a CoolCube1 camera for high 

resolution capture of images and a motorised stage to enable fully automated imaging. The 

Vslide is coupled to MetaSystem software package to permit automated grid assisted 

sampling of specified regions. As large tissue sections are of variable thickness, the z-plane 

was adjusted between each image capture by automated focusing. Images to be used for 

high throughput semi-quantitative analysis of immunolabelled sheep brain tissue were 

acquired using a 20x objective. Brain regions including anterior striatum, caudate, putamen 

and globus pallidus were imaged in toto enabling the generation of a large gallery of images 

(figure 6). Approximately 1000 images per section were collected and considered for 

automated high-throughput densitometric image analysis using MetaMorphTM software 

(Molecular Devices).  Additionally, sub-regional analysis of the dorsal and ventral portions of 

the brain areas mentioned beforehand was included in the densitometric studies (figure 6).  

For each marker, specific algorithms were customised and used to calculate the average 

grey values (pixels per image) per microphotograph in an unbiased automated fashion and 

considered for regional density analysis. A background correction image was acquired for 

each section, the density calculated and subtracted from each captured image density 

value.  

Additionally, for GFAP fibre length morphometric analysis, an algorithm to estimate the 

total neurite length of GFAP positive astrocytes in each of the captured images was used. 
For statistical comparison between OVT73 and control groups, unpaired 2-tailed test 

statistical analysis was used.  
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    Figure 6. Brain regions and sub-regions considered for densitometric analysis.  
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2.2.3. Quantification of S830 positive aggregates 
 

Two sections at different levels, prefrontal and striatal were processed for 

immunohistochemistry using biotinylated S830 antibody and counterstained by Nissl.  

 

Quantification of S830 positive neuropil aggregates and nuclear inclusions were carried out 

with a Nikon E800 Eclipse microscope using SRS layout image acquisition method included in 

StereoInvestigator 10 software package (MBF Bioscience). Regions of interest (ROI) were 

digitally delineated at low magnification (2x) and the areas for each ROI calculated in µm2. 

Subsequently, the microscope was set at high magnification (60x) and the thickness for each 

mounted section was measured. Afterwards, the counting frame size (800x800) and the SRS 

grid layout (40µm x 40µm) were defined (figure 7). On average, 55 to 60 images per brain 

area were acquired and focused manually. Image J 1.48 (NIH) was used to manually quantify 

the number of S830 positive neuropil aggregates and nuclear inclusions for each image. 

Number of aggregates per µm2 for each ROI were calculated, and converted to mm2. 

Figure 7. Schematic diagram of the region of interest outlined for quantification of S830 positive aggregates.  
The grey matter of the cortical areas of the ovine brain are traced at low magnification as shown in (A); the 

area of the region of interest outlined are then calculated using the Cavalieri estimator of Stereoinvestigator 

software as depicted in (B); (C) A grid size onto each region of interest is then used to enable the systematic 

random sampling (SRS). The images for aggregate quantification were taken at higher magnification (63x). 
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2.2.4. Proteomic analysis 
 

2.2.4.1. Protein extraction 

 

Proteins were extracted from cerebellum, motor cortex and striatum of the 5 year old 

OVT73 and control sheep brains as follows. 50 mg tissue samples were added to extraction 

buffer (EB) in tubes with a stainless steel metal bead (5 mm in diameter) and homogenised 

twice using a Qiagen Tissuelyser for 3 mins at 25 Hz.  

 

Subsequently, homogenates were transferred into a new tube and centrifuged at 4 °C for 20 

mins at full speed (13000 rpm). The supernatant was removed and transferred in a new 

tube and a portion was used for bicinchoninic acid assay (BCA) to estimate the protein 

concentration.  

 

Aliquots of 100 μg and brain region-specific pool references were prepared, diluting with 

extraction buffer to equalise the total volume of samples. Equal amount of protein from 

each sample of the same brain region was used to make pool references (refer to appendix 

II for further details). Subsequently, samples were reduced adding dithiothreitol (DTT) at a 

final concentration of 10 mM for 30 minutes at 56 °C and thereafter alkylated in 

iodoacetamide (IAM) at a final concentration of 50 mM for 1 hour in the dark.  

 

Aliquote replicates of sheep brain regions of interest and pool references were shipped to 

CADET (Centre for Advanced Discovery and Experimental Therapeutics) at the University of 

Manchester for iTRAQ isotopic labelling (Unwin et al., 2010) and LC MS MS (Liquid 

chromatography – tandem mass spectrometry) analysis (Pitt., 2009). 

 

2.2.4.2. iTRAQ (Isobaric tag for relative and absolute quantitation) 

labelling 

 

The use of iTRAQ isobaric labelling, available through AB SCIEX, is a common approach for 

relative quantification of peptides simultaneously. Samples are labelled with one of the 
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different 8 tags (refer to appendix II for further details) which have identical overall mass 

but different distribution of heavy isotopes around their structure. As a result of iTRAQ 

labelling, peptides are linked to isobaric tags consisting of a mass balance group and a 

reporter group. Therefore, differentially labelled peptides appear as single peaks in MS 

scans. Relative quantitative information is obtained in MS/MS scans when the reporter ions 

are released as distinct isotope-encoded fragments. The ratios of the reporter ions 

represent the proportions of that peptide in each sample. As a consequence of isotopic 

labelling at the peptide level and the specific mass design of the label, the iTRAQ approach 

provides qualitative and quantitative information on proteins at the same time (Ross et al., 

2004).  

 

Samples underwent  trypsin digestion adding 10 μg trypsin (Promega, V511A) diluted in 1M 

TEAB for each 100 µg protein sample and digested overnight at 37 °C. The next day the 

samples were dehydrated in a vacuum pump centrifuge for approximately 1 hour, 

resuspended in 1M TEAB and after a quick vortex iTRAQ labelled.  

 

The 8-plex iTRAQ kit (Ab sciex, Cat. No 4352135) enabled the labelling of 8 samples 

simultaneously. After resuspension in 70 μl isopropanol iTRAQ isobaric tags were added one 

by one to the samples and derivatised at room temperature for 2 hours.  

 

Subsequently the labelled samples were pooled together in one single tube, agitated, split 

into two tubes, dried in a vacuum pump centrifuge overnight and stored at – 20 °C for 

peptide fractionation using high pH reverse phase fractionation (HpHRP). 

 

 

2.2.4.3. High pH reversed phase fractionation (HpHRP) 

 

Subsequent to the labelling, HpHRP was performed using on an Agilent HPLC 1200 system 

coupled with Mercury software (Agilent, Santa Clara, California). Reversed-phase 

chromatography buffers were made daily fresh as follows: loading buffer (A2) was 0.1% 

(vol/vol) ammonium hydroxide in HPLC grade water (99.9%) and the elution buffer (B2) was 
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0.1% (vol/vol) ammonium hydroxide in acetonitrile (99.9%). A high pH reversed phase 

column (Agilent ZORBAX 300Extend-C18 4.6x150mm 3.5µm) was used for liquid 

chromatography separation and appropriate HPLC system quality controls and calibration 

tests were undertaken.  

 

Dried tryptic digested samples were added to a mixture of 3% elution buffer (B2) and 97% 

loading buffer (A2), agitated and centrifuged for 2 minutes at 14000 rpm. Samples were 

transferred into liquid chromatography glass vials and loaded into HPLC system for 

fractionation and peptide fractions were collected in a 96 well plate. In total 85 peptide 

fractions were collected in a 96 well plate in a time frame HpHRP run of 45 mins (appendix 

3). The elution gradient is shown in table 6 and the flow rate was 1 mL / min. Subsequently 

the 96-well plates were dried in a vacuum centrifuge and stored at – 20 ˚C for LC MS MS 

running. 

 
2.2.4.4. Nano UPLC 

 

A nanoacquity UPLC trapping system (Waters) coupled with a nanoacquity UPLC 1.7 µm 

BEH300 C18 column were used to separate the peptides before electrospray ionisation. The 

buffers used for nano separation were: loading buffer (A) : 97% water + 3% acetonitrile + 

0.1% trifluoroacetid acid and elution buffer (B) : 100% acetonitrile + 0.1% formic acid. For 

each fraction the gradient showed in table 6 was used. 

 

        

 
 
 
 
 
 
 
 
 
 
 
 
                        

Table 6. Elution gradients for HpHRP and nano UPLC. 

Elution gradients for HpHRP and nano UPLC are showed on the table on the left and right respectively.   
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2.2.4.5. MS MS  

 

The effluent was directed into a microionspray II source of a QSTAR Elite Q-TOF 

spectrometer (AB SCIEX) scanning in MS from 400 to 1200 m/z. Multiply-charged peptides 

were selected for MS/MS analysis (110–1200 m/z). The information dependent acquisition 

(IDA) settings were : 4 precursors per cycle and cycle times (MS 0.75 sec, MS/MS1 0.75 sec, 

MS/MS2 0.75 sec, MS/MS3 1 sec and MS/MS4 1 sec). The resulting data were searched 

against the NCBI_sheep_JUL2013 database using Protein-Pilot v4.0 (AB SCIEX). Search 

parameters were: iTRAQ 8plex, trypsin; cys alkylation, iodoacetamide; search effort, rapid.  

 

2.2.4.6. Proteomics data analysis   

 

False-discovery rates (FDR) for protein identifications were generated by target-decoy 

approach performing identical searches using the same database with all sequences 

reversed (Elias et al., 2007). For each brain region, an additional search was conducted using 

the combined output from both LC MS MS runs from the region in question. The resulting 

peptide summary was used to align protein identities across runs. The FDR analyses of these 

combined searches further enabled the construction of a library of proteins which are above 

the FDR cutoff in each of the two corresponding individual runs.  

 

ProteinPilot peptide summaries of three different brain regions (cerebellum, motor cortex 

and striatum) from 12 animals, 6 controls and 6 OVT73 were analysed manually (Jullig et al., 

2010). Briefly, all spectra with a used score = 0 were excluded from quantification. Also 

excluded were those matched to peptides carrying a proline in C-terminus and/or including 

a proline-glutamine couple; the latter is due to known interference with the 115 and 116 

m/z iTRAQ tags in LC MS MS analyses. Finally, spectra matched to peptides not represented 

above the FDR cutoff in the corresponding combined search were excluded. For the 

remaining matched peptides, the linked protein names and accessions were adjusted to 

match those used in the corresponding combined search.  
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For the analysis, the sum total of all peak areas was first used as a guide for normalisation 

across the labels within each run to correct for uneven loading. Thereafter, the sums of the 

peak areas from each label were calculated separately for each unique protein. These sums 

were subsequently log transformed and compared, for each protein and each label, with the 

log transformed sum of the same protein in a region-specific pooled reference sample. This 

was replicated in both 8-plex iTRAQ runs for each brain region. After processing and aligning 

of each set of region-specific runs, the obtained ratios (sample vs reference) were compared 

across groups (OVT73 vs Ctrl) for each protein in each of the three brain regions studied.  

 

Statistical significance of differences between groups was determined using two-tailed t 

tests and P value < 0.05 was considered significant.   

 

2.2.4.7. Western Blot analysis  

 

In order to further investigate iTRAQ results, replicates of the protein homogenates for 

proteomic analysis were used for western blots. These samples were loaded onto PAGE gels, 

using Tris glycine SDS as running buffer. Gels were 4-15% gradient 15 well precast TGX gels 

(BioRad). 

 

5µg protein was loaded per well in 1x laemmli buffer (Sigma). Samples were run at 115 V/ 

400mA for 70 minutes.  Subsequently, proteins were transferred on a PVDF membrane for 2 

hours at 100 V/400mA in a Biorad transfer system in Tris glycine buffer. Afterwards, PVDF 

membranes were dried in methanol and then reactivated again in methanol, washed out in 

distilled water and blocked in 5% non-fat milk powder or 5% BSA in TBST buffer for 2 hours. 

 

Membranes were incubated with primary antibodies in 1% non-fat milk powder in TBST 

overnight at 4  ̊C, at appropriate concentrations (table 7 and appendix II). After 3 washes in 

TBST, PVDF membranes were incubated in HRP conjugated secondary antibody for 2 hours 

in 1% non-fat milk powder at 1:5000 dilution. Membranes were given a further three 

washes in TBST and blots were revealed using a ECL-prime detection kit (GE Healthcare) and 

imaged using a Fujifilm LAS4000 equipped with a CCD imaging system (ImageQuant, GE 
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Healthcare). After removal of primary and secondary antibodies from PVDF membranes by 

incubation in stripping buffer at 60  ̊C for 10 minutes, blots were re-probed with β-tubulin 

according to the same procedure described previously.  

 

Signal intensity was measured in triplicate using the ImageJ Gel Analyzer plugin (Version 1.48, 

NIH) and normalised to the signal of β-tubulin. For the purpose of quantification all bands for 

each western blot were quantified together. 

 

 

 

 

Table 7. List of the antibodies used for proteomic analysis validation in this study. 

Abbrevations: western blot (WB), immunohistochemistry (IHC). 
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3. CHAPTER THREE 

Markers of neuropathology progression in 

HD sheep 
 

3.1. Introduction 
 

Huntington’s disease results in many anatomical, neurochemical and neurotransmitter 

alterations in HD gene carriers and models, and most of these changes occur in the striatum 

and the brain regions connected with the striatum (Vonsattel et al., 1985; Glass et al., 2000; 

Ariano et al., 2002; Faull et al., 1993; Glass et al., 2000; Deng et al., 2004; Reiner et al., 1988; 

Ferrante et al., 1987).  

 

There is a group of targets in striatal regions that have been well established as being altered in 

post mortem HD. These include GABA receptors (Tsang et al., 2006; Allen et al., 2009; Cepeda 

et al., 2004; Nicholson et al., 1995;  Penney and Young., 1982; Cha et al., 1998), DARPP32 (van 

Dellen et al., 2000; Bibb et al., 2000; Van Raamsdonk et al., 2006; Hickey et al., 2008), Calbindin 

D28 K (Sun et al., 2005; Kiyama et al., 1990; Iacopino et al., 1990; Tippett et al., 2007), 

Cannabinoid receptor type 1 (Denovan-Wright and Robertson, 2000; Glass et al., 2000; Dowie 

et al., 2009; Dowie et al., 2010; Blazquez et al., 2011; Mievis et al., 2011), Enkephalin (Menalled 

et al., 2000; Sun et al., 2002; Albin et al., 1991; Deng et al., 2004) and Substance P (Beal et al., 

1988; Augood et al., 1996). However, little is known about how these markers act before the 

onset of the clinical symptoms. Furthermore, being the brain tissue from presymptomatic HD 

patients extremely rare to find, the potential contribution of these targets on the onset or 

progression of the disease cannot be verified in humans. 
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For this reason, the OVT73 model may help to elucidate how these targets behave before the 

onset of the clinical symptoms and improve our understanding of the disease mechanisms. To 

investigate this, the levels of these targets have been assessed by immunohistochemistry in HD 

sheep at different time points. Furthermore, this assessment will potentially help to establish 

longitudinal monitoring of HD neuropathological progression in the OVT73 sheep model. This 

will be important in order to provide a benchmark for therapeutic testing.    

Since reactive astrogliosis has been widely implicated in HD (Sapp et al., 2001; Bradford et al., 

2009; Lin et al., 2001; Reddy et al., 1998; Yu et al., 2003), GFAP, an intermediate filament 

protein that is commonly used as a mature astrocytic marker, has been included in the list of 

targets assessed.  

 

Over the time frame of this thesis, tissues and samples from 4 different time points were 

available for neuropathological assessment. Prior to 2011 there were three cohorts collected: 

14 animals of 6 months of age (7 OVT73 + 7 CTRL), 3 animals of 18 months of age (2 OVT73 + 1 

CTRL), 2 animals of 36 months of age (1 OVT73 + 1 CTRL). In June 2012, an additional 12 

animals (6 OVT73 + 6 CTRL) spanning within 64 to 70 months of age were harvested. For the 

purposes of this study, this group will be referred as the 5 year time point.  

 

This chapter describes the first characterisation and quantification of relevant markers of 

HD progression in a large cohort of HD sheep at different time points.  The rationale of 

the studies presented in this chapter has been driven, in part, by a lack of knowledge on 

the distribution of these targets in the ovine brain. Furthermore, the capability of this 

large model of mimicking the earliest neuropathological changes occurring in 

presymptomatic HD has been evaluated. A detailed assessment of neurochemical, 

neuroreceptor and neuroinflammation changes occurring in the main basal ganglia 

regions of HD sheep at different time points is presented in this chapter. The region 

striatum, caudate nucleus, putamen and globus pallidus were chosen for several reasons: 

(1) there are strong data indicating the basal ganglia is the area that is most profoundly 

affected with pathological changes in HD patients (Vonsattel et al., 1985; Vonsattel and 

Difiglia, 1998); (2) the functional role of the targets to assess, in respect to HD pathology, 

are better understood in the basal ganglia; (3) it is likely that most of the gene silencing 
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therapies under development for the treatment of HD will be delivered in one or multiple 

regions of the basal ganglia.  

 

The neuropathological data generated using animals across different time points collected 

before 2011 resulted in a publication in 2013 (HDSCRG et al., 2013). This data will be 

summarised in this thesis, but the focus in this chapter is the analysis of the 5 year old animals 

collected in 2012.   

 

The data presented in this chapter contributes in increasing the knowledge about the 

neuropathological HD-like features in the HD ovine large model. Such knowledge has 

clear relevance for establishing the transgenic sheep as a suitable model of HD 

progression and valid tool for therapeutic testing.  

 

 

3.2  Neuropathological analysis of markers of HD 

in OVT73 model 
 

3.2.1. Immunohistochemical assessment of 6 month old 

OVT73 animals 
 

Immunohistochemical densitometric analysis demonstrated a loss of GABAA receptor α1 

subunit in the caudate nucleus (9% reduction, p-value 0.038) and putamen (14% reduction, p-

value 0.029), and Enkephalin loss in the globus pallidus (33% reduction, p-value 0.047)  of 

transgenic OVT73 animals (7 OVT73, 7 controls) at 6 month of age (table 8). Other markers 

assessed were not significantly different between transgenic and control animals (CB1, D1R, 

DARPP32, CALB D28K) at the same time point.  

 

Labelling of all markers was performed on two sections from the striatum, one anterior at the 

level of striatum (rostral section), and one more posterior, at the level of the globus pallidus 
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(caudal section). Statistical analysis of the anterior and posterior sections separately reveal no 

significant loss of GABAA α1 within putamen, while in caudate nucleus the loss remains 

significant within the caudal section, (14% reduction, p-value 0.04) suggesting that an early 

molecular GABAA α1 phenotype may progress caudal to rostral.  

 

Volumetric analysis of the striatum of the 6 months old animals using calbindin labelled serial 

sections demonstrated no difference in volume (t-test p-value 0.17) between OVT73 (16283 ± 

578 mm3) and controls (14874 ± 733 mm3) at 6 months of age. The total brain weights were 

not significantly different (p-value 0.88) between OVT73 (109.5 ± 3.2 g) and control (107.5 ± 3.6 

g) groups at 6 months of age. Astrogliosis reactivity was assessed using GFAP 

immunohistochemistry in 6, 18 and 36 months OVT73 brain sections; however, no alterations 

of GFAP immunoreactivity were observed macroscopically in OVT73 compared to control 

animals at these time points. 

Table 8. Immunohistochemical marker results in 6 month old OVT73 animals. Values are expressed as a 

percentage of the control and have been analysed biometrically using a Student’s unpaired two tailed t-test, * One 

red asterisk designates significance at p-value 0.05. Abbreviations: Gamma-aminobutyric acid receptor subunit 

alpha-1 (GABAA α1), Dopamine-and cAMP-regulated phosphoprotein, Mr 32 kDa (DARPP32), Calbindin (CALB 

D28K), Cannabinoid receptor type 1 (CB1), leu-enkephalin (ENKEPHALIN) and Dopamine Receptor D1 (D1R). 
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3.2.2. Immunohistochemical assessment of 5 year old OVT73 

animals  
Immunohistochemical densitometric analysis of markers on 5 year old OVT73 sections was 

performed using an automated imaging system allowing the detailed quantification of region 

and sub-regions of interested (see section 2.2.2. in General Methods for details).  

 

Two sections for each animal were examined with each marker; a rostral one containing the 

striatum (rostral section) and a more caudal section containing caudate nucleus, putamen and 

globus pallidus (caudal section).  The regions and sub-regions of interest have been outlined for 

each section as described in section 2.2.2 and approximately 1000 images per section were 

collected and used for densitometry analysis. Quantification of dorsal and ventral sub-regions 

within striatum was performed for all markers.  

 

3.2.2.1. GABAA α1 

 

In the dorsal striatum of rostral sections from OVT73 group, GABAA α1 was reduced by 35% (p-

value 0.048) (figure 8). Moreover, in the dorsal caudate nucleus and putamen of the caudal 

sections from OVT73 group, GABAA α1 density was reduced by 34% (p-value 0.043) and by 38% 

respectively (figures 9-10). Also interestingly, the overall decrease of GABAA α1 

immunoreactivity was found only in the dorsal regions of the basal ganglia. A summary table of 

all GABAA α1 results is shown in table 9. Individual animal data for significant changes seen 

with GABAA α1 is shown in figure 11.  

 

Combining the GABAA α1 densitometric data across the three striatal regions (striatum on 

rostral section, caudate nucleus and putamen on caudal section) GABAA α1 levels were 

reduced in OVT73 group by 36% (p-value 0.00769) in the dorsal portion of the combined 

striatal sections (figure 12). Other basal ganglia sub-regions analysed for GABAA α1 combining 

rostral and caudal sections did not show any significant change (data not shown). 
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Figure 8. GABAAα1 density decrease in dorsal striatum of 5 years old OVT73 animals (see overleaf for legend).   
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Figure 8. GABAAα1 density decrease in dorsal striatum of 5 years old OVT73 animals.   
These representative images show single-label DAB immunohistochemistry for GABAAα1 in striatum (rostral 

section) in 5 year old control and OVT73 animals.(A,B) Macros of the right hemispheres of the control and 

OVT73 animals stained with GABAAα1 antibody are shown. An overall reduced intensity of staining can be 

sometimes observed macroscopically in the dorsal striatum of the OVT73 animals. (C,D) A clear reduction of 

GABAAα1 can be noticed at higher magnification (20x) in dorsal striatum. (E,F) The high resolution 

photomicrographs (63x) show a decrease of GABAAα1 receptor intensity across the perikarya and neuritic 

processes of GABAergic neurons in dorsal striatum of OVT73 group at 5 years of age.   

Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm. 
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Figure 9. GABAAα1 density decrease in dorsal caudate and dorsal putamen of 5 years old OVT73 animals (see 

overleaf for legend).  
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Figure 9. GABAAα1 density decrease in dorsal caudate and dorsal putamen of 5 years old OVT73 animals.   

These representative images show the immunostaining for GABAAα1 in caudate nucleus (caudal section) and 

putamen (caudal section) in controls and OVT73 at 5 years of age. (A,B) Low magnification images of the right 

hemispheres of the control and OVT73 animals immunolabelled for GABAAα1 antibody are displayed. A 

decrease of intensity of staining is apparent in some of the animals in the caudate nucleus (black square) and 

putamen (fuchsia square) of OVT73 animals.(C,D) Higher magnification images (20x) highlight the reduction of 

GABAAα1 immunolabelling occurring in the dorsal caudate of transgenic animals. (c,d) High power images (63x) 

illustrate the relevant loss of GABAAα1 receptor in the soma and dendritic processes of GABAergic cells in dorsal 

caudate of OVT73. (E,F) Higher magnification (20x) images highlight the GABAAα1 labelling pattern and the 

reduction of immunoreactivity noticed in the dorsal portion of the putamen of transgenic animals. (e,f) High 

resolution photomicrographs (63x) showing the loss of GABAAα1 receptors in the inhibitory cells of putamen of 

OVT73 animals compared to control. The loss of GABAAα1 in transgenic animals seems to primarily affect the 

dendritic arborisation of the complex network of GABAergic cells in putamen.  

Scale bars in A and B = 1 cm, C,D,E,F = 100 μm, c,d,e,f = 20 μm. 
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Table 9. GABAAα1 semi-quantitative densitometric analysis data summary table. 
The summary of semi-quantitative data from GABAAα1 stained rostral and caudal sections is shown above. Data 

are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 

versus controls is indicated as well as the t-test p-value. * One red asterisk designates significance at p-value 0.05.  

Figure 10. Loss of GABAAα1 in individual 5 years old OVT73 animals. 

Graphs show individual animal data for controls (control ewes in pale blue and control rams in dark blue) and 

OVT73 (OVT73 ewes in pink and OVT73 rams in red) plus averages for each group (controls average in sky blue and 

OVT73 average in crimson). A decrease in GABAAα1 is seen in dorsal striatum (A), dorsal caudate nucleus (B) and 

dorsal putamen (C). For each region assessed, the OVT73 specific reduction is occurring in the dorsal portion. The Y 

axis shows total grey value in millions. 
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Figure 11. Decrease of GABAAα1 levels in dorsal regions in OVT73 group at 5 years of age showed as single 

animals. 

The graph above illustrate the density of GABAAα1 in dorsal striatum, dorsal caudate and dorsal putamen in both 

sections combined. The Y axis shows total grey value in millions, and standard errors bars were calculated from the 

three combined regions (striatum on rostral section, caudate and putamen on caudal section). Scores from the 

three regions were combined to generate a single average, so the number of samples presented for t-test 

remained as six per group, rather than being tripled. This shows that GABAAα1 levels are reduced by 36% (p-value 

0.00769) in dorsal combined striatum sections. When dorsal and ventral portions are combined the observed 23% 

loss is not significant (t-test p-value 0.068), and there is no change at all in ventral striatum regions (data not 

shown). 
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3.2.2.2. DARPP32 

 

 

DARPP32 immunoreactivity was decreased in the putamen of OVT73 animals. A reduction of 

DARPP32 density of 30% in the OVT73 group (p-value 0.010) was seen in the total putamen.  

Similarly, a 30% loss (p-value 0.034) of the same marker was detected in dorsal portion of the 

putamen in OVT73 animals whereas no changes were noticed in the ventral portion (figure 12).  

 

The summary table of all DARPP32 results is shown in table 11. Individual animal data of semi-

quantitative DARPP32 densitometric analysis performed in putamen are shown in figure 13.  
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Figure 12. DARPP32 density decrease in total and dorsal portion of putamen in 5 years old OVT73 animals (see 

overleaf for legend). 
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Figure 12. DARPP32 density decrease in total and dorsal portion of putamen in 5 years old OVT73 animals.  

These representative images show DAB immunohistochemistry for DARPP32 in putamen (caudal section) in 5 

year old control and OVT73 animals. (A,B) Macrophotographs of the right hemispheres of OVT73 and control 

animals processed by immunohistochemistry using the DARPP32 antibody are shown. Macroscopically, a 

reduced density of staining can be observed sometimes in the putamen of the OVT73 animals (black square). (C,D) 

20x photomicrographs depict the homogeneous intensity decrease of DARPP32 immunolabelling in the 

putamen of transgenic group. (E,F) The high power images (63x) illustrate the blunting of the fine 

immunoreactivity along with the decrease of DARPP32 localised into the perikarya and dendrites of medium 

spiny neurons in OVT73 putamen.  

Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm. 
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Table 10. DARPP32 semi-quantitative densitometric analysis data summary table. 
The summary of semi-quantitative data from DARPP32 stained rostral and caudal sections is shown above. Data 

are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 

versus controls is indicated as well as the t-test p-value. * One red asterisk designates significance at p-value 0.05. 

** Two red asterisks designate significance at p-value 0.01.   

Figure 13. Decrease of DARPP32 in individual 5 years old OVT73 animals. 

Graphs show individual animal data for controls (control ewes in pale blue and control rams in dark blue) and 

OVT73 (OVT73 ewes in pink and OVT73 rams in red) plus averages for each group (controls average in sky blue and 

OVT73 average in crimson). In (A,B) the DARPP32 decrease in total putamen and dorsal putamen are shown 

respectively. (C) No significant change of DARPP32 levels were observed in ventral putamen of OVT73 animals 

compared to controls. The Y axis shows total grey value density in millions. 
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3.2.2.3. Calbindin D28K, CB1 and Enkephalin 

 

The basal ganglia brain regions were also investigated by densitometric analysis using CALB 

D28K, CB1 and Enkephalin antibodies. Qualitative examination of OVT73 and control sections 

immunostained with these markers did not reveal any manifest alteration occurring in neither 

of the two groups. Semi-quantitative densitometric analysis indicated no change of CALB D28K, 

CB1 and Enkephalin density levels at 5 years of age time point (figure 14-16). In the CALB D28K 

stained sections the “faded” areas observed mainly in the caudate nucleus are the striosomes. 

In ovine brains, these striatal compartments lack CALB D28k and this is consistent with the 

human staining pattern of CALB D28k. 

 

The summary table of CALB D28K, CB1 and Enkephalin results are shown in table 11-13. 
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Figure 14. No changes of CALB D28K density were observed in any of the basal ganglia nuclei analysed (see 

overleaf for legend).  
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Figure 14. No changes of CALB D28K density were observed in any of the basal ganglia nuclei analysed.  

These representative images show the CALB D28k distribution across different basal ganglia regions (caudal 

section) in 5 year old control and OVT73 animals. No alteration of CALB D28K was observed in OVT73 animals 

compared to controls. (A,B) Low magnification images of the right hemispheres of OVT73 and controls 

immunostained for CALB D28k are shown. The black square depicts the region of the putamen sampled for high 

resolution images. (C,D) 20x photomicrographs show the homogeneous distribution of CALB D28k positive 

medium spiny neurons in the putamen of OVT73 and controls. (E,F) As shown in these high magnification 

images (63x), the soma and dendrites of GABAergic medium spiny neurons are strongly enriched in CALB D28k 

in ovine brains. Dystrophic CALB D28k positive neurons were not observed in the transgenic group at 5 years 

of age.  

Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm. 

 

 

 

 

 

 
Table 11. Calbindin D28K semi-quantitative densitometric analysis data summary table. 

The summary of semi-quantitative data from DARPP32 stained rostral and caudal sections is shown above. Data 

are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 

versus controls is indicated as well as the t-test p-value. No significant changes are reported. 
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Figure 15. No difference of CB1 density is detected in the OVT73 and controls at 5 years of age (see overleaf for 

legend). 
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Figure 15. No difference of CB1 density is detected in the OVT73 and controls at 5 years of age. 
Illustrative images show the cannabinoid receptor 1 distribution across different cortical and sub-cortical brain 

regions (caudal section) in 5 year old control and OVT73 animals. No significant change of CB1 density has been 

observed in the basal ganglia of OVT73 animals as compared to controls. (A,B) Coronal sections labelled with 

CB1 antibody show the distribution of cannabinoid receptor 1 in OVT73 and controls. The black square depicts 

the region of the putamen sampled for high resolution images. (C,D) Photomicrographs (20x) showing the 

uniform distribution and intensity of CB1 immunolabelling in putamen. (E,F) The fine pre-synaptic terminals 

immunolabelled by CB1 are shown at higher magnification. Along with the pre-synaptic buttons, CB1 receptors 

seem to be localised in the cytoplasm of neurons.  

Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm. 

 

 

 

 

 

Table 12. CB1 semi-quantitative densitometric analysis data summary table. 

The summary of semi-quantitative data from CB1 stained rostral and caudal sections is shown above. Data are 

shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 

versus controls is indicated as well as the t-test p-value.  
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Figure 16. No changes of Enkephalin density were observed in OVT73 and controls at 5 years of age (see overleaf 

for legend). 
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Figure 16. No changes of Enkephalin density were observed in OVT73 and controls at 5 years of age.  

(A,B) Low magnification images of coronal sections show the enkephalin distribution in the basal ganglia 

(caudal section) in 5 year old control and OVT73 animals. The woolly fibers of the globus pallidus are enriched 

of enkephalin in the ovine brain. The black square depicts the region of the globus pallidus sampled for high 

resolution images. (C,D) Photomicrographs (20x) showing the dense immunoreactivity of enkephalin in the 

meshwork terminals of the globus pallidus. (E,F) High resolution images of the globus pallidus in controls and 

OVT73 animals.  

Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm. 

 

 

 

 

 

 

Table 13. Enkephalin semi-quantitative densitometric analysis data summary table. 

The summary of semi-quantitative data from Enkephalin stained rostral and caudal sections is shown above. Data 

are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 

versus controls is indicated as well as the t-test p-value. No significant changes were found. 
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3.2.2.4.  Substance P 

 

The neuropeptide Substance P was also considered for semi-quantitative densitometric 

analysis across several regions of the basal ganglia. Sub-regional analysis of the dorsal and 

ventral part of the striatum was carried out. In the OVT73 animals, Substance P density was 

reduced in the transgenic group by 42% in the globus pallidus (p-value 0.023). The dorsal and 

ventral portions of the globus pallidus showed a significant decrease of Substance P intensity of 

49% (p-value 0.037) and 34% (p-value 0.023) respectively (figure 17).   

 

The summary table of the entire Substance P results is shown in table 14. Individual animal 

graphs of the densitometric analysis performed in globus pallidus for Substance P are shown in 

figure 18.  
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Figure 17. Substance P decrease in globus pallidus of 5 years old OVT73 animals (see overleaf for legend). 
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Figure 17. Substance P decrease in globus pallidus of 5 year old OVT73 animals.   

These representative images show the immunolabelling pattern and distribution of neuropeptide Substance P 

in different nuclei of the basal ganglia in control and OVT73 animals at 5 years of age. (A,B) The reduced 

intensity of Substance P staining is depicted at low magnification in the globus pallidus of OVT73 group. (C,D) 

Higher magnification (20x) images show the Substance P labelling pattern and density decrease in the globus 

pallidus of transgenic animals. (E,F) High resolution photomicrographs (63x) showing the woolly fibers of the 

OVT73 globus pallidus lacking Substance P. The loss of Substance P in transgenic animals seems to primarily affect 

the axonal terminals and dendritic arborisations of the meshwork of the globus pallidus.  

Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm. 

 

 

 

 

 

Table 14. Substance P densitometric analysis data summary table 

The summary of semi-quantitative data of the rostral and caudal sections stained with Substance P antibody is 

shown above. Data are shown as average of total grey values (in millions) per group plus standard error. The 

percent change in OVT73 versus controls is indicated as well as the t-test p-value. * One red asterisk designates 

significance at p-value 0.05.  
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Figure 18. Loss of Substance P in individual 5 year old OVT73 animals. 

Graphs show individual animal data for controls (control ewes in pale blue and control rams in dark blue) and 

OVT73 (OVT73 ewes in pink and OVT73 rams in red) plus averages for each group (controls average in sky blue and 

OVT73 average in crimson). In (A,B,C) the Substance P decrease in total globus pallidus, dorsal globus pallidus and 

ventral globus pallidus are shown respectively. The Y axis shows total grey value in millions. 
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3.2.2.5. GFAP and astrogliosis  

 

Astrogliosis has been monitored in these animals using GFAP immunohistochemistry.  GFAP is 

a marker of astrocytes that is expressed at high levels in injury and disease states. The total 

intensity of GFAP expressed in astrocytes has been used as a measurement of the status of 

activation of the inflammatory response.  

 

No significant changes of GFAP intensity were noticed in the OVT73 animals when compared to 

controls (figure 19). The summary table of the GFAP results is shown in table 15.  

 

Despite the levels of GFAP not being altered, qualitative observations indicated the 

morphology of the astrocytes to be dystrophic in the OVT73 group. Indeed, the astrocytes 

stained with GFAP in the controls appeared to possess longer branches compared to the 

ones of the OVT73 group (figure 20).  

 

Fibre length of astrocytes branching was measured using a morphometric algorithm 

specifically designed to target and measure the length of neurites. In the striatum of rostral 

sections of OVT73 group, the fibre length of astrocytes branching was reduced by 13% (p-

value 0.015). The dorsal and ventral portions of the rostral striatum showed a fibre length 

decrease of 15% (p-value 0.018) and 10% (p-value 0.039) respectively (figure 21).  The 

summary table of the GFAP fibre length results is shown in table 16.     
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Figure 19. No changes of GFAP density were observed in OVT73 and controls at 5 years of age (see overleaf for 

legend). 
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Figure 19. No changes of GFAP density were observed in OVT73 and controls at 5 years of age.  

(A,B) Low magnification images of the right hemispheres of control and OVT73 animals show the GFAP 

distribution across the cortical, sub-cortical and white matter areas of the ovine brain. Only the basal ganglia 

were considered for densitometric analysis in this study. The black square depicts the region of the putamen 

sampled for high resolution images. (C,D) Photomicrographs (20x) showing the immunolabelling of GFAP 

positive astrocytes in the putamen. (E,F) High magnification photomicrographs illustrate the dense labelling of 

GFAP all along the branches and cell soma of astrocytes. In some brain areas of control animals, GFAP positive 

astrocytes exhibit a broader branching area compared to the ones of OVT73 group.  

Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm. 

 

 

 

 

 

Table 15. GFAP densitometric analysis data summary table. 

The summary of semi-quantitative data from GFAP stained rostral and caudal sections are shown above. Data are 

shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 

versus controls is indicated as well as the t-test p-value. No significant changes are reported.  

 

 

 



                                                     Chapter three   Markers of neuropathology progression in HD sheep 
 

85 
 

 Figure 20. GFAP positive astrocytes fibre length reduction in striatum in 5 years old OVT73 animals (see overleaf 

for legend).   
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Figure 20. GFAP positive astrocytes fibre length reduction in striatum in 5 years old OVT73 animals.  

These representative images show the shortening of the astrocytic neurites in striatum (dorsal section) in 5 

years old OVT73 group. (A,B,G,H) Photomicrographs (20x) showing the scattering of astrocytes in the dorsal and 

ventral portions in the controls and transgenics. No overall change in distribution of these glial cells has been 

observed (arrowheads). (C,D,I,J) Higher magnification (40x) images of the dorsal and ventral striatum highlight 

the shrinkage of the processes of GFAP positive astrocytes in transgenic animals (arrowheads). (c,d,i,j) High 

resolution photomicrographs (63x) showing the morphological differences observed in astrocytes in details.   

Scale bars in A,B,G,H = 100 μm, C,D, I, J = 40 μm, c,d,i,j = 20 μm. 

 

 

Table 16. GFAP positive astrocytes fibre length measurement data summary table 

The summary of astrocytes fibre length data of the rostral and caudal sections stained with GFAP are shown above.  

Data are shown as average of GFAP fibre length (in µm) per group plus standard error. The percent change in 

OVT73 versus controls is indicated as well as the t-test p-value. * One red asterisk designates significance at p-

value 0.05. 
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Figure 21. GFAP positive astrocytes fibre length reduction in OVT73 group at 5 years of age showed as single 

animals.  Graphs show individual animal data for controls (control ewes in pale blue and control rams in dark blue) 

and OVT73 (OVT73 ewes in pink and OVT73 rams in red) plus averages for each group (controls average in sky blue 

and OVT73 average in crimson). In (A,B,C) the astrocytes fibre length decrease in total striatum, dorsal striatum 

and ventral striatum are shown respectively. The Y axis shows the fibre length in μm. 
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3.3. Discussion  
 

The availability of a large cohort of HD sheep provided the opportunity to discover a HD-like 

phenotype in OVT73 sheep line. Furthermore, the use of a full length transgene with a CAG 

repeat tract associated with a juvenile onset enabled the detailed examination of the earliest 

neuropathological changes before overt symptoms onset. 

 

The first large time point neuropathological studies were undertaken using 14 animals (7 

controls plus 7 OVT73) at 6 months of age. Despite the absence of volumetric changes in the 

striatum, a decrease of GABAA α1 receptor in the caudate nucleus/putamen and Enkephalin in 

the globus pallidus was observed at 6 months of age (HDSHRG et al., 2013). These changes are 

comparable with findings reported in post mortem studies on HD human brains (Penney et al., 

1982; Penney et al., 1983; Glass et al., 2000; Sapp et al., 1995).  

 

In a previous study, a decrease of DARPP32 (dopamine and cAMP-regulated neuronal 

phosphoprotein) and CB1 immunolabelling were reported in different basal ganglia regions in 

a single OVT73 animal at 7 months of age (Jacobsen et al., 2010). However, these results were 

not seen in the 14 animals (7 controls plus 7 OVT73) at similar age (HDSHRG et al., 2013). It is 

likely that the preliminary outcomes described should be interpreted with care as only one 

animal per group has been analysed. Furthermore, there were no dopamine 1 receptor 

changes in the 6 month cohort (7 controls plus 7 OVT73), indicating that the dopamine system 

is intact at this age. 

 

Lastly, there was no significant loss of calbindin D28K immunolabelling in striatum and in the 

striatal calbindin-positive neurons, suggesting that a prominent cell loss is not underway in 

young animals.  

 

As older animals were available, detailed volumetric measurements and cell counts were 

performed using stereological techniques. No evidence of volume or cell loss was observed in 

the caudate nucleus in OVT73 and control animals at 5 years of age (Ms. Helen Murray, MSc 
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student). Despite morphological changes were not readily detected, volumetric quantification 

of chemical sub-compartments of the caudate nucleus, known as striosomes, has shown a 

volume decrease of 36% (p-value 0.01) in the OVT73 relative to controls (Ms. Samantha 

Murray / Ms. Cathy Wang, PhD student / MSc student). 

 

Of particular interest, the GABAA α1 receptor decrease has been confirmed in the 5 years old 

OVT73 group. This group of animals was analysed using an advanced scanning microscope 

which enabled the probing of sub-regions of the basal ganglia. Similar approaches were not 

possible during the neuropathological analysis of the 6 month cohort.  

 

A loss of GABAA α1 receptor immunoreactivity of in the dorsal portion of the striatum, caudate 

nucleus and putamen was detected in the OVT73 group versus controls at 5 years of age. 

Interestingly, the dorsal portion of caudate nucleus and putamen is reported as the main 

region affected by striatal degeneration and astroglyosis in lower grades of HD (Vonsattel and 

Difiglia., 1998). Despite an absence of cell loss or decrease volume in this group of animals, the 

GABAA α1 receptor change observed may indicate an early dysfunction of the MSNs populating 

the dorsal areas of caudate and putamen. Similar results have been reported using in vivo PET 

imaging on patients with early and moderate HD (Pinborg et al., 2001; Holthoff et al., 1993). 

However, the majority of the data available is from patients with end stage disease, thus, little 

is known on GABA receptor changes in presymptomatic and early HD. 

 

Another neuropathological change observed in the 5 year old OVT73 group was a decrease of 

DARPP32 immunolabelling in putamen. Similar observations have been well documented in  

HD models (Bibb et al., 2000; Baxa et al., 2013; Hickey et al., 2008) but not reported in HD 

humans. Intriguingly, preliminary findings in our lab suggested that a DARPP32 loss occurs in 

HD human putamen (Ms. Christine Joanna Arasaratnam, MSc student).  The reduction of 

DARPP32 at 5 years of age may indicate the OVT73 sheep are defective in balancing via 

dopamine the complex signalling pathway of the basal ganglia. DARPP32 and dopamine have 

both been associated with the regulation of circadian cycles (Yan et al., 2006; Hood et al., 

2010), hence this alteration may contribute to the circadian abnormalities observed in OVT73 

group (Morton et al., 2014).  
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The decrease of Substance P observed in the globus pallidus in OVT73 at 5 years of age is the 

most significant change observed to date. Substance P, a neuropeptide associated with 

inflammation and pain signalling, is highly expressed in striatal neurons which project to globus 

pallidus (Beach and McGeer, 1984). The globus pallidus, among other functions, exerts 

significant control on the substantia nigra dopaminergic neurons and dopamine signalling 

pathway (Celada et al., 1999). The reduction of Substance P immunolabeling may indicate a 

diminished release of this neuropeptide from the projecting striatal neurons resulting in a 

dysfunctional globus pallidus. Taken together these data may suggest a cascade of effects that 

from the globus pallidus lead to an impaired dopamine signalling system that as final 

consequence give rise to the DARPP32 striatal alteration. Whether this decrease of Substance P 

in globus pallidus can influence the dopamine signalling system in HD sheep remains to be 

determined. Detailed studies of the substantia nigra are underway to better clarify the role of 

dopamine and dopaminergic neurons in HD sheep.  

 

Levels of GFAP immunostaining were not altered in the OVT73 line when compared to controls 

at 6 month or 5 years of age. However, a significant shortening of the astrocytic processes was 

observed in the striatum at 5 years of age. While little is known about how glial cells reacts to 

stress stimuli related to neurodegeneration or brain injuries, it has been suggested that some 

classes of astrocytes may activate through a “two stage” remodelling process (Sun et al., 2010). 

In the first stage of activation the astrocytes retract their branching and reduce their spatial 

coverage. In the second phase the processes moderately re-extend again. It may be that the 

shortening of astrocytic processes observed in the transgenic group reflects a mild stage of 

gliosis activation in the rostral region of the striatum. However, only the fibrous astrocytes of 

the white matter appear to get activated through the two-step processes described by Sun and 

colleagues whereas the protoplasmic astrocytes, usually found in the grey matter, react 

differently (Wilhelmsson et al., 2006). In the 5 year old OVT73 animals, the significant 

shortening of the astrocytic branching was found in the rostral level of the striatum where the 

presence of white matter is prominent. Indeed, the large internal capsule and the abundant 

fibre bundles crossing all the way through the putamen dominate a big portion of the rostral 

level of striatum. Whether this shortening in the rostral striatum is due to local astrocytes 

changes or an infiltration of fibrous astrocytes from the white matter tracts surrounding the 
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striatum remains to be determined. A comprehensive study of the structure of the white 

matter and the genes related with neuroinflammation would yield helpful indications. 

 

At 6 months of age a loss of Enkephalin was observed in the globus pallidus. Interestingly, at 5 

years of age, Enkephalin was unaltered when OVT73 and controls were compared. The early 

change of Enkephalin in the 6 month time point may represent a transient effect in the OVT73 

line where by 5 years of age has been compensated by unknown mechanisms.  

 

No change in the morphology or immunolabelling of Calbindin D28k-positive neurons was 

detected in the OVT73 animals at 6 month and at 5 years of age. These findings are consistent 

with the lack of cell or volume loss seen by stereological measurements and by MRI 

measurements (Morton et al., 2014).  

 

Lastly, no significant loss of CB1 receptors was observed at 5 years of age suggesting an 

unaltered endocannabinoid system at this age in the OVT73 group. CB1 receptors are 

presynaptically located in the projection neurons and show a highly dense and “punctate” 

distribution in the basal ganglia (Romero et al., 2002). This peculiar pattern makes it difficult to 

develop a proper algorithm for the densitometric quantification of the CB1 receptors in the 

ovine brain. Along with immunohistochemistry, in vivo PET scans and autoradiography 

techniques may help in better validating the CB1 levels in HD sheep.  

 

3.3.1. Summary   
 

Despite the difficulties in relating the results obtained with the relatively poorly understood 

presymptomatic HD condition, the OVT73 model, based on neuropathological criteria, 

summarise some aspects of what we know to date about early HD progression in humans and 

models. 

 

The major changes in receptor and signalling pathways may be used as valuable measures of 

disease progression and routine markers to assess therapeutic efficiency in OVT73 model. 
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The discovery of these marker changes in both the 6 month and 5 year old animals shows that 

the disease is progressing in the OVT73 line. This data reveals some similarity to the post 

mortem human condition.  
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4. CHAPTER FOUR 

Progressive accumulation of polyglutamine 

aggregates in HD sheep 

 

4.1. Introduction 

 

Following  the discovery of  the Huntington’s disease mutation  in 1993,  several  lines of mice 

carrying exon 1 of the human HTT gene were generated as disease models (Mangiarini et al., 

1996). The most widely known and used of these, the R6/2 line, manifest rapid and progressive 

abnormalities  including motor  impairment, cognitive decline and neurological deficits.  In HD, 

the formation of large polyglutamine intraneuronal inclusions was described, for the first time, 

in this  line (Davies et al., 1997). The  inclusions were mainly observed  in the cortex, striatum, 

cerebellum  and  spinal  tract.  Clumps  of  the  expressed mutant  fragment  of  huntingtin were 

observed  in  the  neuronal  nuclei  of  these mice  using multiple  huntingtin  antibodies  raised 

against the N‐terminus portion of the protein. 

 

In the same year, the existence of neuronal intranuclear inclusions (NIIs) was confirmed in HD 

human brains. The large aggregates where mainly localised in all cortical layers and the MSNs 

of  the  striatum  (Difiglia  et  al.,  1997).  Furthermore,  a  different  type  of  htt  aggregate  was 

observed, predominantly  in  the neuropil  of  the  layers  5  and  6, where most  of  the  cortical 

neurodegeneration occurs in HD patients. 

 

Following this observation, a detailed immunohistochemical study provided a more exhaustive 

description  of  the  distribution  of  nuclear  and  neuropil  aggregates  in  the  HD  human  brain 

(Gutekunst et al., 1999). According  to this study, the neuropil aggregates are more common 
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than nuclear or cytoplasmic aggregates  in  the HD human brain.  Insular and cingulate cortex 

exhibit  a  higher  number  of  aggregates  than  premotor,  temporal  association  and  prefrontal 

cortices. Interestingly, the mhtt aggregates were rarely observed in the basal ganglia despite, in 

most cases analysed, degeneration had already started in these regions. Together, these data 

point  to a  lack of correlation between  the distribution of aggregates and  the most affected 

regions in HD. 

 

Furthermore,  the  analysis  of  a  single  presymptomatic  patient  revealed  a  high  density  of 

neuropil aggregates in all the cortical areas examined and few nuclear aggregates (Gutekunst 

et  al.,  1999). Above  all,  neuropil  aggregates were more numerous  in  insular,  cingulate  and 

prefrontal cortex, whereas they were not readily detected in the calcarine and superior parietal 

cortex. This finding supports the idea that the accumulation of neuropil aggregates occurs long 

before evident symptoms or relevant cell loss. On the other hand, in the end stage and juvenile 

HD pathology,  the number of nuclear aggregates  is considerably higher  in  the cortical areas 

when compared with the presymptomatic case (Gutekunst et al., 1999).  

 

It  is  therefore  likely  that  the  presence  of  neuropil  aggregates  in  presymtomatic  human 

represents a pathological hallmark preceding clinical onset. Conversely, the association of the 

nuclear aggregates with both the  late onset and  juvenile HD underpins the  idea that NIIs are 

potentially related to the onset of the symptoms.  

 

The  limited availability of presymptomatic human HD  tissue has  led  to a  reliance on animal 

models to reveal the early neuropathological changes of HD.  Interestingly, although different 

transgene constructs have been used, the presence of  inclusions has emerged as a common 

feature  among most  HD models,  further  supporting  aggregates  accumulation  as  a  critical 

hallmark of HD neuropathology (Ramaswamy et al., 2007).  However, the relevance of protein 

aggregation in neurodegenerative disorders is not limited to HD, since aggregates are observed 

in different brain regions of human and models of other polyglutamine diseases (Yamada et al., 

2008).  

 

A  large  variety  of  HD  models  carrying  either  a  truncated  fragment  or  the  full  length 

pathological  HTT  gene  have  been  generated  (Pouladi  et  al.,  2013).  The  majority  were 
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genetically designed to exhibit severe neurological and motor anomalies  in a short period of 

time (Hickey et al., 2005; Menalled et al., 2002; Menalled et al., 2012). Whilst a single model is 

unlikely  to  fully  recapitulate  the pathophysiology of  the human disease,  the  rodent models 

carrying a mild expansion of CAG repeats are likely to better represent the progression of the 

presymptomatic human  condition  (Hodgson et al., 1999; Gray et al., 2008; Yu‐Taeger et al., 

2012;  Wheeler  et  al.,  1999).  The  OVT73  model  was  created  with  the  intention  to 

recapitulate, and eventually better investigate the early phase of this condition.  

 

The  general  aim  of  the  study  presented  in  this  chapter  is  to  investigate,  from  a 

neuropathological  perspective,  the  progressive  effects  of  an  expanded  full  length  HTT 

transgene on the brain of HD sheep. Several brain regions were analysed for detection of 

huntingtin aggregates. Particular attention was paid in the examination of the areas known 

to exhibit clear accumulation of polyglutamine aggregates in the human brain (Difiglia et 

al., 1997; Gutekunst et al., 1999; Gomez‐Tortosa et al., 2001; Hodgson et al., 1999; Gray et al., 

2008; Yu‐Taeger et al., 2012; Wheeler et al., 1999). 

 

In  this  chapter  the  assessment,  characterisation  and  quantification  of  polyglutamine 

inclusions in HD sheep at different time points will be presented. This is the first detailed 

immunohistochemical  analysis  of  the  presence,  progressive  accumulation  and  regional 

distribution of mhtt aggregates in the HD sheep model.  

 

Tissue was  collected  from  three  different  time  points  and was  analysed  to  determine  the 

presence of mhtt aggregates. For this purpose, 4 animals of 18 months of age  (3 OVT73 + 1 

CTRL), 2 animals of 36 months of age (1 OVT73 + 1 CTRL) and 12 animals of approximately 5 

years of age (6 OVT73 + 6 CTRL) were available.  

 

Prior  to  the  commencement  of my  PhD,  three  18 month  old  OVT73  and  1  control  were 

sacrificed for performing analysis of the expression and protein  localisation. The number was 

limited because of the small  flock size at that point. The 36 month old OVT73 was sacrificed 

after poor recovery from a MRI scan along with a healthy control of same age. 
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Some of the earlier findings shown here contributed to a peer review paper published in 2013 

(HDSCRG et al., 2013). This data along with new recent data will be described  in more detail 

here.   

 

The specific aims of this chapter are:  

 

 Identify  by  immunohistochemistry  a  valid  antibody  for  the  detection  of mutant 

huntingtin‐containing aggregates. 

 Develop a method to reliably quantify the number of huntingtin aggregates in the 

HD sheep brain.  

 Determine the distribution of huntingtin aggregates in different brain areas of the 

HD sheep. 

 Longitudinally  assess  the  presence,  the  type  and  the  distribution  of  huntingtin 

aggregates across different time points to  identify and characterise the expected 

progressive neuropathological phenotype occurring in HD sheep model.       

 

 

4.2. Results 

 

4.2.1. Detection of mhtt aggregates in OVT73 animals 

 

4.2.1.1. Validation of antibodies  for detection of mutant huntingtin 

aggregates in HD sheep tissue 

 

The  list  of  the  antibodies  for  detection  of  mhtt/polyglutamine  aggregates  tested  on 

OVT73 brain tissue  is shown  in section 2.2.1 and appendix  II. A variety of htt antibodies 

directed  against  the  N‐terminus  region  (EM48, MAB5492, MW8,  S829,  S830),  the  17 

aminoacids  preceding  the  polyglutamine  tract  (EPR5526),  the N‐terminus  portion  after 

the  polyglutamine  tract  (VHH  Q17)  and  the  expansion  site  itself  (1C2,  1F8)  were 
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evaluated.  The  antisera  EM48,  MAB5492  and  MW8  failed  to  detect  any  sort  of 

polyglutamine  aggregates  or  inclusion  bodies  on OVT73  tissue  by  immunohistochemistry 

(data not  shown).  Similarly,  the  antisera  EPR5526  and  VHH Q17 were  unreactive  giving 

only  non‐specific  background  staining  (data  not  shown). When  applied  to  sheep  brain 

sections, the antibodies 1C2 and 1F8 did not detect mhtt aggregates (for details refer to 

appendix  III).  These  antibodies  were  not  able  to  discriminate  only  the  mhtt  protein, 

therefore they were not further considered.  

 

Several  studies  described  mhtt  aggregates  as  clumps  of  huntingtin  and  ubiquitin 

fragments along with other proteins (de Pril et al., 2004; Wanderer et al., 2007; Schwab 

et  al.,  2008).  Consequently,  an  ubiquitin  antibody  (Sigma  U5379)  was  tested  by 

immunohistochemistry on OVT73 tissue but this also did not reveal aggregates. 

 

Following the advice of Dr. Alex Osmand (University of Tennessee), who in parallel with our 

group  at  the University  of  Auckland  is  independently  analysing  our  tissue  samples,  new 

appropriate  immunohistochemical  protocols  was  applied  for  detection  of  polyglutamine 

aggregates using the custom made biotinylated‐S830 antibody (Osmand et al., 2006).  

 

Antigen retrieval was performed using formic acid followed by primary antibody incubation 

at  moderate  concentration.  Subsequently,  the  specific  reactive  signal  was  amplified  by 

tyramide and then followed by ABC reagent for the formation of the tertiary complex. The 

revelation  of  the  complex  was  obtained  using  a  DAB/glucose  oxidase/glucose/nickel 

detection  buffer  (Osmand  et  al.,  2006).  Through  the  application  of  this methodology  a 

limited  amount  of  cortical  small  neuropil  aggregates were  seen  in  some  of  the  younger 

OVT73 animals (HDSRCG et al., 2013). Similarly, aggregates were also detected with 4H7H7 (a 

monoclonal  antibody  raised  against  the mhtt N‐terminal  fragment  (1–480  amino  acid) with 

68Q) in the same transgenic animals (for details refer to appendix III).  

  

Given  that  these  results  were  independently  replicated  in  two  different  groups,  the 

biotinylated‐S830  antibody  has  been  chosen  as  reliable  marker  to  further  investigate 

longitudinally the accumulation of inclusion bodies in OVT73 animals.  
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4.2.1.2.  Development  of  a  method  for  quantification  of  S830 

positive aggregates in HD sheep 

 

In  the  early  phase  of  this  study,  a  qualitative  approach  was  chosen  to  determine  the 

distribution  of  S830  positive  aggregates  in  the  OVT73  sheep  brain.  Initially, multiple  brain 

regions of S830 stained sections of OVT73 and control animals were outlined directly on each 

slide using a fine tip marker. Subsequently, these sections were examined by light microscopy 

and qualitative observations about the type, the density and the distribution of the inclusion 

bodies were recorded  for each animal. A map of  the S830 positive aggregates  localised  in 

the  different  brain  regions  was  then  generated.  This  approach  was  mainly  used  to 

characterise the distribution of S830 positive  inclusions  in 18 month and 36 month OVT73 

sheep brain.    

 

However, a fully automated method for the identification and quantification of S830 positive 

aggregates  was  also  considered.  An  automated  method,  if  reliable,  has  the  potential  to 

minimise  the bias  introduced by manual approaches and manual quantification  is very  time 

consuming. However,  image  acquisition using  fully  automated microscopy did not have  the 

capability of resolving the aggregates because of the fine focusing necessary to generate high 

quality images. For this reason, automated methodology was set aside and a more traditional 

semi‐automated approach was used.  For  further details about  the method  refer  to  section 

2.2.3.  
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4.2.1.3.  Characterisation  and  distribution  of  S830  positive 

aggregates in different brain areas of the HD sheep 

 

4.2.1.3.1.  S830  positive  aggregates  detection  in  transgenic  OVT73 

animals at 18 and 36 months of age  

 

S830  positive  neuropil  aggregates were  detected  in  several  regions  in  two  out  of  three  18 

month old transgenic OVT73 animals and in the single 36 month old transgenic ram. Neuropil 

aggregates were distributed  in  frontal, piriform,  insular,  sensory and  somatosensory cortical 

regions as shown in figure 22. The highest density was localised  in the inferior frontal cortex, 

piriform  cortex,  claustrum  and  insular  cortex  (figure  23,  figure  24).  Of  note,  S830  positive 

aggregates were not observed in striatum, motor cortex and cingulate gyrus in the 18 and 36 

month animals. 

 

Interestingly, some neuronal  intranuclear  inclusions (NIIs) were also detected using the same 

antibody in the piriform cortex of the single 36 month old transgenic ram (figure 24) and not 

detected  in  the  younger  animals. Although  similar  numbers  of  cortical  neuropil  aggregates 

were detected in both groups, a small number of punctate neuropil aggregates were observed 

exclusively  in  the  somatosensory  cortex  of  the OVT73  36 month  old  animal. No  aggregate 

structures were  identified  in any  sections  from  four age matched control  sheep  (for details 

refer to appendix III).  

 

In an assessment by an independent laboratory (Dr. Alex Osmand, University of Tennessee) of 

the same 18 month old animals, S830 immunopositive aggregates were detected in the same 

regions and with similar distribution as shown  in  figure 21. Furthermore, a small number of 

4H7H7‐immunopositive aggregates were  found  in the cortex exclusively  (for details  refer  to 

appendix III).  
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Figure 22. Distribution of S830 positive aggregates  in different brain areas  in 18 month and 36 month OVT73 

sheep brain.  (A, D) Macro  images of coronal Nissl stained sections  illustrate the different anatomical areas of a 

sheep brain. Note the well‐developed gyrencephalic cortical structures of the ovine brain.  (B, E) Representative 

coronal  section  showing  the map  of  density  and  distribution  of  S830  positive  aggregates  in  18 month OVT73 

brains.  (C,  F)  Representative  coronal  section  showing  the  map  of  density  and  distribution  of  S830  positive 

aggregates  in  a  single  36 month  OVT73  brain.  Sections  of  18 month  old  OVT73  demonstrate  S830  positive 

aggregates  only  in  piriform  cortex,  claustrum,  insular  cortex  and  sensory  cortex. No  detectable  S830  positive 

aggregates were found in motor cortex, caudate nucleus, putamen, and ventral striatum in OVT73 sheep. Neuropil 

aggregates were  detected  in  the  somatosensory  cortex  in  the  36 month OVT73  brain.  Lastly,  a  few  neuronal 

intranuclear inclusions were seen in piriform cortex of the 36 month old OVT73 animal. 
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Figure 23. Photomicrographs of S830 positive aggregates in different brain areas in 18 month transgenic OVT73 sheep (see overleaf for legend). 
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Figure 23. Photomicrographs of S830 positive aggregates in 18 month OVT73 sheep brains.  

(A‐I) S830 positive neuropil aggregates (black arrowheads) detected by a biotinylated version of the S830 antibody 

found  in  18 month  old OVT73  brains  in  inferior  frontal  cortex,  somatosensory  frontal  cortex,  piriform  cortex, 

sensory cortex and the frontal portion of the motor cortex. (J‐M) High magnification of S830 neuropil aggregates of 

some of  the brain  regions  listed above are  illustrated  in  the boxes on  the  right. These S830 positive aggregate 

structures were not  identified  in medial  gyrus,  cingulate  gyrus, putamen and  the  caudal portion of  the motor 

cortex of any of the OVT73 animals analysed at 18 month time point. Aggregates were not seen in the 18 month 

old control animals (for details refer to appendix III). Legend: B4‐S830 (biotinylated S830), SS (somatosensory). 

Scale bar (A‐I) = 20 µm, scale bar (J‐M) = 10 µm 
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Figure 24. Photomicrographs of S830 positive aggregates in different brain areas in 36 month transgenic OVT73 sheep (see overleaf for legend). 
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Figure 24. Photomicrographs of S830 positive aggregates in 36 month transgenic OVT73 sheep brains.  

(A‐I) S830 positive neuropil aggregates (black arrowheads) found in 36 month old OVT73 brains in inferior frontal 

cortex, somatosensory frontal cortex, piriform cortex, sensory cortex and the frontal portion of the motor cortex. 

In the piriform cortex, few neuronal intranuclear inclusions (NIIs) were observed in the OVT73 ram analysed (red 

arrowhead). S830 positive neuropil aggregates were also noticed in the somatosensory cortex at 36 months of age 

(data not shown). (J,K,M) High magnification of S830 neuropil aggregates of some of the brain regions listed above 

are illustrated in the boxes on the right. (L) High magnification of S830 nuclear inclusion in the piriform cortex (red 

arrowhead). As  for  the 18 month group, S830 positive aggregate were not observed  in medial gyrus, cingulate 

gyrus, putamen and  the  caudal portion of  the motor  cortex of any of  the 36 month OVT73 animals analysed. 

Aggregates were not seen in the 36 month old control animal (for details refer to appendix III). Legend: B4‐S830 

(biotinylated S830), SS (somatosensory). 

Scale bar (A‐I) = 20µm, scale bar (J‐M) = 10 µm 
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4.2.1.3.2.  S830  positive  aggregates  detection  in  transgenic  OVT73 

animals at 5 year of age  

 

The  analysis now progressed  to  the 5  year old animals  as  they became  available  for  this 

study. S830 positive aggregates were observed in most of the cortical brain regions in all six of 

the 5 year old OVT73 animals (3 rams, 3 ewes) and not in their controls (4 rams, 2 ewes). These 

aggregates were  localised  in  the  inferior  frontal cortex, somatosensory  frontal cortex, motor 

frontal cortex and medial gyrus of the frontal section examined. Similarly to the 18 month and 

36  month  old  OVT73  animals,  the  cortical  area  surrounding  the  basal  ganglia  shows 

accumulation of S830 positive aggregates. The majority were distributed in the piriform cortex, 

claustrum, insular cortex as well as motor cortex (figure 25). 

 

Interestingly, in all 5 year old OVT73 animals, S830 positive aggregates were also observed  in 

motor cortex, cingulate gyrus and putamen where  they had not previously  seen  in younger 

animals. No  detectable  S830  positive  aggregates were  found  in  the  same  animals  in  the 

ventral striatum. Furthermore S830  inclusions were detected  in the caudate nucleus of two 

of the six transgenic OVT73 animals (figure 26). 

 

In addition, a small number of neuronal  intranuclear  inclusions were found  in  inferior frontal 

cortex, piriform cortex and motor cortex in some of the animals (figure 26). Aggregates have 

not been seen in any of the 5 year old control animals. 
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                      Figure 25. Distribution of S830 positive aggregates in different brain areas in 5 year old OVT73 sheep brain (see overleaf for legend).  
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Figure 25. Distribution of S830 positive aggregates in different brain areas in 5 year old OVT73 sheep brain.  

(A, E) Macro images of coronal Nissl stained sections illustrate the different anatomical areas of a sheep brain. (B, 

C, F, G) Map of distribution of S830 positive aggregates in 18 and 36 month old OVT73 added for comparison. (D, 

H) Representative coronal section showing the map of density and distribution inferior frontal cortex, in 5 year old 

transgenic OVT73 animals.  (H)  In 5 year old OVT73 brains, a  few neuronal  intranuclear  inclusions were  seen  in 

piriform cortex and  in  inferior  frontal cortex and motor cortex. Altogether, a progressive accumulation of S830 

positive neuropil and nuclear aggregates is evident in OVT73 animals in time.  

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                   Chapter four Progressive accumulation of polyglutamine aggregates in HD sheep 
 

108 
 

                                   Figure 26. Photomicrographs of S830 positive aggregates in different brain areas in 5 year old transgenic OVT73 sheep (see overleaf for legend).   
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Figure 26. Photomicrographs of S830 positive aggregates in different brain areas in 5 year old transgenic OVT73 

sheep.  

(A‐I) 5 year old OVT73 brains shown S830 positive neuropil aggregates (black arrowheads) in inferior frontal cortex, 

somatosensory  frontal cortex, motor  frontal cortex, medial gyrus, piriform cortex, sensory cortex, motor cortex, 

cingulate  gyrus  and  putamen.  In  the  inferior  frontal  cortex,  piriform  cortex  and motor  cortex  few  neuronal 

intranuclear inclusions (NIIs) were observed in some of the 5 year old OVT73 analysed. (J, K, M) High magnification 

of  S830  positive  intranuclear  inclusion  in  the  piriform  and motor  cortex  are  shown  (red  arrowhead).  (L) High 

magnification of S830 neuropil aggregates are  illustrated  in  the boxes on the  right. Sporadically,  larger neuropil 

aggregates were noticed in some of the 5 year old OVT73 animals analysed. Aggregates were not seen in the 5 year 

old control animals (for details refer to appendix III). Legend: B4‐S830 (biotinylated S830), SS (somatosensory). 

Scale bar (A‐I) = 20 µm, scale bar (J‐M) = 10 µm 
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4.2.1.4. S830 positive aggregates quantification in transgenic OVT73 

animals at 5 years of age  

 

The number of neuropil and nuclear aggregates  in  the brain of  transgenic OVT73 animals   

was measured using the method described in section 3.2.3. Briefly, two sections at different 

levels  were  selected  for  S830  positive  aggregates  quantification.  These  were:  a  frontal 

section including inferior frontal cortex, somatosensory frontal cortex, motor frontal cortex, 

medial  gyrus  (figure  27A)  and  a  striatal  section  including  piriform  cortex,  somatosensory 

cortex,  motor  cortex,  cingulate  gyrus,  caudate  nucleus  and  putamen  (figure  28A).  An 

attempt to quantify aggregates  in the same brain region as those already examined  in the 

younger  animals  was  made.  However,  the  boundaries  between  insular 

cortex/somatosensory  cortex  and  somatosensory  cortex/sensory  cortex  cannot  be 

accurately defined  in  the ovine brain.  Therefore,  the  insular,  somatosensory  and  sensory 

regions have been quantified as a single region and named somatosensory cortex  in the 5 

year old animals (figure 28A).   

 

On average,  in the frontal region, 6 neuropil aggregates were detected per mm2 in  inferior 

frontal  cortex,  5.5  in  somatosensory  frontal  cortex  and motor  frontal  cortex  and  4.9  in 

medial  gyrus  (figure  27).  In  the  striatal  region  on  average,  6  neuropil  aggregates  were 

detected per mm2  in piriform cortex, 5.3 in somatosensory cortex and motor cortex, 3.9  in 

cingulate gyrus, 0.6 in caudate nucleus and 3.5 in putamen (figure 28). 

 

Finally,  limited numbers of  S830 positive nuclear  inclusions were detected  in  few OVT73 

animals in some regions of prefrontal and striatal regions examined. On average, 0.2 nuclear 

inclusions were  identified per mm2  in  inferior  frontal cortex  in  the prefrontal portion, 0.5 

per mm2  in piriform cortex and 0.8 per mm2  in motor cortex  in the striatal portion  (figure 

29). 
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     Figure 27. S830 positive neuropil aggregates quantification in the frontal section at 5 years of age (see overleaf for legend). 

 

 



                            Chapter four Progressive accumulation of polyglutamine aggregates in HD sheep 
 

112 
 

Figure 27. S830 positive neuropil aggregates quantification in the frontal section at 5 years of age. 

(A) Diagram showing the region of interest quantified for S830 positive aggregates. The frontal section includes the 

inferior frontal cortex (in grey), somatosensory frontal cortex (in cyan), motor frontal cortex (in  light yellow) and 

medial gyrus (in baby blue). In the insert on the top right is depicted the level of the ovine brain where the brain 

section examined is from. (B‐E) The above graphs show the number of S830 positive neuropil aggregates per mm2 

in  individual  OVT73  animals  for  each  region  in  the  frontal  section  as  follows:  inferior  frontal  cortex  (B); 

somatosensory frontal cortex (C); motor frontal cortex (D) and medial gyrus (E). The bars in pink and red depict the 

number of aggregates per mm2 in OVT73 ewes and OVT73 rams respectively.  

The data are expressed as number of neuropil aggregates per mm2.  
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             Figure 28. S830 positive neuropil aggregates quantification in the striatum section at 5 years of age (see overleaf for legend). 
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Figure 28. S830 positive neuropil aggregates quantification in the striatum section at 5 years of age. 

(A) Diagram showing the region of interest quantified for S830 positive aggregates. The striatum section includes 

the pirifom cortex (in light green), somatosensory frontal cortex (in cyan), motor cortex (in yellow), cingulate gyrus 

(in fuchsia), caudate nucleus (in purple) and putamen (in green). In the insert on the top right is depicted the level 

of the ovine brain where the brain section examined  is from. (B‐G) The above graphs show the number of S830 

positive  neuropil  aggregates  per mm2  in  individual OVT73  animals  for  each  region  in  the  striatum  section  as 

follows: piriform cortex (B); somatosensory cortex (C); motor cortex (D); cingulate gyrus (E); caudate nucleus (F) 

and putamen  (G).  In  the caudate nucleus, neuropil aggregates were detected only  in  two out of  the six OVT73 

animals analysed. The bars in pink and red depict the number of aggregates per mm2 in OVT73 ewes and OVT73 

rams respectively. The data are expressed as number of neuropil aggregates per mm2.  
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                   Figure 29. S830 positive nuclear inclusion quantification in the frontal and striatal sections at 5 years of age (see overleaf for legend). 
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Figure 29. S830 positive nuclear inclusion quantification in the frontal and striatal sections at 5 years of age. 

(A‐C) Diagram showing the region of interest quantified for S830 positive nuclear aggregates in frontal and striatum 

sections  respectively.  In  the  inserts on  the  top  right are depicted  the  levels of  the ovine brain where  the brain 

sections examined are from. (B) The graph shows the number of neuronal inclusions for individual OVT73 animals 

in the inferior frontal cortex. Limited number of nuclear inclusions was detected in this brain region of few OVT73 

animals. (D, E) The graphs show the number of neuronal inclusions per mm2 in individual OVT73 animals detected 

in piriform and motor cortex respectively. In these brain regions also the number of nuclear inclusion detected was 

limited. The motor cortex shows nuclear aggregates in five out of the six animals examined whereas the piriform 

just  in two. The bars in pink and red depict the number of aggregates per mm2  in OVT73 ewes and OVT73 rams 

respectively. The data are expressed as number of neuropil aggregates per mm2.  
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4.3. Discussion 

 

This chapter describes  the  investigation of  the presence and distribution of mhtt aggregates 

and  inclusions  in  different  brain  regions  of  HD  sheep.  The  expectation  was  that  these 

aggregates  would  be  present  if  the  sheep  model  was  faithfully  following  the  human 

pathological trajectory. The hypothesis of accumulation of mutant htt aggregates in the brain 

of HD sheep, as direct consequence of the expression of the expanded human HTT transgene, 

was assessed using a large array of antibodies.  

A  vast  selection  of  antisera  directed  against  different  sites  of  the  htt  protein  are  available  

(Hoogeveen et al., 1993; Difiglia et al., 1995; Sharp et al., 1995; Trottier et al., 1995a; Trottier et 

al., 1995b; Gutekunst et al., 1995; Difiglia et al., 1997; Sapp et al., 1997; Davies et al., 1997; 

Becher  et  al.,  1998;  Gourfinkel‐An  et  al.,  1998;  Li  and  Li,  1998;  Kim  et  al.,  1999a; Maat‐

Schieman et al., 1999; Gutekunst et al., 1999; Sieradzan et al., 1999; Kuemmerle et al., 1999; 

Yamada et al., 2000; Wellington et al., 2000; Wheeler et al., 2000; Li et al., 2001; Wellington et 

al., 2002; Lunkes et al., 2002; Slow et al., 2003; Arrasate et al., 2004; Slow et al., 2005; Rudnicki 

et al., 2008; Herndon et al., 2009).  

Since the antibodies raised against the internal portion or C‐terminus of the human htt do not 

generally identify huntingtin aggregates in HD patients, most likely these would not selectively 

identify  the  human  mutant  huntingtin  in  transgenic  OVT73  either  (Sharp  et  al.,  1995; 

Gutekunst et al., 1995; Difiglia et al., 1995; Trottier et al., 1995; Difiglia et al., 1997; Becher et 

al.,  1998).  For  these  reasons,  this  group  of  antibodies  was  not  considered  for 

immunohistochemical detection of mhtt aggregates in HD sheep. 

 

As most of the aggregates detected in HD human and animal models have been seen using N‐

terminal antibodies,  for the purpose of this study the use of antisera directed against the N‐

terminal  portion  of  the  htt was  preferred  (Lunkes  et  al.,  2002). While most  of  the  tested 

antibodies in this thesis were poorly immunoreactive on HD sheep tissue, this does not exclude 

the possibility that aggregates may be found using different antisera or immunohistochemical 

protocols other than the ones already employed.  
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Whilst  strongly  immunoreactive  in  HD  sheep  tissue,  the  antibodies  1C2  and  1F8  did  not 

specifically identify any mhtt aggregates (for details refer to appendix III). These antibodies are 

polyglutamine  length  dependent  and  can  detect  other  polyglutamine  containing  proteins 

therefore the observed lack of specificity for mHtt is not surprising. 

 

The ubiquitin antibody was tested to verify the presence of ubiquinated aggregates in the HD 

sheep brain.  It has been suggested that ubiquitination may be a common  feature  leading to 

aggregation  in  HD  and  other  polyglutamine  expansion  disorders  (Gutekunst  et  al.,  1999; 

Morton et al., 2000; Meade et al., 2002; Maynard et al., 2009; Todi et al., 2008). Ubiquinated 

aggregates  could not be  found  in OVT73 animals as  the antibody used was not  reactive on 

ovine  tissue.  Since  the  exact  binding  epitope  for  ubiquitin  antibody  (Sigma  U5379)  was 

unknown, the results obtained may be explained by a lack of specificity of this antibody for the 

ovine ubiquitin sequence. However, as the antibody used was raised against bovine ubiquitin 

and  little  is  known  about  the  ubiquitin  ovine  sequence  it  is  hard  to  confirm  if  the  lack  of 

specificity is the reason of this failure. 

 

Lastly, the antisera S829 and S830 were tested on HD sheep tissue by immunohistochemistry.  

Since  these antibodies were  raised  in  sheep, a modification  for  the use  in ovine  tissue was 

required.  This was  kindly  performed  by  Dr.  Alex Osmand who  began  the  process  of  HPLC 

gradient elution purification and noted that S830 had a greater affinity for mutant huntingtin 

epitopes  than  S829.  Both  antibodies  were  biotinylated  for  detection  of  polyglutamine 

aggregates in HD sheep.  

 

Finally, after strong antigen retrieval and signal amplification by tyramide, the antibody S830 

demonstrated its ability to detect a small number of positive aggregates in two out of the three 

transgenic OVT73 18 months old analysed. These encouraging  results were confirmed  in an 

independent  laboratory  using  a  similar  antibody  raised  against  the N‐terminus  of  the mhtt 

protein (Dr. Alex Osmand, personal communication).  

 

Now with a  reliable marker  for detection of mhtt aggregates  the assessment of huntingtin‐

containing inclusion bodies in the brain OVT73 animals was undertaken. Initially, the 6 month 

harvest  (7 OVT73, 7 controls) was not  included  in  the analysis as  it was considered unlikely 
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mhtt aggregate formation would take place at that young age. However, with growing interest 

in  identifying a  suitable window  for  therapeutic  testing  in HD  sheep,  this  time point will be 

certainly considered in the next future for assessment of inclusions. 

 

Qualitative analyses of four animals at 18 months and two at 36 months of age on OVT73 and 

control  brains were  taken  to  establish  the  presence  and  regional  distribution  of  huntingtin 

immunoreactive aggregates. Apart  from no evidence of aggregates  in one 18 month OVT73 

animal, a limited amount of neuropil S830 immunopositive aggregates have been detected in 

piriform, insular, sensory and somatosensory cortical areas as well as claustrum. Conversely, a 

lack  of mhtt  aggregates was  noted  in motor  cortex,  caudate  nucleus,  putamen  and  globus 

pallidus. A small number of large nuclear aggregates were also identified in the piriform cortex 

in the 36 month animals examined (Davies et al., 1997; Difiglia et al., 1997; Gray et al., 2008).  

 

Most of the neuropil aggregates were localised in the area encompassing the piriform‐insular 

region. However, a detailed quantification of these inclusions was precluded due to the limited 

number of transgenic OVT73 animals available. 

 

The larger group of 5 year old OVT73 animals available in 2012 (6 OVT73 and 6 CTRL) enabled 

the development of an accurate method to quantify the neuropil and nuclear aggregates in HD 

sheep brains. A  reliable quantification method which  is  truly  representative of  the biological 

differences observed  is difficult to achieve. So  far, most of  the  image acquisition approaches 

used  to sample a  limited brain area  rely on a biased choice of  few  fields of view, which are 

usually  selected  based  on  the  quality  of  the  staining  in  that  area.  Therefore,  in  order  to 

decrease the bias introduced, the systematic random sampling (SRS) approach was applied to 

accomplish a truly representative acquisition of the region of interest.  

 

Following the image acquisition of the region of interest, the application of fully automated 

method for aggregate quantification was attempted with no success. The number and size 

of  the  S830  aggregates  in  HD  sheep  were  so  limited  that  the  high  throughput  analysis 

already  developed  for  large  inclusion  quantification  was  not  applicable  in  this  instance 

(Scotter  et  al.,  2008;  Byrne  et  al.,  2009).  Accordingly,  the  detailed  quantification  of mhtt 

aggregates in OVT73 animals at 5 years of age was carried out manually.    
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S830 positive neuropil aggregates were  identified  in all  the  cortical areas  in  the  frontal and 

striatal portion of the OVT73 cases, and  in none of the control brains. The highest density of 

neuropil  aggregates was observed  in piriform  cortex,  followed  in density by  inferior  frontal 

cortex, motor  cortex and  somatosensory  cortex, motor  frontal cortex and medial gyrus and 

lastly cingulate gyrus. A few neuropil aggregates were detected in these 5 year old animals also 

in  the putamen and  in  the  caudate nucleus of  two of  the  six 5 year old  transgenic animals 

analysed. They were not evident in the 18 month and 36 month old animals.  

 

Interestingly, in the 5 year old OVT73 animals, the aggregates from the lateral portion seem to 

spread towards the medial portion of the subcortical nuclei of the brain.  It may be  the case 

that  the different  interconnections  that  the cortical  regions have with  the  subcortical nuclei 

influence  to a  certain extent  the  spreading of mutant aggregates  from  the putamen  to  the 

caudate nucleus (Redgrave et al., 2010).    

 

In  addition,  the  older  OVT73  animals  showed  in  the  brain  a  larger  number  and  wider 

distribution of intranuclear inclusions when compared with the younger animals. In particular, 

nuclear aggregates were found in inferior frontal cortex and motor cortex, where they had not 

been seen at younger ages. 

 

For  the  first  time  to  our  knowledge,  a  systematic method  of  quantification was  applied  to 

determine the number of mhtt aggregates in different brain regions. This methodology better 

represents quantitatively  the distribution  of mhtt  aggregates  in  relatively  large  brain  areas. 

Since  similar methodologies have not  been used on  post mortem HD  tissue  to date,  these 

results are difficult to compare with the human condition. It would be of interest in the future 

to apply this method to measure the number and distribution amount of mhtt aggregates  in 

human HD tissue.  

 

The  interpretation of  these  results may be  challenging.  Indeed,  the  role of  inclusions  in  the 

brain is not yet fully understood and there is variation in aggregates formation in different HD 

models, as well as HD models and the actual human disease. Although a large number of HD 

models  are  available,  they  are  limited  when  it  comes  to  mimicking  the  progressive 

accumulation  of  inclusion  seen  in  the  human HD  brain.  For  example,  some models  exhibit 
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aggregates before the onset of symptoms (Li et al., 2001; Davies et al., 1997), others develop a 

motor and neurological phenotype  followed by aggregates  (Slow et al., 2003; Nguyen et al., 

2006; Menalled et al., 2002), and while yet others have abundant aggregates and no major 

symptoms (Slow et al., 2005; Wheeler et al., 2000). On the other hand, most of the knowledge 

about aggregate formation in HD originates from end stage HD brains which may be of limited 

use  in  elucidating  the  subtle  mechanisms  causing  the  progressive  accumulation  of  these 

aggregates. 

 

There are only few papers describing mhtt protein aggregation in the presymptomatic human 

HD condition (Difiglia et al., 1997; Gutekunst et al., 1999; Gomez‐Tortosa et al., 2001). These 

studies  indicate  that  like  in  the OVT73 model  the  aggregates were mainly  detected  in  the 

cortical areas and the neuropil aggregates were  identified prior to nuclear aggregates. These 

correlative observations between the HD sheep and the presymptomatic HD suggest that the 

OVT73 may be, from a neuropathological perspective, a good model of early HD progression. 

The absence of overt physical symptoms supports this observation.  

 

To better  investigate  the early disease  stages  the antibody  S830 has been  recently used  to 

detect mhtt aggregates in some presymptomatic HD models with varying results (Pouladi et al., 

2012; Yu‐Taeger et al., 2012). In the first study, a widespread accumulation of mhtt aggregates 

was reported only in the striatum of the YAC128 model (Pouladi et al., 2012). In addition, Yu‐

Taeger and colleagues described the accumulation of S830 neuropil aggregates in the different 

brain regions of the BACHD rat model (Yu‐Taeger et al., 2012). Similarly to the OVT73 model, in 

BACHD  rat neuropil aggregates were abundant  in  the cortex whereas  few were detected  in 

caudate and putamen.  

 

In addition, nuclear  inclusions were mainly observed  in cerebral cortex with  few  reported  in 

striatum  and  in  the  dentate  gyrus  in  older  BACHD  rats.  Furthermore,  a  progressive 

accumulation of S830 positive aggregates was observed  in BACHD cortex, amygdala and CA3 

region of the hippocampus during aging and the nuclear accumulation of mhtt appeared only 

in  cortex  in  advanced  age.  These  findings  closely  resemble  the  spatiotemporal  progressive 

accumulation of S830 detected aggregates already described in the OVT73 model at different 

time points in this chapter. 
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Interestingly,  Yu‐Taeger  and  colleagues  indicated  that  in  amygdala  and  hippocampus  the 

accumulation of mhtt aggregates  is prominent. To  investigate  if a similar event occurs  in our 

OVT73 model a detailed immunohistochemical analysis will be carried out soon in these brain 

regions.   

 

4.3.1. Summary 

 

These observations describe a progressive  spreading of mhtt aggregates  in  the OVT73 brain 

with  aging  and  imply  that  the OVT73 model mimics  some  early  features  of  the  huntingtin 

aggregation process noted in HD.  

 

The absence of aggregates in one 18 month old animal suggests that this time point might be 

on the onset of the aggregate formation. It is interesting to consider the interanimal variation, 

despite  these animals being  full‐sibs,  is  compatible with  the variation  in age of onset  in HD 

families. 

 

These  studies combined with  the neuropathological markers  indicate  that  the OVT73  line  is 

exhibiting the hallmarks presumed in a presymptomatic model. 
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5. CHAPTER FIVE  

Proteomic profile of HD sheep 

 

5.1. Introduction 
 

While the function of huntingtin is not yet fully understood, HD pathogenesis is usually 

explained as a toxic gain of function of the mutant htt with some contributing loss of the 

physiological function of the normal huntingtin (Di Prospero et al., 2000; Cattaneo et al., 

2001).  

 

The huntingtin protein has roles in a number of molecular pathways and interacts with a large 

variety of proteins (Harjes et al., 2003; Li et al., 2004; Shirasaki et al., 2012; Tourette et al., 

2014). The roles were reviewed in section 1.1.4 of this thesis.   

 

With regard to HD pathogenesis many detrimental mechanisms involving protein-protein 

interactions are reported, suggesting a failure of the proteome in maintaining the cellular 

homeostasis (Zabel et al., 2009). The polyglutamine expansion appears to directly influence the 

capability of the htt protein to interact with other proteins (Boutell et al., 1999; Holbert et al., 

2001; Steffan et al., 2000). However, how the mutant huntingtin exerts its effects on the 

proteome and its interactions is not clear yet.  

 

To investigate this, traditional 2D gel proteomic analyses have been carried out using mostly 

HD patient brains and HD models with evident disease phenotype (Perluigi et al., 2005; Sorolla 

et al., 2008; Schonberger et al., 2013). Taken together, these studies indicate that oxidative 

damage plays a role in the end stage pathogenesis of HD.  
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As a result, protein expression changes have been largely examined in the disease tissue in the 

advanced stage, whereas a detailed analysis of the protein alterations in the presymptomatic 

stage of the disease has not been reported. Most likely, study of the early phase of the disease 

may provide a better opportunity to identify the initiatory events and the mechanisms 

downstream of the mutation. 

 

Recently, a proteome profiling study from 20 HD gene carriers, categorised as 10 early stage 

and 10 moderate stage, indicated that brain-specific proteins tend to change in CSF samples 

and the majority of these changes are concordant with mRNA alterations reported in different 

HD brain regions (Fang et al., 2009). The protein changes reported in this study may reflect an 

altered biochemical state of the CNS as consequence of a progressive degeneration of different 

brain cells. Most of the differentially abundant proteins described were associated with 

neuroinflammation, astrocytosis and microgliosis which are known to play a role in the 

degeneration process of HD.  

 

Despite considerable progress in the understanding of the disease, little is known about the 

presymptomatic stage to date. For instance, the early molecular mechanisms which lead to the 

dysfunction and selective degeneration of brain cells are unclear as are the pathways involved. 

The identification of what goes wrong in the early phase of the disease could be useful for the 

design of targeted therapies to delay the onset.  

 

Another important aspect for the development of effective treatments relies upon the 

identification of reliable biomarkers to track the disease and potentially evaluate therapies 

(Borowsky et al., 2013). These markers could be especially helpful to monitor changes during 

the prodromal phase before the onset of clinical symptomatology and crucial for 

presymptomatic clinical trials.  

 

To investigate this, the OVT73 sheep line, carrying a moderate polyglutamine expansion, may 

represent a powerful tool to examine the presymptomatic HD stage. The investigation of 

protein abundance changes in the OVT73 line may shed light upon the triggering events of 

disease, provide pathways of interest for therapeutics and eventually identify potential 

biomarkers of disease progression.  
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To achieve this, liquid chromatography - tandem mass spectrometry (LC MS MS) coupled with 

isobaric mass tags (iTRAQ) was chosen to identify and monitor proteins in brain samples of HD 

sheep in an unbiased fashion. In the iTRAQ LC MS MS approach, samples are labelled with 

chemical tags to quantify the abundance of proteins fragmented into peptides by mass 

spectrometry. The abundance of each peptide is measured and protein quantities are obtained 

for each sample. 

 

A proteomic experiment was undertaken and described in this chapter. The protein abundance 

in different brain areas of OVT73 line were investigated in a non-hypothesis driven manner 

using quantitative LC MS MS proteomic approaches and the results compared with WT cohort.  

 

This work was undertaken by the author and collaborators in the Centre for Advanced 

Discovery and Experimental Therapeutics (CADET) at University of Manchester. Quality control 

tests were performed on OVT73 brain samples locally in the CGPM (Centre for Genomics, 

Proteomics and Metabolomics) at the University of Auckland prior to the investigation in 

Manchester. The samples were shipped in dry ice to CADET for iTRAQ quantitative proteomic 

analysis. Brain tissue from the 5 year old OVT73 cohort was examined. These animals were the 

oldest available, and thus most likely to have developed a molecular phenotype.  

 

Three different brain regions including cerebellum, motor cortex and striatum were examined 

in this study. Differences in protein abundance in distinct brain regions between controls and 

OVT73 brain samples were identified and the results presented in this chapter. Furthermore, 

the LC MS MS dataset was examined to search for variations in the correlation of protein 

abundances between WT and OVT73 samples. 

 

Selection criteria have been applied to determine the candidate proteins to consider for 

further monitoring. A process was established for the selection of proteins of interest to enable 

downstream antibody-based examination. 

 

Finally, standard operating procedures for MS-based proteomic analysis and targeted 

validation in HD sheep have been established and described in this chapter. 
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5.2. General aim 
Determine pathways and markers associated with the disease applying proteomic analysis on 

brain samples from 5 year old OVT73 sheep.     

 

5.3. Specific aims 
 

• Assess the suitability for iTRAQ LC MS MS analysis of peptides from HD sheep  

• Utilise biological duplicates to evaluate the reproducibility of iTRAQ LC MS MS analysis  

• Undertake iTRAQ LC MS MS proteomic analysis on cerebellum, motor cortex and 

striatum of 5 year old control (N=6)  and OVT73 (N=6) sheep  

• Use the proteomic datasets generated to identify protein abundance changes 

comparing  OVT73 and control brain samples  

• Select candidate proteins for further validation  
• Monitor the abundance of candidate proteins in the 5 year old cohort brain tissue using  

antibody-based assays and compare results with MS proteomic analysis 
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5.4. Methods 
 

5.4.1. Samples 

 

The samples used for MS proteomic analysis were derived from cerebellum, motor cortex and 

striatum of 5 year old OVT73 and controls (figure 30). From the left hemisphere of the ovine 

brain, blocks of tissue were obtained from the dorsal portion of the cerebellum, the posterior 

portion of the motor cortex and the frontal portion of the caudal striatum as shown in figure 

30. Striatum samples were collected by scratching several fresh frozen brain sections on a glass 

slide with a squared razor blade. In total, 12 animals were used (6 OVT73 + 6 CTRL) and 36 

samples underwent in-depth MS-based analysis.  

Figure 30. Sheep brain dissection and sampling for proteomic studies. 

A cutting matrix was used to dissect the ovine brain and generate several blocks (block 6 to block 1). (A-C) In pink 

the areas of the ovine brain where the subsamples of cerebellum (A), motor cortex (B) and striatum (C) were 

collected for MS analysis (Images adapted from the Michigan State Comparative Mammalian Brain Collections and 

the National Museum of Health and Medicine). 
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5.4.2. Protein extraction and sample homogenate 

preparation 
 

Proteins were extracted from the three brain regions as described in section 2.2.4.1. To avoid 

interference with iTRAQ-labelling reagents or trypsin activity, 1M triethylammonium 

bicarbonate (TEAB) along with 0.1% (wt/vol) SDS was used as extraction buffer for proteins. 

Following quantification by BCA assay, 100 µg protein aliquots were made and the volume 

equalised to 30 µL using 1M TEAB. To reduce cysteine disulfide bonds, dithiothreitol (DTT) 

was added and samples incubated at 56°C for 30 minutes. Once the reduction step was 

completed, the aliquots were alkylated with iodoacetamide (IAM) for 1 hour in the dark. 

 

5.4.3. Quality controls 

 

Immediately after the alkylation, a full set of aliquots (6 OVT73 + 6 CTRL) for each brain region 

was set aside for quality control checks. The QC samples were incubated with trypsin at 37°C 

overnight on a heat block and tubes frozen at - 80°C to stop the digestion (for further details 

refer to section 2.2.4.2). The following day the samples were delivered to the CGPM (Centre 

for Genomics, Proteomics and Metabolomics at the University of Auckland) for MS analysis on 

a QSTAR XL mass spectrometer. 

 

5.4.4. Labelling and fractionation  

 

Following the quality control tests, triplicate sample sets for each animal were shipped into dry 

ice boxes to CADET at University of Manchester. One full set of samples was used for in-depth 

MS analysis and the remaining aliquots archived. After trypsin digestion, the peptide mix was 

labelled as described in section 2.2.4.2. Subsequently, the fractionation of the labelled peptides 

was carried out as described in section 2.2.4.3. The fractions obtained were collected in a 96 

well plate for microdialysis and stored at – 20 °C. 

 



                                                                                                         Chapter five   Proteomic profile of HD sheep 
 

129 
 

5.4.5. LC MS MS and database search  

 

LC MS MS was conducted in CADET by the author with the expert assistance of Dr. Richard 

Unwin. A total of 36 brain samples were analysed and required a total of 60 days of MS running 

(refer to sections 2.2.4.1 and 2.2.4.2 for details). The tandem mass spectrometry (MS MS) is an 

analytical method which involves the combination of two mass spectrometers. The first mass 

spectrometer isolates electrically charged peptides having a specific mass/charge ratio, known 

as precursor ions.  The collision of these ions against nitrogen generates smaller fragments of 

charged ions which are separated by the second mass spectrometer. This whole process is 

carried out to create a library of MS MS spectra needed for peptide identification. By inserting 

all the spectra generated into a protein database search engine the unknown peptide IDs are 

matched and revealed.    

 

5.4.6. Protein identification and quantification 
 

The dataset generated is then interrogated to extrapolate two things: 1) the identification of 

the protein IDs and 2) the quantification of the protein abundance in the samples analysed. 

Briefly, the identification of proteins is carried out with the help of an algorithm created to 

match mass spectra to specific peptide sequences (and so, protein IDs)(Shilov et al., 2007). 

Following identification, the quantity of the peptides abundance for each sample is calculated 

by determining the height of the peaks of the iTRAQ reporter mass intensities. The number of 

peptides matching a specific protein are then summarised to determine the abundance of the 

protein. Lastly, appropriate false discovery rate scores were applied as described in appendix IV 

to ensure reliable identification of the proteins (Tang et al., 2008).  
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5.4.7. Statistical analysis and selection criteria  
 

In the LC MS MS dataset, differences in protein abundance between groups (OVT73 vs CTRL) 

were statistically assessed by manually applying the Student t-test. All proteins with a p-

value < 0.05 were considered altered and investigated further.  

 

The altered changes were examined graphically and protein candidates were selected 

applying a selection criterion. The decision making process for the eligibility of these 

candidates has been employed as follows:  

    

• The candidates showing at least a ± 10% difference in protein abundance between 

OVT73 and control cohorts were selected  

 

• The targets having a p-value < 0.05 in more than one of the brain regions investigated 

were prioritized  

 

• The relationship of the protein candidates towards the disease was considered 

 

• Since the percentage difference can be influenced by single animal variability, targets 

demonstrating better separation in protein abundance OVT73 versus control group 

were favoured   

 

 

For the proteins statistically altered in abundance (p<0.05) and trending (between p <0.05 

and P<0.1) correlation analyses were carried out with JMP®, Version 10.0.0 (Statistical 

Discovery™ software from SAS). First of all, the abundances of protein (log transformed) 

were used to generate pair-wise correlations between protein couples and then the 

differences in correlation coefficients (r) between cohorts (OVT73 vs CTRL) were statistically 

evaluated using the Fischer r-to-z transformation (http://vassarstats.net/rdiff.html?).   

 

http://vassarstats.net/rdiff.html?


                                                                                                         Chapter five   Proteomic profile of HD sheep 
 

131 
 

5.5. Results 

 

To our knowledge, this is the first application of iTRAQ LC MS MS to ovine brain samples. It was 

therefore critical to assess the reliability of the method applied. The first part of this section is 

dedicated to quality control analysis of the samples. 

 

Once the reliability of the method was established, analysis of three different brain regions 

from 5 year old OVT73 and controls (6 OVT73 + 6 CTRL) was carried out and the resulting data 

analysed to look for changes in protein abundances within OVT73 and control cohorts. 

Appropriate statistical tests were applied to identify these protein differences and the results 

of this analysis are listed in this chapter. 

 

For each brain region examined, pair-wise analysis of proteins statistically significant (p<0.05) 

and trending (within p <0.05 and P<0.1) between OVT73 and controls was undertaken and 

presented here.        

 

Finally, a pre-set criterion was used to select candidates for further verification from the 

altered proteins. Confirmatory analysis of the chosen targets was attempted using antibody-

based assays such as western blot and immunohistochemistry and is presented in the last part 

of this section. 

 

5.5.1. Quality control of the samples  
 

As previously mentioned, for each brain region considered for MS analysis, an additional 

aliquot of protein for each animal was collected. The protein samples were reduced, 

alkylated and trypsin-digested overnight, followed by freezing the samples at -80 °C. After 

dehydration and resuspension in the appropriate buffer the quality of the peptides yielded 

was tested using the mass spectrometer in Auckland.  
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In accordance with the standard operation procedures routinely used by the CGPM, the 

parameters considered to check the quality of the samples analysed were:  

1) The percentage of the acquired spectra that end up being matched to the database 

entries should be in the range of 25-50%. For the sheep brain samples examined this was 

within 27% to 45%, therefore in the expected scale of values.  

2) The amount of non-tryptic cleavages was then assessed in the samples. Because proteins 

get actively processed in vivo, this value is not expected to be zero. However, a value above 

30% may suggest excessive sample degradation. The value of non-tryptic cleavage detected 

in the ovine brain samples was in the range of 5% and 8%, thus far below the limit. 

3) The number of missed tryptic cleavages was examined in the 5 year old sheep samples. 

The non-appropriate proteolytic cleavage of peptide bonds is a common phenomenon in 

vivo thus this score also is not expected to be null. For the ovine samples this score varied 

between 3% and 4%, and was considered acceptable. 

4) Lastly, matches to rare or unusual chemical modifications were measured. In the ovine 

samples the range was in the order of 2% to 5% of the spectra analysed, which is considered 

appropriate. 

 

Furthermore, the chromatograms generated were examined for the presence of interfering 

substances that may negatively affect the quality of the analysis such as detergents or 

polyethylene glycol. No evidence of any kind of contaminant was observed.  

 

5.5.2. Assessment of LC MS MS runs comparability 
 

Although iTRAQ is already established as a reliable high throughput technology for proteomics, 

biological replicates are commonly used to test the comparability of many analytical methods 

applied in research (Gan et al., 2007; De Souza et al., 2006; Tarazona et al., 2011). Since this 

was the first use of LC MS MS on sheep brain samples the reproducibility was assessed. To 

investigate this for each brain region representative replicates were added and iTRAQ LC MS 

MS performed. Two MS runs (run1 and run2) were necessary to complete the analysis of the 

12 samples (6 OVT73 + 6 CTRL) of each brain region.  At least 2000 proteins have been 

identified with confidence in the duplicates for each brain region. The appointed protein 
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abundances were then used to test the comparability of the method by correlation analysis. 

Similarity of protein abundance profiles between the replicates was determined by the 

Pearson correlation coefficient analysis. The log transformed relative protein abundance 

between the two replicates across different LC MS MS runs was used as input. For each brain 

region considered for this study, the two replicates showed high correlation with each other, 

with Pearson correlation coefficient scores ranging from 0.96 to 0.98. The correlations of the 

replicates across different MS runs were visualised using scatterplots (figure 31). In each brain 

region, lower abundances reproducibility (less than 4 log transformed value) was poorer. In this 

study, only two of the proteins selected for further validation were below the abundance value 

of 4 (log transformed). Together, the results suggest that the LC MS MS analysis is 

reproducible. 

Figure 31. Scatterplots of Pearson correlation analysis among the two replicates for each brain region (see 

overleaf for legend).   
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Figure 31. Scatterplots of Pearson correlation analysis among the two replicates for each brain region.  
(A,B,C) For each brain region (cerebellum, motor cortex and striatum) replicates of pool samples were used and 

the correlation coefficients (r) between the protein abundances (log transformed) are reported in the respective 

scatterplots. The high correlation coefficients scores (r = 0.9848 for cerebellum, r = 0.9694 for motor cortex and r = 

9841 for striatum) indicate the reliability of detection of LC MS MS.  

 

5.5.3. Protein abundance alterations detected in cerebellum, 

motor cortex and striatum 
 

To determine how the CAG expanded HTT transgene influences the proteome in HD sheep, the 

differences in protein abundance between OVT73 and control cohorts at 5 year of age were 

assessed in cerebellum, motor cortex and striatum. The alignment of iTRAQ run 1 and 2 with 

the combined search (iTRAQ run 1+2) for each brain region generated a total of 3157, 2997 and 

3045 identification matches with a false discovery rate < 1% (combined run) for cerebellum, 

motor cortex and striatum respectively (refer to sections 2.2.4.6 and appendix IV for details). 

Proteins were examined to measure relative levels between OVT73 and controls at 5 year of 

age. These were expressed as a ratio (log transformed value of each sample/log transformed 

pool reference value) of OVT73/controls, such that a ratio of 1 means identical levels were 

detected in each group. In cerebellum, 383 proteins were identified with a ratio OVT73/CTRL 

<0.9 and 299 with a ratio OVT73/CTRL >1.1. In motor cortex, 420 proteins have been detected 

with a ratio OVT73/CTRL <0.9 and 276 with a ratio OVT73/CTRL >1.1. Lastly, 365 proteins have 

been observed with a ratio OVT73/CTRL <0.9 and 255 with a ratio OVT73/CTRL >1.1 in 

striatum. A summary of the data generated is shown in figure 32. 
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Figure 32. Overlap of ovine brain proteins detected in 3 different brain regions.  

(A) Venn diagram showing the total number of proteins detected by iTRAQ LC MS MS in OVT73 cerebellum, motor cortex and striatum. The diagram also summarises the number 

of shared proteins in each combination of the three brain areas examined. (B) Summary table showing the total number and the ratio of proteins identified for each brain region 

(OVT73/CTRL). (C,D,E) Graphs showing the ratio frequency distribution of protein fold change for cerebellum, motor cortex and striatum. 
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Following identification, the number of proteins found in common between iTRAQ run 1 and 2 

were 2104 for cerebellum, 2188 for motor cortex and 2312 for striatum. In each brain region 

those proteins identified in only one of the runs were not quantified.   

 

Twenty one proteins (1%) were significantly different in abundance (p<0.05) between the 

OVT73 group and controls in cerebellum (for details see table 17). An additional 37 proteins 

between p <0.05 and p<0.1 have been identified as having a trend to differential abundance 

(see table 5.1, appendix V for details).  

 

Seventeen proteins (0.77%) were significantly different in abundance (p<0.05) between OVT73 

and controls in motor cortex (for details see table 18). An additional 56 included between p 

<0.05 and p<0.1 have been identified as trending (see table 5.2, appendix V for details).  

 

Thirty seven proteins (1.6%) were significantly different in abundance (p<0.05) between OVT73 

and controls in striatum (for details see table 19 and table 20). An additional 56 included 

between p <0.05 and p<0.1 have been identified as trending (see table 5.3, appendix V for 

details).  

 

Overall, the striatum samples showed the highest percentage of proteins with significantly   

altered abundance proteins. 

 

Interestingly, several proteins found with p<0.05 belong to the family of chaperones and co-

chaperones (HSP105, HSC70, HSP40, SACSIN, GFER) and mitochondrial related (LACTB, 

MPRL12, CLYBL, ALDH1L1, NDUFB3, IDH3A, 10 FTHFDH). Protein names, average ratios and p 

values for proteins differentially expressed (p < 0 .05) in cerebellum, motor cortex and striatum 

in OVT73 5 years are listed in tables 17, 18, 19 and 20.  
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Table 17. List of the proteins of interest in cerebellum. 
List of differentially abundant proteins with p values below the 0.05 threshold detected by iTRAQ in ovine transgenic OVT73 cerebellum. A brief comment of protein function and 

disease involvement is included in the right column. The OVT73/CTRL shows the ratio of abundance. Downregulated proteins are highlighted in blue whereas orange indicates 

those upregulated. * Protein altered in more than one of the brain regions. 
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Table 18. List of the proteins of interest in motor cortex. 

List of differentially abundant proteins with p values below the 0.05 threshold detected by iTRAQ in ovine transgenic OVT73 motor cortex. A brief comment of protein function 

and disease involvement is included in the right column. The OVT73/CTRL shows the ratio of abundance. Downregulated proteins are highlighted in blue whereas orange 

indicates those upregulated. * Protein altered in more than one of the brain regions. 
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Table 19. List of the proteins of interest downregulated in striatum. 

List of differentially abundant proteins with p values below the 0.05 threshold detected by iTRAQ in ovine transgenic OVT73 striatum. A brief comment of protein function and 

disease involvement is included in the right column. The OVT73/CTRL shows the ratio of abundance. Downregulated proteins are highlighted in blue. * Protein altered in more 

than one of the brain regions. 
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Table 20. List of the proteins of interest upregulated in striatum.  
List of differentially abundant proteins with p values below the 0.05 threshold detected by iTRAQ in ovine transgenic OVT73 striatum. A brief comment of protein function and 

disease involvement is included in the right column. The OVT73/CTRL shows the ratio of abundance. Upregulated proteins are highlighted in orange. * Protein altered in more 

than one of the brain regions. 
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5.5.4. Correlation between proteins altered in abundance in 

different brain regions 
 

Proteins represent an important component of biological processes and the study of how these 

interact with each other may help to elucidate the molecular mechanisms taking place in 

physiological and pathological conditions. Since one of the purposes of this research is the 

exploration of the earliest molecular mechanisms triggering HD pathology, the relationships 

occurring between the proteins identified in HD sheep by LC MS MS were examined by pair-

wise correlation. By looking at changes in protein abundance co-regulations this exploratory 

analysis may unmask the existence of altered pathways in the transgenic OVT73 cohort.   

 

To investigate this, the proteins significantly different in abundance (p<0.05) and trending (p 

0.05 and p<0.1) were considered for pair-wise correlation analysis. The abundance of each 

protein (log transformed) was used to create correlation coefficient (r) values using JMP 

software. First of all, the LC MS MS dataset was interrogated to verify the existence of a 

correlation between proteins. Pair of proteins with a correlation coefficient of r > 0.8 (or r < - 

0.8) were considered most likely to have a consistent correlation with each other. The 

outcomes of this analysis are summarised in table 21 and suggest that robust correlation 

between some protein pairs take place in all of the brain region examined in HD sheep (for 

details refer to appendix VI).  

 

Once this was verified, an exploratory analysis was carried out to identify significant differences 

in protein-couple correlations between OVT73 and controls. As before, in this analysis the 

proteins significantly different in abundance (p<0.05) and in the range within p>0.05 and p<0.1 

threshold were examined. Given that the number of animals available for pair-wise correlation 

studies is limited, a more conservative two-step analysis was used in order to generate credible 

results.  
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Table 21. Sum of “high” correlations taking place in control and OVT73 animals in each brain region.    
The number of correlation showing r values in the range of > 0.8 (or < - 0.8) are shown by cohorts (control and 

OVT73) for each brain region. In the shared column are listed the number of “high” correlations in common 

between the control and OVT73 groups. The number of total correlation analysed for brain region is shown on the 

right column. The values between parentheses represent the percentage of “high” correlations compared to the 

total number of correlation generated for each brain region.     

 

First of all, the dataset was examined to pinpoint those protein-pairs showing interesting 

associations in each brain region. This was achieved by matching the protein-pair having a high 

correlation coefficient (r > 0.8 or < - 0.8) in one animal cohort with a low correlation coefficient 

(r < 0.1 or > - 0.1) in the other animal cohort. This preliminary analysis generated a number of 

interesting correlations for each brain region examined (for details refer to appendix VI).     

 

To investigate these abundance correlations, the values for each protein-couple were visually 

depicted in a scatterplot matrix. A total of six candidate correlations were chosen for each 

brain region, based on visual inspection of the scatterplots. 

 

Although using scatter plot visual seemed credible, some care must be taken due to the low 

number of animals examined. Statistical outliers may introduce false positive results when the 

number of cases analysed is small, thus, an additional “bootstrap analysis” was performed. For 

each correlation a single sample was randomly removed from each group and then a series of 

new pair-wise correlations were generated. If the correlation coefficients generated were still 

in the range of r > 0.7 or < - 0.7 (for the “high” correlations) and r < 0.2 or > - 0.2 (for the “low” 

correlations) the protein-pair correlation examined was considered reliable. This random 

removal of samples was performed three times. Lastly, the statistical significance of these 

changes in protein-couple correlations between the two cohorts (OVT73 and controls) was 

verified by Fisher r-to-z transformation. 

 



                                                                                       Chapter five   Proteomic profile of HD sheep 
 
                                                                                                               
 

143 
 

Following this criterion, one consistent correlation was found in cerebellum while three were 

detected in striatum (figure 32). A statistically significant increase of correlation was noticed 

between MMS19 nucleotide excision repair protein homolog (MMS19) and protein 

phosphatase 1F (PPM1F)   in OVT73 cohort compared to controls (Fisher r-to-z transformation, 

p = 0.0028) in cerebellum (figure 33 A). In striatum, a significant loss of correlation was 

observed between extended synaptotagmin-1 (ESYT1) and heme-binding protein 1 (HEBP1) 

(Fisher r-to-z transformation, p = 0.0238) as well as between FAD-linked sulfhydryl oxidase ALR 

(GFER) and dynactin subunit 2 isoform 2 (DCTN2) (Fisher r-to-z transformation, p = 0.0366) in 

OVT73 group compared to controls (figure 33 A, D). Also in striatum, a statistically significant 

increase of correlation was noted in the OVT73 cohort between TBC1 domain family member 

17 (TBC1D17) and heterogeneous nuclear ribonucleoprotein U (HNRNPU) (Fisher r-to-z 

transformation, p = 0.0293)(figure 33 C). On the contrary, no statistically significant correlations 

were observed in motor cortex. 

 

Altogether, these preliminary results suggest some protein-pairs may be abnormally co-

regulated in the 5 year old OVT73 cohort, especially in the striatum.    
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Figure 33. Consistent protein-protein correlations in cerebellum and striatum. 
Pair-wise consistent correlations observed in cerebellum and striatum between OVT73 and controls groups at 5 

year of age.  (A) Scatter plot graph showing the pair-wise correlation of MMS19 nucleotide excision repair protein 

homolog (MMS19) and protein phosphatase 1F (PPM1F) between CTRL (r = -0.0576) and OVT73 (r = 0.9866) 

(Fisher r-to-z transformation, p = 0.0028) cohorts in cerebellum. (B) Scatter plot showing the correlation of 

extended synaptotagmin-1 (ESYT1) and heme-binding protein 1 (HEBP1) between CTRL (r = -0.9439) and OVT73 (r 

= 0.0751) (Fisher r-to-z transformation, p = 0.0238) groups in striatum. (C) Scatter plot graph showing the pair-wise 

correlation of TBC1 domain family member 17 (TBC1D17) and heterogeneous nuclear ribonucleoprotein U 

(HNRNPU) between CTRL (r = -0.075) and OVT73 (r = 0.9359) (Fisher r-to-z transformation, p = 0.0293) cohorts in 

striatum. (D) Scatter plot showing the correlation of FAD-linked sulfhydryl oxidase ALR (GFER) and dynactin subunit 

2 isoform 2 (DCTN2) between CTRL (r = -0.9353) and OVT73 (r = 0.0066) (Fisher r-to-z transformation, p = 0.0366) 

groups in striatum. The values in X and Y axis represent the normalised ratio and the units are expressed as log 

transformed. For simplicity reasons, the protein names in the graphs are shown as the equivalent gene names. 

Legend: blue = Control animals, red = OVT73 animals, circles = ewes, triangles = rams. 
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5.5.5. Sorting of the protein candidates for further 

monitoring  

 

In this study, some of the identified proteins statistically different in abundance (p<0.05) were 

selected for further investigation by standard antibody-based assays.  

 

In accordance to the selection criterion described in section 5.4.7 of this chapter, only the 

proteins having at least ±10% difference in abundance between OVT73 and controls were 

considered suitable candidates. Of the 44 proteins which met this criterion only the glycogen 

phosphorylase (PYGL) was significantly decreased in abundance in two distinct brain regions. 

For this reason the glycogen phosphorylase was selected as a candidate for further monitoring. 

 

Following this, the remaining 43 of potential candidates were prioritised according to the 

individual variability of protein abundance for each target considered for monitoring. Of these, 

nine were selected because they had a fair group separation in protein abundance between 

OVT73 and control cohorts: glial fibrillary acidic protein GFAP (GFAP) and proSAAS (PCSK1N) for 

cerebellum; ephrin type-B receptor 2 (EPHB2), glycerophosphodiester phosphodiesterase 

domain-containing protein 5 (GDPD5) and synaptosomal-associated protein 25 (SNAP25) for 

motor cortex; and lastly NHP2-like protein 1 (NHP2L1), acyl-CoA synthetase family member 2 

(ACSF2), ciliary neurotrophic factor receptor subunit alpha (CNTFR) and FAD-linked sulfhydryl 

oxidase ALR (GFER) for striatum. For each brain region, the protein abundance of individual 

animals for the selected candidates alongside with the glycogen phosphorylase (PYGL) 

abundance is shown in figures 34-35. The data are presented as ratio (log transformed value of 

each sample/log transformed pool reference value). As described in section 2.2.4.1, equal 

amount of protein from each sample of each brain region was used to make pool 

references.   
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Figure 34. Single animal data distribution graphs of proteins of interest considered for monitoring in cerebellum 

and motor cortex. 

Graphs illustrating the ratios of each protein proposed for monitoring in cerebellum (A, C, E) and motor cortex (B, 

D, F). Duplicates of cerebellum and motor cortex pool reference samples were replicated for each iTRAQ run and 

the data are presented as ratio of each sample versus the pooled reference. In cerebellum, PYGL and PCSK1N are 

decreased in the OVT73 group (A,E) whereas GFAP protein abundance is increased in the transgenic OVT73 cohort 

(C). In motor cortex, EHPB2 is decreased in OVT73 group as well as SNAP25 (B,D). Conversely, the protein 

abundance of the GDPD5 protein is increased in the OVT73 group (F). For simplicity reasons, the protein names in 

the graphs are shown as the equivalent gene names. Legend: blue = Control animals, red = OVT73 animals, circles = 

ewes, triangles = rams. 
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Figure 35. Single animal graphs of proteins of interest considered for monitoring in striatum. 

Graphs illustrating the ratios of proteins proposed for experimental monitoring in striatum (A-E). Duplicates of 

striatum pool reference samples were replicated for each iTRAQ run to enable the assessment of technical and 

biological variation. Comparison of ratio of each sample versus the pooled reference allows protein expression 

across different iTRAQ experiments to be assessed. PYGL shows a moderate decrease in OVT73 group driven by 

OVT73 rams (A).Of note is the consistent downregulation of NHP2L1 and this tendency is homogenously 

distributed across OVT73 ewes and rams (B). Despite more variability across groups, a similar pattern has been 

noticed in ACSF2(C). CNTFR dowregulation effect is driven by the robust CNTFR expression levels observed in three 

of the CTRL rams (D).  The low abundance of two control rams drives the effect of GFER (E). For simplicity reasons, 

the protein names in the graphs are shown as the equivalent gene names. Legend: blue = Control animals, red = 

OVT73 animals, circles = ewes, triangles = rams. 
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An online search was then undertaken to determine the availability of suitable antibodies 

directed against the ovine protein candidates selected for monitoring. Where antibodies were 

available, priority was given to those ovine proteins exhibiting an epitope with the highest 

sequence similarity to the human or mouse homologue used to raise the antibodies. Since the 

majority of antisera are not available for sheep, the amino acid sequences of these potential 

ovine protein candidates were aligned with COBALT (http://www.st-

va.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi?) against the human and murine homologue 

proteins. Table 22 summarises the list of antibodies (either anti-mouse or anti-human) found 

with good sequence homology to the ovine as well as the ones with poor homology. 

Accordingly PCSK1N, ACSF2 and GFER were not further considered for further monitoring by 

antibody-based assays. 

   

 Table 22. List of the antibodies available for further monitoring by antibody-based assays. 

 

 

The LC MS MS protein dataset was interrogated to determine the relative physiological 

abundance of the protein candidates in sheep brain. The physiological level of the candidate 

proteins was evaluated and those higher in abundance in sheep tissue were top ranked for 

monitoring. The abundance was estimated counting the numbers of peptides belonging to 

http://www.st-va.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi?
http://www.st-va.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi?
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each selected protein and comparing these with the GFAP peptides value. GFAP was 

considered an appropriate comparison protein since it is highly expressed in the brain.  

 

When compared to GFAP, glycogen phosphorylase (PYGL) and synaptosomal-associated 

protein 25 (SNAP25) were expressed at moderate levels whereas ephrin type-B receptor 2 

(EPHB2), glycerophosphodiester phosphodiesterase domain-containing protein 5 (GDPD5), 

NHP2-like protein 1 (NHP2L1) and ciliary neurotrophic factor receptor subunit alpha (CNTFR) 

were low in abundance. The results of this analysis are summarised in table 23.   

 

Since the proteins higher in abundance are those most likely to be detected by western blot or 

immunohistochemistry analysis, GFAP, PYGL and SNAP25 were prioritised in the group of the 

candidates to further monitor. However, the entire list of targets proposed was assessed by 

either western blot or immunohistochemistry. The function of the protein candidates are 

briefly summarised in table 24.  

 

Table 23. Relative abundance of the protein candidates as defined by LC MS MS datasets. 
The relative abundance of the selected proteins is listed as percentage. This was calculated as the percentage ratio 

of number of peptides detected for each protein of interest in the LC MS MS dataset divided by the number of 

peptides of GFAP protein.       
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Table 24. Function and related pathways of the protein candidates.  

Protein function and related pathways are briefly summarised in the table above. The change in abundance (fold 

change) in the OVT73 cohort (compared to controls) is shown in the fold change column.  Some selected 

references are listed in the far right column. Legend: red arrow = proteins downregulated in OVT73 cohort, green 

arrow = proteins upregulated in OVT73 cohort, CB = cerebellum, MCTX = motor cortex, STR= striatum. 

 

5.5.6. Monitoring of selected proteins by antibody-based 

assays  

 

5.5.6.1. Western blot analysis  

  

Following the iTRAQ LC MS MS analysis, the candidate proteins were further investigated using 

two different antibody-based techniques: western blotting and immunohistochemistry. A 

detailed description of the procedures applied for these techniques is described in the sections 

2.2.4.7 and 2.2.1 of this thesis. For western blot analysis, a total of twelve homogenates (6 

OVT73 and 6 controls) were used for each brain region.    
 

Before quantification took place, the specificity of the antibodies selected for the candidate 

proteins was assessed by western blot.  Brain protein homogenates from one control and one 



                                                                                       Chapter five   Proteomic profile of HD sheep 
 
                                                                                                               
 

151 
 

OVT73 of 5 years of age were blotted against specific antibodies for PYGL, GFAP, EPHB2, 

GDPD5, SNAP25, NHP2L1, CNTFR and β-tubulin using a chemiluminescent western blotting 

system.  

 

PYGL, GFAP, SNAP25 and β-tubulin antibodies showed specific bands at the approximate 

molecular weight predicted for their target proteins. By contrast, no bands or aspecific bands 

were detected using EPHB2, GDPD5, NHP2L1 and CNTFR antisera by western blot. These 

antibodies were unsuccessful in recognising their target proteins, despite attempts to increase 

signal. Therefore, they were not further used for western blot analysis. The results are shown 

in figure 36. 
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Figure 36. Western blotting to show the specificity of antibodies against the candidate proteins (see overleaf for 

legend). 
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Figure 36. Western blotting to show the specificity of antibodies against the candidate proteins.  

(A) The antibody against PYGL made in rabbit gives a single band at the predicted 97 kDa molecular weight. (B) The 

antibody against the GFAP porcine protein gives a single band at the expected molecular weight of 55 kDa. Note 

that this blot was performed using 10 well precast gels, unlike the other blots that were run on 15 well precast 

gels. (C) The antibody against EPHB2 protein made in rabbit does not show any band on a western blot. (D) The 

antibody against GDPD5 produced in rabbit does not detect the expected protein at the molecular weight at 69 

kDa. (E) The antibody against SNAP25 produced in rabbit was able to detect the protein at the expected molecular 

weight of 26 kDa. (F) The antibody against the NHP2L1 protein does not show any band on a western blot.                          

(G) multiple bands at ~50 kDa and ~120 kDa were detected using the CNTFR antibody. Since the specificity for the 

target protein was not satisfactory the CNTFR antibody was not further considered. (H) Lastly the β-tubulin 

antibody showed a single band at the predicted molecular weight of approximately 51 kDa. β-tubulin was selected 

as loading control for quantification studies.  

 

Once the specificity of the antibodies was established, the abundance of glycogen 

phosphorylase (PYGL), glial fibrillary acidic protein GFAP (GFAP) and synaptosomal-associated 

protein 25 (SNAP25) was measured in all samples by western blot and normalised against β-

tubulin abundance. Because the major aim was to compare to LC MS MS findings, the western 

blots were performed on the brain regions where the selected proteins were found to be 

altered in OVT73 cohort. 

 

According to the LC MS MS dataset, the abundance of glycogen phosphorylase (PYGL) was 

decreased in cerebellum and striatum (20% and 11% respectively) in the OVT73 group, the 

abundance of glial fibrillary acidic protein GFAP (GFAP) was increased (43%) in OVT73 in 

cerebellum and lastly the synaptosomal-associated protein 25 (SNAP25) was decreased (12%) 

in the motor cortex of the OVT73 cohort.      

 

When analysed by western blot PYGL abundance was not significantly different between 

OVT73 and control cohorts in cerebellum and striatum (t-test, p-value = 0.85 and p-value = 

1.00 respectively).  Similarly, GFAP and SNAP25 did not reach significance in the cerebellum 

and motor cortex between OVT73 and control groups (t-test, p-value = 0.3 in cerebellum and 

p-value = 0.71 in motor cortex). The semi-quantitative western blot analysis was not able to 

reproduce the findings from in-depth MS. The results of western blot analysis are described in 

figure 37 and figure 38.  
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Figure 37. Immunoblots of the glycogen phosphorylase (PYGL) protein with β-tubulin in control and OVT73.  
(A) PYGL and loading control β-tubulin immunoblots of cerebellum samples. The blue tags depict the controls and 

the red tags the OVT73. In brackets is shown the gender of the animals analysed (B) The graph shows the relative 

PYGL protein abundance in cerebellum expressed as the mean signal intensity of each band (measured in 

triplicate) normalised to the signal intensity of β-tubulin. No significant changes of PYGL abundance were observed 

in the cerebellum. (C) PYGL and loading control β-tubulin immunoblots of striatum samples. As before, the blue 

tags depict the controls and the red tags the OVT73. (D) The graph shows the relative PYGL protein abundance in 

striatum expressed as the mean signal intensity of each band (measured in triplicate) normalised to the signal 

intensity of β-tubulin. As for cerebellum, no significant changes of PYGL abundance were detected in striatum. 

In all animals, 5 μg of protein is loaded in each lane. Legend: blue circles = Control animals, red circles = OVT73 

animals. 
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Figure 38. Immunoblots of the glial fibrillar acidic protein GFAP (GFAP) and the synaptosomal-associated protein 

25 (SNAP25) with β-tubulin in control and OVT73.  

(A) GFAP and loading control β-tubulin immunoblots of cerebellum samples. The blue tags depict the controls and 

the red tags the OVT73. In brackets is shown the gender of the animals analysed (B) The graph shows the relative 

GFAP protein abundance in cerebellum expressed as the mean signal intensity of each band (measured in 

triplicate) normalised to the signal intensity of β-tubulin. No significant changes of GFAP abundance were observed 

in the cerebellum. (C) SNAP25 and loading control β-tubulin immunoblots of motor cortex samples. As before, the 

blue tags depict the controls and the red tags the OVT73. (D) The graph shows the relative SNAP25 protein 

abundance in motor cortex expressed as the mean signal intensity of each band (measured in triplicate) 

normalised to the signal intensity of β-tubulin. No significant changes of SNAP25 abundance were detected in 

motor cortex. In all animals, 5 μg of protein is loaded in each lane. Legend: blue circles = Control animals, red 

circles = OVT73 animals. 
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5.5.6.2. Immunohistochemistry analysis 

 

Immunohistochemistry studies were performed to further investigate some of the protein 

candidates identified by LC MS MS analysis. To look for differences of these selected targets in 

the brain of OVT73 and WT cohorts, the density of immunoreactivity was assessed by semi-

quantitative analysis to check for regional alterations in the cerebellum, motor cortex and 

striatum. Specific antibodies against PYGL, GFAP and SNAP25 were used to stain brain sections 

of OVT73 and control animals at 5 years of age. As for the western blot analysis, the 

immunohistochemistry was performed on the same brain areas where the selected proteins 

were altered by MS analysis.  

 

Dilution series were carried out on sheep brain tissue to optimise the immunostaining for the 

selected antibodies. Furthermore, saturation studies were undertaken for each antibody to 

determine the optimal concentration to avoid oversaturation of the signal and therefore 

establish a better assay for the immunohistochemical demonstration of protein changes. 

Of the three antibodies tested, the GFAP produced a widespread background staining on 

cerebellar ovine tissue. Considering the inability of discerning the “true” protein target from 

the aspecific background in ovine tissue, GFAP antibody was not further investigated.  

 

For semi-quantitative densitometric analysis, two sections for each animal (6 OVT73 and 6 

controls) were used for each brain region. The antibody for glycogen phosphorylase (PYGL) was 

used to stain sections of cerebellum and striatum whereas the immunolabelling of SNAP25 was 

performed on sections containing motor cortex. All sections from OVT73 and control brains 

were batch processed at the same time for each antibody in order to decrease any 

variability and appropriate no primary controls were also included. 

 

Following dehydration, the density of staining of PYGL and SNAP25 were scored semi-

quantitatively, by a blind observer, using a five tier system : 0 +, no staining; 1+, weak 

staining; 2+, moderate staining; 3+, strong staining, and 4+, very strong staining. Since the 
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sections were large and included multiple brain areas, the densitometric analysis was 

limited only to the equivalent brain regions where MS analysis samples were extracted 

from. Accordingly, for the PYGL antibody the dorsal portion of the cerebellum and the 

striatum (at the level of block 5p) were examined. For the SNAP25 antibody the posterior 

portion of the motor cortex was investigated.   

In cerebellum, the glycogen phosphorylase (PYGL) is predominantly localised in the molecular 

layer and in the large purkinje cells (figure 39). However, PYGL is present to a lesser extent in 

the granular layer as well. Throughout the whole ovine cerebellum, the culmen and declive 

lobules of the vermal area of the cerebellum were considered for comparative PYGL density 

analysis between the OVT73 and control cohorts (figure 39A). Comparative analysis of 

cerebellar sections stained PYGL antibody suggested a decrease of immunoreactivity of 

glycogen phosphorylase protein in the OVT73 group (figure 39B-H). The summary table of the 

intensity scores for PYGL in cerebellum is shown in figure 39 B.  

Two sections of striatum, inclusive of caudate nucleus and putamen, were examined to look for 

differences in glycogen phosphorylase density between OVT73 and control groups (figure 40A).  

Overall, the distribution of PYGL was relatively low throughout the striatum and no alterations 

in staining intensity were noticed in the OVT73 cohort compared with controls (figure 40 B). 

Furthermore, the weak immunoreactivity of the PYGL antibody showed that a limited amount 

of glycogen phosphorylase protein is present in this brain region in sheep (figure 40 C-H). The 

summary table of the intensity scores for PYGL in striatum of OVT73 and control tissue are 

shown in figure 40 B.   

Lastly, the SNAP25 antibody showed a dense staining in the sheep motor cortex alongside with 

other brain regions (figure 41). The SNAP25 protein appears to be more homogeneously 

expressed all around the different cortical layers of the motor cortex. Interestingly, a decrease 

of SNAP25 immunoreactivity was observed in motor cortex of OVT73 animals when compared 

to controls and this loss seems to affect both sections analysed (figure 41 B). The summary 

table of the intensity scores for SNAP25 in motor cortex of OVT73 and control tissue are shown 

in figure 41 B.    
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                   Figure 39. Immunohistochemistry analysis of glycogen phosphorylase (PYGL) protein in cerebellum of HD sheep (see overleaf for legend).
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Figure 39. Immunohistochemistry analysis of glycogen phosphorylase (PYGL) protein in cerebellum of HD sheep 

(A) Macro image of sagittal PYGL stained section illustrating the well-developed cerebellum in the ovine brain. The 

culmen and declive  lobules of the vermal area of the cerebellum (depicted in the image within the red square) 

were considered for semi-quantitative densitometric analysis of glycogen phosphorylase protein. (B) Summary 

table of the expression pattern for PYGL in dorsal cerebellum as determined by immunohistochemistry. For 

each antibody analysed, two sections were used (named section 1 and section 2 in the table) and a four-point 

scale was adopted to grade the staining intensity: - no staining; + weak staining; ++ moderate staining; +++ 

strong staining; ++++ very strong staining. Notably, a decrease of PYGL immunoreactivity was observed in the 

OVT73 group when compared to control. (C,D) Low magnification images (3.2x) of the dorsal cerebellum of the 

control and OVT73 animals stained with PYGL are shown. An overall reduced intensity of staining can be 

sometimes observed macroscopically in the culmen and declive lobules of the OVT73 animals. (E,F) The 

predominant localisation of glycogen phosphorylase in the molecular layer and in the large purkinje cells can be 

noticed at higher magnification (20x) in dorsal cerebellum in control animals. This distinctive distribution pattern is 

lost in some of the OVT73 animals in dorsal cerebellum. (G,H) The high resolution photomicrographs (40x) show 

the loss of PYGL immunoreactivity in the large purkinje neurons of some of the OVT73 animals at 5 years of age. 

Scale bars in C and D = 0.5 cm, E and F = 50 μm, G and H = 50 μm. 
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                         Figure 40. Immunohistochemistry analysis of glycogen phosphorylase (PYGL) protein in striatum of HD sheep (see overleaf for legend). 
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Figure 40. Immunohistochemistry analysis of glycogen phosphorylase (PYGL) protein in striatum of HD sheep. 

(A) Macro image of a coronal section of sheep striatum stained with PYGL. The caudate nucleus and putamen 

(depicted in the image within the red square) were examined by semi-quantitative densitometric analysis (B) 

Summary table of the expression pattern for PYGL in whole striatum as determined by immunohistochemistry. 

As for cerebellum, two sections were used (named section 1 and section 2) and a four-point scale was adopted 

to grade the staining intensity: - no staining; + weak staining; ++ moderate staining; +++ strong staining; ++++ 

very strong staining. The PYGL staining appears lighter in the striatum when compared to cerebellum and the 

densitometric analysis showed similar levels of PYGL immunoreactivity between OVT73 and control cohorts. 

(C,D) Low magnification images (3.2x) of the control and OVT73 striata stained with PYGL antibody are shown. 

Weak immunoreactity can be macroscopically observed in caudate nucleus and putamen of both control and 

OVT73 cohorts (E,F) 20x photomicrographs depict the homogeneous weak intensity of PYGL immunolabelling 

in the striatum of OVT73 and control groups at 5 years of age. (G,H) The weak immunolabelling of PYGL in 

striatum is shown at higher magnification (40x). 

Scale bars in C and D = 0.5 cm, E and F = 50 μm, G and H = 50 μm. 
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            Figure 41. Immunohistochemistry analysis of SNAP25 protein in motor cortex of HD sheep (see overleaf for legend). 
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Figure 41. Immunohistochemistry analysis of SNAP25 protein in motor cortex of HD sheep. 
(A) A macro image of a coronal section stained with SNAP25 antibody showing the region of the motor cortex 

(depicted in the image within the red square) considered for semi-quantitative densitometric analysis. (B) 

Summary table of the expression pattern for SNAP25 in motor cortex as determined by 

immunohistochemistry. As before, two sections were used (named section 1 and section 2) and a four-point 

scale was adopted to grade the staining intensity: - no staining; + weak staining; ++ moderate staining; +++ 

strong staining; ++++ very strong staining. A loss of SNAP25 density is evident in motor cortex of OVT73 

animals when compared to controls and this decrease seems to involve both sections analysed. (C,D) Low 

magnification images (3.2x) of the motor cortex of the control and OVT73 animals show the distribution and 

intensity of SNAP25 protein in OVT73 and control animals. (E,F) Photomicrographs (20x) showing the 

homogenous decrease of immunoreactivity of SNAP25 in the motor cortex of OVT73 animals when compared 

to control. (G,H) The high resolution photomicrographs (40x) show the loss of SNAP25 immunoreactivity in the 

motor cortex of the OVT73 animals at 5 years of age.   

Scale bars in C and D = 0.5 cm, E and F = 50 μm, G and H = 50 μm. 
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In summary, 75 proteins altered in abundance (p-value < 0.05) were found in cerebellum, 

motor cortex and striatum of OVT73 cohort at 5 year of age. From these, a total of seven 

protein candidates were taken further for examination by western blot and 

immunohistochemistry analyses. Only three out of the eight antibodies tested were able to 

be used in sheep tissue. None of the results of these three protein alterations could be 

reproduced by western blot analysis. One protein, SNAP25, was validated by 

immunohistochemistry. 

 

5.6. Discussion 

 
Protein level changes occurring in the brain of HD gene carriers and HD models have been 

reported in the literature (Perluigi et al., 2005; Sorolla et al., 2008; Zabel et al., 2009; 

Schonberger et al., 2013). Although these studies reported many altered proteins, there is not 

a clear picture of how they change with disease progress. Furthermore, the interpretation of 

these results is complicated by the fact that the samples examined are representative of the 

terminal stage of the disease. The major methodology used to this point is the 2D gel and is 

limited by poor reproducibility, scarce sensitivity of low abundant proteins and limitations on 

the ability to study certain classes of proteins (Lilley et al., 2002; Gygi et al., 2000; Ong et al., 

2001). The LC MS MS based proteomic approach overcomes most of these limitations 

(Wasinger et al., 2013). 

 

As a model of the presymptomatic disease condition, the HD sheep may help to elucidate the 

events occurring at a protein level in the prodromal stages of HD. To investigate this, LC MS MS 

analysis was undertaken and differences in protein abundances between OVT73 and control 

cohorts were examined. The aim was to gain information about the presymptomatic stage of 

HD and to explore the earliest deleterious effects of mutant huntingtin in the brain. The choice 

of iTRAQ LC MS MS was believed ideal since this analytical method allows the simultaneous 

identification and quantification of a large number of proteins. 
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Since this was the first time that LC MS MS analysis was undertaken by our group, special 

attention was given to the sample preparation and the assessment of the reproducibility. 

 

5.6.1. Sample preparation and the assessment of the 

reproducibility 
 

For each brain region, a complete set (6 OVT73 and 6 controls) of protein samples was used 

to verify the quality of our sample preparation method. Four different parameters were 

considered: percentage of acquired spectra, frequency of non tryptic cleavage, number of 

missed tryptic cleavages and presence of rare chemical modifications. These measurements 

are routinely monitored in the CGPM to determine how good the yielded peptides are for LC 

MS MS analysis. In this study, all the sheep brain samples passed the quality control tests 

demonstrating the accuracy of the sample preparation method used. 

 

Once the standard operation procedures for LC MS MS sample preparation were 

established, the protein homogenates were shipped to CADET where the author performed 

isobaric labelling and MS analysis. Since 12 samples were analysed in total, two separate 

iTRAQ LC MS MS runs were necessary to complete the analysis of each brain region. 

Therefore, for each run carried out, replicate samples were included to assess the 

reproducibility of the method. The high correlation observed between individual protein 

abundance in replicate samples for each of the LC MS MS runs was a good indication that 

the method was reproducible.  

 

5.6.2. Summary of the exploratory proteomic analysis  
 

A large number of proteins was identified by iTRAQ method. In cerebellum, motor cortex 

and striatum samples were identified approximately 3000 proteins. Interestingly, the 

number of proteins in brain samples identified by iTRAQ is relatively high when compared 

with other proteomic approaches (Andreev et al., 2012; Valencia et al., 2013).  
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As an overview the majority of proteins do not change in abundance comparing OVT73 to 

controls. Only the 22 % of the proteins identified showed a ratio below 0.9 or above 1.1.  

In 5 year old cerebellum tissue, a total of 21 proteins were significantly different in 

abundance between OVT73 group and controls. Among these, glycogen phosphorylase is 

down regulated in both transgenic cerebellum and striatum. Glycogen phosphorylase is an 

enzyme involved in carbohydrate metabolism. It catalyses the breakdown of glycogen to 

glucose-1-phosphate, providing the main source of glucose in the body. In the brain this 

enzyme is mostly found in astrocytes (Pfeiffer-Guglielmi et al., 2003). It may be that glycogen 

phosphorylase in astrocytes is responsive to the energy state of the brain cells, through 

catalysation of glycogen derived metabolites (Brown et al., 2003). It is possible that the altered 

levels of glycogen phosphorylase in multiple brain areas may reflect a possible dysfunction in 

the mechanism of energy support in the CNS of OVT73 group. Interestingly, dysfunction in 

energy metabolism is a feature of HD (Grafton et al., 1992; Antonini et al., 1996; Gu et al., 

1996; Seong et al., 2005). 

 

ProSAAS is another interesting protein found altered in abundance in cerebellum of OVT73 

animals. ProSAAS is a peptide precursor expressed in brain and other neuroendocrine tissues 

such as pituitary, adrenal gland and pancreas. ProSAAS is a prohormone convertase 1 inhibitor 

influencing the processing rate of proopiomelanocortin hormone and proenkephalin (Friker et 

al., 2000; Fontenberry et al., 2001). ProSAAS has been repeatedly implicated in various 

neurodegenerative diseases such as Alzheimer’s disease (AD), parkinsonism-dementia 

complex, and Pick’s disease (Kikuchi et al., 2003; Wada et al., 2004). In addition, four 

independent proteomic studies have identified proSAAS as a candidate biomarker of disease 

progression in both AD and frontotemporal dementia in CSF (Abdi et al., 2006; Jahn et al., 

2011; Davidsson et al., 2002; Finehout et al., 2007). Lastly, some studies have shown that 

various proSAAS derived peptides participate in a number of physiologically important systems, 

including circadian rhythm (Hatcher et al., 2008; Atkins et al., 2010; Lee et al., 2010). Since 

progressive circadian abnormalities have been reported in the OVT73 animals up to 5 years of 

age, it may be the case that the proSAAS low abundance may influence the circadian cycle in 

the transgenic animals. Overexpression of proSAAS in cell lines reduces the rate processing of 

proopiomelanocortin (Friker et al., 2000). The processing of proopiomelanocortin gives rise to 
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various bioactive peptides such as adrenocorticotropin (ACTH). It has been reported that high 

levels of ACTH are associated with sleep disturbances in humans (Vgontzas et al., 2001). It may 

be possible in OVT73 animals that the proopiomelanocortin processing rate is overstimulated 

via reduction of proSAAS. As consequence, this might increase the production of ACTH leading 

to the circadian abnormalities observed in OVT73 animals. A comprehensive study of the ACTH 

levels as well as the other hormones influencing the circadian cycle in these animals may be of 

interest in the future. Unfortunately a suitable antibody was not available for further 

assessment of proSAAS.       

 

In 5 year old motor cortex tissue, a total of 17 proteins were significantly different in 

abundance between OVT73 group and controls. SNAP25, which was decreased in OVT73 is 

of particular interest as it is a presynaptic plasma membrane protein involved in the 

regulation of neurotransmitter release, synaptic function, vesicle docking and membrane 

fusion. Decreased levels of SNAP25 in the brain of patients with Down syndrome and AD have 

been reported (Greber et al., 1999). SNAP25 is downregulated in sensory-motor cortex of HD 

patients (Smith et al., 2007), the same brain area we found SNAP25 decrease in OVT73 group, 

and synaptosomes of Hdh 140Q/140Q knock-in mice (Valencia et al., 2013). In addition, it is 

present in CSF and its abundance has been suggested as diagnostic marker for some mental 

illnesses such as schizophrenia (Thompson et al., 2003). The presence of elevated levels of 

SNAP25 in CSF may indicate alterations in neuronal and synaptic functions (Wang et al., 2014). 

Furthermore, it has been noted other synaptic related proteins dysregulated in the OVT73 

group (ESTY1, TBC1D17, CAMKII,CAMKKI). Altogether, these results may suggest an altered 

release of neurotransmitters in the brain of transgenic animals. To investigate this, it would be 

of interest to evaluate the abundance levels of neurotransmitters in multiple brain areas of HD 

sheep, as well as to assess the presence of SNAP25 protein in the CSF of these animals. 

 

Lastly, in 5 year old striatum tissue, a total of 37 proteins were significantly different in 

abundance between OVT73 group and controls. Among these, ACSF2 abundance is 

decreased in the OVT73 cohort. ACSF2 is an acyl-CoA synthetase localised in the outer 

mitochondrial membrane that catalyses the initial reaction in fatty acid metabolism, by forming 

a thioester with CoA, and belongs to the ATP-dependent AMP-binding enzyme family (Pohl et 
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al., 2004). Using the same approach, ACSF2 was reported as one of the enzyme altered in the 

hypothalamus in the N-truncated tgHD rat model carrying 51 CAG repeats (Cong et al., 2012). 

Interestingly, fatty acid metabolism appears disordered in individuals with HD (Block et al., 

2010). This data may suggest a decrease of the activity of fatty acid β oxidation and overall 

decrease of ATP related energy production in the OVT73 group. It would be of interest in the 

future to assess the acetyl-coA levels and ATP/ADP ratio in the HD sheep brain. Unfortunately a 

suitable antibody was not identified for further assessment of ACSF2.       

 

In the striatum of transgenic sheep a 23% decrease of the CNTFR protein was noted. CNTFR 

is the receptor of the ciliary neurotrophic factor (CNTF) which stimulates gene expression, cell 

survival or differentiation in a variety of neuronal cell types such as sensory, sympathetic, 

ciliary and motor neurons. CNTFR belongs to class of receptors involved in the neuroprotective 

effect mediated by humanin (Hashimoto et al., 2009). CNTFR has been also proposed as 

possible mediator of neurotoxicity induced by α-synuclein (Liu et al., 2010). Interestingly, 

intracerebral administration of CNTF has been shown to protect striatal output neurons in 

rodent and primate models of Huntington’s disease (Anderson et al., 1996; Emerich et al., 

1997). CNTF infusion has also been tested as a neuroprotective therapy in HD patients using 

polymer-encapsulated cells engineered to secrete human CNTF demonstrating safety and 

tolerability (Bloch et al., 2004). This data may suggest a dysfunction of neurotrophic factor 

support in the sheep model. It is considered that deprivation of neurotrophic factor is a key 

event of neurodegenerative diseases, including HD.  

 

Another protein of interest found altered in the striatum of OVT73 animals is GFER.  FAD-

dependent sulfhydryl oxidase (GFER) enzyme catalyses disulfide bond formation and is 

required for the import and folding of small cysteine-containing proteins in the mitochondrial 

intermembrane space (Mesecke et al., 2005 ; Bottinger et al., 2012). Interestingly, dysfunction 

of the disulfide relay system has been recently demonstrated in HD striatal cells lines carrying 

the mutant huntingtin with 111 polyQ repeats (Napoli et al., 2013). GFER upregulation in the 

transgenic HD sheep suggests an enhanced oxidative folding activity as cellular mechanism of 

defense against oxidative stress process. To investigate this, it would be of interest in the 

future to assess the expression of oxidative stress related genes by qPCR. Assuming that an 
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imbalance between reactive oxygen species is underway in OVT73 sheep, GFER could be 

considered a possible marker for monitoring oxidative stress progression and/or modulator of 

oxidative stress system response in these animals. Unfortunately a suitable antibody was not 

available for further assessment of GFER. 

 

Although most of the proteins altered in abundance in HD sheep appear to be from various 

pathways and no particular process is singled out, at first sight, the majority of these are 

related with mitochondria, oxidative stress and energy imbalance (i.e. PYGL, ACSF2, ProSAAS, 

GFER, MPRL12, CLYBL, ALDH1L1, NDUFB3, IDH3A, 10 FTHFDH). A targeted investigation of 

these proteins may clarify if these processes are really altered in HD sheep and if that is true, 

allow a better understanding of the contribution of these pathways to the progression of the 

disease at early stage. 

 

As previously discussed, one of the goals of this research was the exploration of the earliest 

molecular mechanisms triggering HD by investigating the correlations occurring between the 

proteins in HD sheep. Although the outcomes of this analysis should be interpreted with care, 

few strong protein-protein correlations were found in cerebellum and striatum between 5 year 

old OVT73 and control cohorts. In the cerebellum, a correlation that was significantly different 

between OVT73 and controls was that between MMS19 nucleotide excision repair protein 

homolog (MMS19). MMS19 protein is a modulator of the nucleotide excision repair system, 

which is a major cellular defense mechanism against DNA damage (Hatfield et al., 2006).  

PPM1F protein belongs to the family of PP2C family of the serine/threonine phosphatases and 

is found to be an apoptosis promoter (Tan et al., 2001). It is possible that the activation of 

apoptosis in some of the cells in the OVT73 cerebellum results in an increase amount of 

damaged DNA (Roos et al., 2006). As consequence, this might activate the mechanisms 

assigned to its repair.   

 

In the 5 year old striatum, 3 different altered correlations were identified. A robust correlation 

in the control group between heme-binding protein 1 (HEBP1) and extended synaptotagmin-1 

(ESYT1) was absent in the OVT73 group. Similarly, a strong correlation in controls between 

dynactin subunit 2 isoform 2 (DCTN2) and FAD-linked sulfhydryl oxidase ALR (GFER) was lost in 
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the OVT73 cohort. Lastly, the appearance of a robust correlation in the OVT73 group between 

the heterogeneous nuclear ribonucleprotein U (HNRNPU) and TBC1 domain family member 17 

(TBC1D17) was absent in controls.                                                                                               

    

Although the altered correlations identified in striatum are interesting, the interpretation of 

these results are is hampered by the poor knowledge of the biological function of the proteins 

involved. It would be of interest in the future to initiate functional studies on HD sheep cell 

lines to elucidate the biological function of these proteins and how these interact with each 

other. Furthermore, it will be of value in the future to examine all the correlations in the 

dataset to look for OVT73 versus control differences in protein regulation.    

 

For all the three brain regions examined, the LC MS MS analysis resulted in tight datasets 

where approximately 77 % of the proteins showed OVT73 to control ratios within the 0.9-1.1 

range. Interestingly, only a 12% of the proteins showed OVT73 to control ratios > 1.1 and 10% 

OVT73 to control ratios <0.9.  Overall few alterations in protein abundance were detected and 

approximately 1-2% of the identified proteins show significant differences between cohorts in 

all three brain regions. This result is interesting since the two-tailed t-test (with p at 0.05 as cut-

off) used for this analysis is assumed 95% reliable, and thus it is possible that by chance 5% of 

all the protein analysed appear different because of the noise levels of the analytical method 

applied. It is interesting to note that the plots of the protein ratios (OVT73 vs controls) 

delineate a very tight spreading with most of the proteins falling between the range of 0.9-1.1. 

This narrow distribution indicates that the noise level is quite low. 

 

Ideally, to monitor whether the differential proteins identified by LC MS-MS in this study are 

real differences, the application of targeted MS techniques such as multiple reaction 

monitoring (MRM) would be necessary. This method is capable of detecting proteins at low 

femtomole levels with high selectivity (Addona et al., 2009; Keshishian et al., 2007; Picotti et 

al., 2009; Bisson et al., 2011; Lange et al., 2008; Unwin et al., 2009). Over the time frame of 

this thesis duration, the use of targeted MS was not an available option, and more traditional 

antibody-based techniques were applied to further investigate the relevant outcomes of LC MS 

MS analysis.  
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A stringent selection criterion was applied in this study to identify the protein candidates to 

further monitor by western blot and immunohistochemistry analysis. To do this, parameters 

such as p-value, fold change and animal variability were considered to generate the protein list 

to prioritise. In total, 10 proteins were chosen across all three brain regions examined. Since a 

suitable antibody was not identified for three of the selected candidates, only seven antibodies 

were tested by western blot and immunohistochemistry. Among these, the antibodies raised 

against EPHB2, GDPD5, NHP2L1 and CNTFR failed to detect their target proteins either by 

western blot or immunohistochemistry. As shown by the LC MS MS datasets, the low 

physiological abundance of these proteins in the ovine brain may explain why the antibodies 

tested were not successful. A more sensitive method of protein detection could be necessary 

to quantify these proteins in the ovine brain. 

 

When glycogen phosphorylase abundance in cerebellum and striatum of 5 year old sheep 

group was measured by western blot, no significant difference was detected between OVT73 

and control samples. Similarly, in the cerebellum of these cohorts no difference in GFAP 

abundance was found by western blot analysis. In addition, when SNAP25 protein in motor 

cortex of 5 year old sheep group was assessed by western blot, no significant changes were 

observed between OVT73 and control samples. 

 

Overall, western blot analyses did not replicate the results previously observed by iTRAQ 

analysis. While is of some concern, the findings generated should be interpreted with some 

caution. In a western blot the lower limit of detection of abundance differences is 

approximately in the order of 2 fold change between samples, the discrepancy with the iTRAQ 

results should not be a surprise, given the fold change observed is in the range of 1.11-1.43 

(Taylor et al., 2013). A method with superior limit of detection and linear dynamic range is 

perhaps necessary to validate the proposed targets (Aebersold et al., 2013). 

Lastly, immunohistochemistry was used to determine the density and distribution of the three 

proteins in the brain of HD sheep with available antibodies (GFAP, PYGL and SNAP25). Among 

these, the GFAP staining showed a high level of background interference in the cerebellum of 

OVT73 and control cohorts. Although different staining strategies applied to prevent this from 

happening, the background interference of GFAP staining was not solved. The use of other kind 
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of peroxidase suppressors may represent an interesting option in the future to decrease the 

high background issue. 

 

In accordance with LC MS MS results, in the cerebellum of 5 year old cohorts a modest 

decrease in immunoreactivity of glycogen phosphorylase was detected between the OVT73 

and control animals, suggesting an overall energetic dysfunction in the dorsal portion of this 

brain area.  On the other hand, in the striatum of the OVT73 group, the glycogen 

phosphorylase immunolabelling did not appear altered. It is possible that the striatum of the 

transgenic animals has adapted a compensatory mechanism to the energetic dysfunction or 

perhaps the down-regulation of the glycogen phosphorylase observed in the cerebellum of 

OVT73 group is linked to the altered expression of GFAP protein in the same brain area (Brunet 

et al., 2010).  

 

The most relevant change observed in the OVT73 animals was the decrease in 

immunoreactivity of SNAP25 at 5 years of age in the motor cortex.  As previously discussed, 

SNAP25 is a presynaptic plasma membrane protein involved in the regulation of 

neurotransmitter release which is altered in abundance in HD patients and models  (Sorensen 

et al., 2002; Smith et al., 2007;Valencia  et al., 2013). Hence, the decrease of SNAP25 density 

may indicate that OVT73 sheep have a deficient pre-synaptic transmitter release in the motor 

cortex. As no motor deficits are yet observed in the HD sheep model to date, this synaptic 

dysfunction may precede the appearance of overt symptoms. 

 

Altogether, the immunohistochemistry outcomes for glycogen phosphorylase and SNAP25 

seem to better correlate with the iTRAQ than western blot analysis. However, these results 

have to be interpreted with some care considering the semi-quantitative nature of the 

densitometric method applied. A larger cohort analysis will be soon carried out to further 

investigate these alterations in HD sheep.       
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5.6.3. Summary and conclusions 
 

The aim of this chapter was to investigate differences in protein abundance between control 

and OVT73 cohorts at 5 years of age. Considering that this was the first time that a proteomic 

approach like this has been applied to sheep brain, special care was taken in testing the 

reproducibility of the method. LC MS MS demonstrated its potential to generate accurate 

measurements and revealed its capability to resolve proteins of low abundance.  

 

Through the application of this methodology approximately 3000 proteins for each brain 

region have been successfully identified and of these about 2200 have been accurately 

quantified. 

 

Of the three brain regions examined, most of the proteins altered in abundance between 

transgenic OVT73 and wild type controls were found in the striatum. These included proteins 

involved in brain metabolism, synaptic function, trafficking and mitochondrial activity and they 

have the potential to serve as a marker of the rate of degeneration in HD sheep as well as clues 

towards therapies.  

 

While the further investigation of proteins of interest was carried out in OVT73 and control 

samples, the poor sensitivity of the antibody-based assays limited the accurate quantification 

of their abundance. Nevertheless, of the three proteins that could be assessed by antibody-

based analysis, two indicated concurrence with MS analysis.  

 

For the future, targeted mass spectrometry (MRM) has been proposed to circumvent this 

limitation. This approach should be able to quantify with high accuracy the abundance levels of 

any kind of protein overcoming the technical limitations due to the lack of specific antibodies 

and poor sensitivity of antibody-based assays. Candidate proteins have been selected for 

targeted MRM analysis with some differences from the list presented within this chapter. 

These proteins are shown in table 25. 
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In this study, a pipeline has been established for protein discovery in HD sheep. In this 

preparatory phase of the project, the presence and abundance level of a large variety of 

proteins were determined and potential biomarker candidates were identified. The hypothesis 

that these candidates could represent useful markers to track the disease progression in HD 

sheep requires appropriate validation and reproducibility in a larger cohort. 

 

 

 

Table 25. Candidates selected for targeted MRM protein quantification. 

Above are listed the proteins to quantify by targeted MRM. This approach will be also applied to measure the 

abundances of ovine and transgene huntingtin in HD sheep samples. The proteins are listed in order of priority. 
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6. CHAPTER SIX 

General discussion 

 

6.1. Overview 
 

In this thesis has been used a transgenic sheep model of Huntington’s disease (HD) to explore 

and characterise the presymptomatic stage of this disorder. The outcomes of this study 

provide a better understanding of the early onset and progression development of this 

incurable disease. This work also contributed to the validation of the OVT73 line as a model 

that captures the early stages of Huntington’s disease.    

 

Since the discovery of the gene mutation in 1993, progress towards an effective treatment in 

HD has been hampered by limited knowledge of what is happening at the molecular level 

during the earliest phases of this disease. Whilst the last two decades have generated potential 

therapeutic approaches, all have proven unsuccessful to date. A better understanding of the 

molecular pathogenesis will assist in the development of effective therapies. Furthermore, the 

capacity to conduct clinical trials in HD is limited as they require large populations that need to 

be followed for long periods to capture possible beneficial effects on HD onset or progression.    

 

In this context, the establishment of a stable line of HD sheep carrying the full length human 

huntingtin with an expanded polyglutamine tract of 73 units, along with the adequate 

investigative tools, represents robust groundwork to build knowledge about the 

presymptomatic phase of this disease and to fast-track experimental therapies. 

 

The results from chapters 3 and 4 of this thesis investigated the neuropathological effects due 

to expression of mutant huntingtin protein, providing clues into the pathogenic mechanisms 

taking place in the HD brain before symptoms are evident. These were examined performing 
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immunohistochemistry on relevant markers of HD pathology coupled with high-content 

densitometric analysis.        

 

The results from chapter 5 of this study provided a wide exploratory analysis of the protein 

alterations occurring in the HD sheep brain. For the first time in a large model, a high 

throughput iTRAQ LC MS MS approach has been applied to study the effects of the HD 

transgene at a protein level. This non-hypothesis driven approach was an essential component 

of this research providing the opportunity to interrogate our model to yield new insights into 

the presymptomatic phase of this disorder. 

 

The main findings from each of the chapters are described below. 

 

6.2. Summary of major results  

 
The density of well-characterised markers of human HD pathology was determined in relevant 

brain regions of OVT73 animals by immunohistochemistry. The first assessment of 

neuropathology was essential to establish the “core” markers to routinely investigate the 

OVT73 cohorts over time.  

 

This analysis was undertaken using brains of a group of 14 animals at 6 months of age with no 

overt volume shrinkage. This study indicated a significant loss of GABAAα1 in the caudate 

nucleus (9%) and putamen (14%) in the OVT73 cohort and a decrease of Enkephalin in the 

globus pallidus (32.5%) (for details refer to table 8). Both of these changes have been reported 

in the brain pathology of human HD (Glass et al., 2000; Sapp et al., 1995). The GABAAα1 loss 

was consistent with the mRNA decrease (25.1 %) found by qPCR in the same OVT73 animals by 

Renee Handley (PhD student, UoA). Interestingly, in the anterior striatum the increase of 

Enkephalin mRNA transcripts (118%) contrasts with the reduction of its protein in the globus 

pallidus. Since the striatum and globus pallidus are closely related, the upregulation of 

Enkephalin expression could be interpreted as an interim mechanism within the striatum to 

compensate for the loss of this neuropeptide in an associated area of the basal ganglia. The 
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neuropathological outcomes generated using 6 month old animals resulted in a publication by 

our group in 2013 (HDSCRG et al., 2013). Since HD is a progressive disorder, structural brain 

alterations were expected to be seen in animals older than this first group.  

 

When older animals were examined (5 year old group), a loss of GABAAα1 receptor was again 

observed in the striatum, caudate and putamen (35%, 34% and 38% respectively). This 

reduction was confined to the dorsal portion of these brain regions (for details refer to table 9). 

However, cell or volume loss was not observed yet in these animals by stereological 

measurements (Helen Murray, Honours student, UoA), and the GABAAα1 results in the 6 

month and the 5 year old OVT73 cohorts may indicate an early and progressive dysfunction of 

the striatal inhibitory neurons. In vivo PET studies suggested that a similar mechanism may also 

take place in early stage and moderately affected HD patients (Pinborg et al., 2001). 

 

In the same 5 year old cohort, a decrease of DARPP32 was noticed in the putamen (30%)(for 

details refer to table 10) of OVT73 animals, indicating perhaps that the dopamine signalling 

pathway of substantia nigra projections into the striatum, could be deficient. Since the 

interruption of this pathway determines the abolishment of rest-activity rhythm in non-human 

primates (Fifel et al., 2014), the author speculate that the worsening of the circadian rhythm  

observed in the OVT73 line with aging (Morton et al., 2014) is due to a progressive dysfunction 

of the dopamine signalling into the striatum. It might be of interest to extend the behavioural 

testing to younger OVT73 cohorts to assess if alterations of the circadian rhythm persist in 

transgenic sheep where the dopamine signalling pathway is unaltered. Furthermore, the 

neuropathological assessment of brain regions like substantia nigra and ventral tegmental area 

would be important to better define the dopamine signalling pathway in the OVT73 line.      

 

The reduction of Substance P (42%) in the globus pallidus was the most significant 

neuropathological change observed in the 5 year old OVT73 cohort (for details refer to table 

14). Both dorsal and ventral parts of the globus pallidus were affected. These findings suggest 

that the striatum/globus pallidus pathway is perturbed and that these changes in chemical 

signalling may possibly underlie the onset of circadian abnormalities in OVT73 cohorts.  
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Meanwhile GFAP density was not altered in either the 6 month old or the 5 year old OVT73 

cohorts; however, in the older animals a significant decrease of astrocyte branching in the 

frontal portion of the striatum supports the assertion of the instigation of the disease process 

(for details refer to table 16). Whether this shortening is due to local astrocyte changes or an 

infiltration from the white matter tracts surrounding the striatum is yet to be determined.     

 

Altogether, the findings produced in chapter 3 indicate that GABAAα1, among the array of 

markers investigated, is potentially a relevant marker for the accurate measurement of early 

striatal degeneration from which drug efficiency can be monitored.   

 

For the first time since the ovine model was established (Jacobsen et al., 2010), the presence of 

mutant huntingtin aggregates in the brain of the OVT73 line was observed. This represents the 

most remarkable finding in chapter 4. Neuropil aggregates were seen in the cortical brain 

regions in two of three 18 month old OVT73 animals and their presence was further detected 

in older transgenic OVT73 animals at 36 months and 5 years of age. In all 5 year old OVT73 

animals the distribution of neuropil aggregates expands into the medial gyrus, cingulate gyrus 

and motor cortex where they had not previously been seen in the younger animals. Also for 

the first time, neuropil aggregates were observed within the putamen of the 5 year old OVT73 

line and in the caudate nucleus of a few of these transgenic animals.  

 

Nuclear aggregates reminiscent of the nuclear inclusions already observed in end stage HD 

brain and in HD murine model brains (Difiglia et al., 1997; Davies et al., 1997; Gray et al., 

2008) made their first appearance at 36 months of age in a single brain region and gradually 

emerged into other brain areas in the OVT73 line by 5 years of age. It would be informative 

to further examine the accumulation of aggregates using more animals and time points.  

 

Compared to HD mice models, the progressive accumulation in OVT73 line better 

represents some early features of the huntingtin aggregation process observed in the 

human disease condition before the onset of clinical symptoms (Gutekunst et al., 1999). 

Conversely, most of the HD models that express the full length mutant huntintin at a 

physiological level display overt symptomatology prior to the appearance of mhtt 

aggregates (Hodgson et al., 1999; Slow et al., 2003; Gray et al., 2008). In the OVT73 model, 
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as it is in the prodromal phase of human HD, inclusions are present in the brain before the 

onset of manifest symptoms (Gutekunst et al., 1999). These correlative findings between 

the OVT73 line and presymptomatic HD indicate that HD sheep may be a good model of 

early HD.   

 

Altogether, the presence of aggregates and how they accumulate in form and distribution in 

the HD sheep brain (cortical to striatal, neuropil to nuclear) indicate that the disease process is 

underway early on in these animals and that aggregate type and distribution are progressive 

markers in the OVT73 line. It remains to be seen whether aggregates have the potential to 

serve as a good efficacy indicator in experimental therapies.  

 

The findings from chapters 3 and 4 indicate that a progressive cell dysfunction initiates in the 

OVT73 line before cell loss or manifest symptoms are evident. Overall, these results support 

the idea that OVT73 is a good model of the late onset condition of HD and encourage the 

continued investigation of the presymptomatic stage of this disorder using HD sheep as an 

exploratory tool. 

 

Chapter 5 describes the investigation of the OVT73 line looking for proteins altered in 

abundance that may further characterise the line and uncover the early pathophysiological 

mechanisms. This was achieved by LC MS MS analysis, currently the most effective approach 

for investigating protein expression profiles in complex disease processes (Ong et al., 2005). 

Disease related changes in protein abundances were detected in 5 year old OVT73 brains 

focused on the regions known to be severely affected and those thought to be relatively 

spared in HD (Waldvogel et al., 2014).  

 

Overall, 21 proteins were found to be in abundance in cerebellum, 17 in motor cortex and 37 in 

striatum in the OVT73 line (for details refer to table 17, 18 and 19). Since striatum is the main 

area of degeneration in HD (Vonsattel et al., 1985), it is encouraging to see this showing the 

most change. Interestingly, the cerebellum which is generally considered relatively spared in 

HD (Waldvogel et al., 2014) also demonstrated a significant number of proteins having been 

altered in abundance, suggesting that the pathological hallmarks of HD may not accurately 

reflect the underlying disease process in HD. The findings derived from the proteomic study of 
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the OVT73 cerebellum might corroborate the changes documented in the human HD 

cerebellum (Rub et al., 2013). 

 

Of the 75 proteins identified as altered in abundance, 8 had been previously associated with 

HD; among these, SNAP25 was specifically decreased in abundance (12%) in the motor cortex 

of the OVT73 line. While a limited number of animals of mixed genders were analysed, the 

confirmation of the SNAP25 loss by immunohistochemistry indicated this finding to be robust.  

SNAP25 protein has been proposed as a candidate biomarker of synaptic dysfunction in 

neurological disorders (Wang et al., 2014).  

 

Synaptic dysfunction seems to occur early on in the motor cortex and to precede cell death by 

many years in presymptomatic HD (Schippling et al., 2009; Orth et al., 2010). The decrease of 

SNAP25 may be indicative of an early deficiency of the synaptic functionality in the motor 

cortex of the OVT73 line. It would be of interest to measure in brain and CSF samples the levels 

of neurotransmitters and proteins involved in synaptic release in the OVT73 line. The 

identification of biomarkers reflecting synaptic pathology in the OVT73 line might be valuable 

for the assessment of disease progression and evaluation of therapies especially if detected in 

CSF as it can be relatively easily collected. 

 

Glycogen phosphorylase was reduced in the 5 year old OVT73 cohort in cerebellum (20%) and 

striatum (11%) suggesting a global effect in the brain. The finding that it is differentially 

expressed in multiple regions may indicate a probable role of glycogen phosphorylase in the 

underlying disease process in the OVT73 line. 

 

Glycogen represents an important energy provision as it is the only carbohydrate reserve of the 

brain and its abundance is much higher than that of free cerebral glucose circulating in the CNS 

(Oz et al., 2007). In the brain, glycogen, which is a polysaccharide of glucose, is mostly localised 

in the astrocytes (Vilchez et al., 2007) where the breakdown of this polymolecule to glucose-1-

phosphate is mediated by the glycogen phosphorylase. This metabolic process is called 

glycogenolysis and produces glucose-6-phosphate. It has been reported that glucose-6-

phosphate is used to generate lactate, which can be transported from astrocytes to neurons 

(Benarroch, 2010; Walls et al., 2009). It has been also reported that robust glycogen 
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degradation in astrocytes results in decreased glucose uptake by these glial cells via inhibition 

of an enzyme called hexokinase (DiNuzzo et al., 2010). This results in an increased uptake of 

free glucose by nearby neurons (DiNuzzo et al., 2010). In the OVT73 line, it is possible that 

glycogen phosphorylase decrease results in a reduced production of glucose-6-phosphatase via 

inhibition of glycogen degradation in astrocytes. As a consequence, this might give rise to an 

unbalanced increase of glucose uptake by the astrocytes leaving less glucose available for the 

neurons of striatum and cerebellum in the OVT73 line (figure 42). Overall, these findings may 

point to an impaired use of glucose resources in multiple brain areas of the 5 year old OVT73 

line. 
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Figure 42. Glycogen metabolism in brain.  

The biosynthetic pathway of glycogen occurs in astrocytes in the brain. Glycogenolysis is mediated by glycogen 

phosphorylase which is activated by kinases. As a final product, this metabolic process generates lactate, which 

serves as an energy substrate for neurons. The glucose-6-phosphate produced by glycogenolysis suppresses 

glycolysis in astrocytes by hexokinase inhibition. In the OVT73 model, the decrease in abundance of glycogen 

phosphorylase may lead to overactive glycolysis and diminished lactate production into the astrocytes. This 

unbalanced metabolic process may trigger an overconsumption of free glucose by the astrocytes resulting in less 

energy substrate being available for oxidative metabolism in the neurons of the cerebellum and striatum of the 

OVT73 line. Abbreviations: tricarboxylic acid cycle (TCA cycle), lactate dehydrogenase (LDH), cerebellum (CB), 

striatum (STR).  
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The analysis of the metabolic profile of the OVT73 line was undertaken by Renee Handley 

(PhD student, UoA). Samples from the 5 year old cerebellum, motor cortex, hippocampus and 

liver were investigated by Renee using GC-MS. It would be interesting to use this dataset to 

look for alterations in the abundance levels of glucose-6-phosphate, pyruvate and lactate in the 

brain samples of the OVT73 line. Since these were not included in the list of metabolites 

detected by the GC-MS method this was not possible.      

 

In individuals with HD, there is evidence for altered glucose consumption in the brain, even 

in presymptomatic patients (Grafton et al., 1992; Kuwert et al., 1993; Antonini et al., 1996), 

Moreover, impaired energy metabolism and decreased ATP and ATP/ADP ratio have been 

reported in models of HD (Gines et al., 2003; Seong et al., 2005). 

 

Cellular stress has been proposed as one of the mechanisms that may underlie the energy 

deficit observed in HD (Tabrizi et al., 1999). In particular proteotoxic and oxidative stress 

have been proposed to contribute to cellular stress (Mu et al., 2008; Poli et al., 2004). It has 

been suggested that during the disease progression, glial cells and neurons produce 

increased levels of heat shock proteins as part of the cell stress response in 

neurodegenerative diseases (Adachi et al., 2009). Small heat shock proteins were seen to 

bind in vitro and in vivo to mutant htt (Wyttenbach et al., 2004). As these proteins act as 

chaperones to prevent mutant huntingtin fragments from aggregating, their upregulation in 

the HD brain may represent an attempt to prevent mutant huntingtin aggregation (Sharp et 

al., 1999; Yenari et al., 2002). In light of this, the up-regulation of the heat shock protein 

HSP40 (9%) in the striatum of the 5 year old OVT73 cohort may explain the reduced 

abundance of aggregates seen in this brain region (refer to figure 28). Interestingly, several 

proteins found to be statistically altered in abundance in the striatum belong to the family of 

chaperones and co-chaperones (HSP40, HSP105, HSC70, GFER), although their function in HD 

remains largely unclear.    

 

A number of studies support a role for oxidative stress and mitochondrial dysfunction in HD 

(Browne et al., 1999; Browne et al., 2008). Signs of oxidative and mitochondrial damage 

have been found in HD (Tabrizi et al., 1999; Montine et al., 1999; Alaya-pena et al., 2013; 

Sorolla et al., 2008; Browne et al., 2006). The proteomic profiling of the OVT73 line at 5 
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years of age has indicated a widespread alteration of mitochondria related proteins 

(MPRL12, CLYBL, ALDH1L1, 10 FTHFDH, NDUFA3, IDH3A, ACSF2, MRPS36, MRPL53 and LACTB) 

in multiple regions of the brain. These findings may suggest a generalised imbalance 

between the accumulation of reactive oxygen species and the ability of the transgenic 

OVT73 animals to get rid of them.  

 

Overall, the presence of protein alterations in the OVT73 line may provide indications from 

which hypotheses can be generated to better understand the mechanism of 

presymptomatic HD. The future direction of where these clues may drive the next phase of 

this project will be discussed later in section 6.3    

 

6.3. Future directions  

 

6.3.1. Further investigation of iTRAQ LC MS MS dataset 

 
In the immediate future, a key component part of this study is to validate the targets identified 

by the iTRAQ LC MS MS method. Verifying the protein changes observed in the OVT73 line, will 

provide robust leads for the generation of new hypotheses. For this to be achieved, the 

validation methodology should differ from that of chapter 5. The low sensitivity of western 

blots and immunohistochemistry (Taylor et al., 2013; Taylor et al., 2006) means that they are 

not the ideal approaches for validating datasets where differences in protein abundance are 

subtle.  Multiple reaction monitoring (MRM) is currently the most sensitive method for protein 

quantification, as protein changes are detected even with as little as low femtomolar 

differences (Aebersold et al., 2013; Burhenne et al., 2012), and it will be  an excellent way to 

validate the protein candidates proposed in chapter 5 (PYGL, SNAP25, proSAAS, EPHB2, 

GDPD5, NHP2L1, CNTFR, CYP7B1). It would be of interest to monitor the abundance level of 

these proteins in brain samples from HD patients as well. Since the circadian cycle is altered in 

the OVT73 line (Morton et al., 2014), the proSAAS down-regulation is of particular interest 

considering its association with the hormones that regulate the sleep-wake cycle (Friker et al., 
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2000; Vgontzas et al., 2001). If this is confirmed, proSAAS could represent an interesting 

candidate for targeted therapies aimed at fighting sleep abnormalities in HD patients (Morton 

et al., 2013). Synthetic proSAAS peptides can be fabricated (Vlieghe et et., 2010) and delivered 

to evaluate their effects on the altered sleep-wake cycle in the OVT73 line.   

 

The MRM approach may solve the difficulty encountered in quantifying with accuracy the 

expanded huntingtin levels in the OVT73 line with antibodies (HDSCRG et al., 2013). This 

approach should be able to quantify with high accuracy the expression levels of ovine and 

human huntingtin protein in OVT73 line, overcoming the technical limitations due to lack of 

ovine huntingtin specific antibodies and poor sensitivity of antibody-based assays. If successful, 

it will provide a simple, stable and reproducible multiplex assay to absolutely quantify ovine 

and human huntingtin levels in OVT73 samples. This will be of particular value in knockdown 

therapies.  

 

It would be interesting to investigate the abundance in the OVT73 line of those metabolites 

produced in the metabolic pathways to which the altered proteins belong. For instance, 

pyruvate and lactate are metabolites produced through degradation of glycogen (Benarroch, 

2010). To examine the glycogen metabolism, the abundance of pyruvate and lactate could be 

measured alongside the activity of lactate dehydrogenase in OVT73 brain samples.  

 

To address the hypothesis that glycogenolysis is reduced in the OVT73 line, in vitro cell based 

systems could be used. From OVT73 brain samples, astrocytes may be isolated and grown to 

measure the levels of pyruvate and lactate by targeted mass spectrometry or commercially 

available assays. It would be of interest also to verify in growing neuronal/astrocyte co-cultures 

derived from OVT73 line an enhanced absorption of glucose in astrocytic cells and how this 

might influence the energy production in nearby neurons.  

 

While the physiological function of some of the proteins found altered in the OVT73 line is not 

yet fully elucidated, in vitro cell-based systems could help to address these questions. The 

relationship existing between the protein alterations observed and the expression of the HD 

transgene may also be investigated using cell lines. It will be interesting to overexpress or 
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silence some of these proteins to determine their potential to influence the onset of the 

molecular phenotype. 

 

6.3.2. Progress in the exploration of the OVT73 line  
 

The main goal in the next phase of this study will be to continue the longitudinal investigation 

of the OVT73 line in larger cohorts applying the methodologies developed in this thesis. A 

group of 6 year old OVT73 rams (13 OVT73 and 12 controls) is now ready for further 

examination. Such large set of samples should increase the analytical power of our analysis in 

the future.  

 

This new set of samples will be used to investigate protein alterations in multiple brain areas 

and biofluids such as CSF. CSF is relatively accessible and therefore the discovery of a disease 

biomarker in this type of biofluid would make it easy to be translated into a clinical diagnostic 

test. Proteins considered interesting could be further validated using the targeted mass 

spectrometry (MRM) approach which is currently under development in our group. It will be 

also ideal to confirm the protein changes already observed in the 5 year old OVT73 cohort. 

Proteins that are found altered in abundance could be further examined using complementary 

methods (e.g. westerns, immunohistochemistry, ELISA assays and cell culture models), and 

would eventually be used to generate robust measurements for assessment of therapeutic 

intervention. 

 

Immunohistochemical analysis of several brain regions will be carried out on the new OVT73 

cohort using the markers established as a result of this thesis work (GABAAα1, DARPP32, CB1, 

Calb D28-k, Enkephalin, Substance P and GFAP), as well as new markers that will be identified 

over time by large scale screening such as iTRAQ LC MS MS and RNA-Seq (Dr. Suzanne Reid/ 

Renee Handley).  

 

In the new OVT73 cohort the number and distribution of mhtt aggregates will be determined 

by applying the systematic method developed in this research. Additional brain regions (e.g. 

cerebellum, olfactory bulb, pineal gland, thalamus, amygdala and hippocampus) will be 
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included in this analysis. The confirmation that progressive accumulation and propagation of 

mhtt aggregates exist in the OVT73 brain as it ages will represent the most robust pathological 

phenotype observed so far.    

 

The OVT73 line currently appears to recapitulate the late onset phenotype of the human HD 

condition, thus providing an extended presymptomatic window through which experimental 

therapies can be tested. A therapeutic approach which showed efficacy in improving or 

delaying the detrimental effects of the mutant huntingtin protein, in vitro and in mice, was the 

knock-down of its mRNA by RNA interference (RNAi)(Mantha et al., 2012). Since sheep have a 

large gyrencephalic brain and a separate caudate/putamen as in humans, they offer the 

opportunity to fill the gap between mouse studies and human trials in the future. In the last 

year, a group of OVT73 sheep has been injected intrastriatally with adeno-associated virus 

(AAV) carrying a short hairpin of DNA that expressed complementary RNA to knock-down the 

mutant huntingtin mRNA (Dr. Neil Aronin, University of Massachusetts). Furthermore, since 

the HD transgene in the OVT73 line originates from a patient carrying three SNPs known to 

segregate with the mutant allele in 75% of the HD population, allele specific HD gene silencing 

will be feasible in sheep.  The overall aim is to use HD sheep to test safety, distribution and 

efficacy of mutant huntingtin mRNA knock-down and ultimately deliver a long term therapy for 

HD patients.  Along with mRNA and protein expression, it would be useful to measure the 

number of mhtt aggregates in the AAV-RNAi animals to assess the effect of the silencing 

therapy on aggregate formation in the brain.  

 

6.3.3. OVT73 dataset integration  

 

The investigation of molecular phenotypes linked to the HD transgene expression has been 

pursued to date through independent analysis of proteomic (iTRAQ LC MS MS) and recently 

gathered transcriptomic data (RNA-seq) in the OVT73 line. The integration of iTRAQ LC MS MS 

and RNA-seq datasets may provide fruitful insight that cannot be deduced from the single 

analysis of protein or gene expression. The joint analysis of protein and gene expression 

datasets is now feasible through commercial and open source software (www.ingenuity.com; 

Kuo et al., 2013; Eichner et al., 2014). To investigate how the biological pathways in the OVT73 

http://www.ingenuity.com/products/ipa
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system are perturbed by the expression of the full length HD transgene, the author would like 

to perform a joint pair-wise correlation analysis of the proteomic and transcriptomic datasets. 

It will be of particular interest to see if the pathways altered in the proteomic dataset 

corresponding with the ones altered in the RNA-seq dataset. 

 

Similarly, the functional integration of RNA-seq, metabolomics (Renee Handley, UoA) and 

iTRAQ datasets will facilitate the study of the OVT73 system from a global perspective. This 

multi-dimensional analysis could reveal disease specific mechanisms that could be useful to 

design new effective therapies for HD.   

 

6.4. Concluding remarks 
 

This thesis described the validation of OVT73 as a model of a slowly progressive late onset- 

nature of HD. Findings from this thesis support the use of OVT73 to explore the mechanisms by 

which CAG expansion causes HD. Having established this, we can now move on in finding the 

mechanisms which lead to the disorder onset using sheep as an exploratory tool. A pipeline for 

protein discovery has been established in this thesis and it will be soon applied to identify 

biomarkers of disease progression in HD in a larger cohort. The need for biomarkers in HD is 

acute and the integration of multi-dimensional OVT73 datasets will provide the opportunity to 

fast track, better characterise and identify proteins, genes and pathways in this 

presymptomatic model to potentially translate as markers into clinical research. Ultimately, it is 

hoped that this model will serve as a useful platform to rapidly develop therapies for HD to 

translate into clinic.  
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Appendix I 

 

1.1. General Materials  
 

1.1.1. Buffers and solutions 

 

10% Formalin  

100 mL 37/10 AR Formalin; 900 mL 0.1MPO4 

0.9% Saline solution (1L) 

0.15 M NaCl in 1 L dH2O  

0.4M Phosphate buffer (PO4) 

75 mM NaH2PO4, 324 mM Na2HPO4 

0.1M Phosphate buffer with azide (1L) 

0.1 M PO4 plus 1 g sodium azide (0.1%) 

20% Sucrose 

0.1M PO4, 200g sucrose, 0.1% sodium azide. Dissolved in 500mL dH2O, topped up to 1L 

30% Sucrose 

0.1M PO4, 300g sucrose, 0.1% sodium azide. Dissolved in 500mL dH2O, topped up to 1L 

Phosphate buffered saline pH 7.4 (PBS) 

137mM NaCl, 2.7mM KCl, 1.5mM KH2PO4,8.1mM Na2HPO4 

Phosphate buffered saline azide (1L) 

PBS plus 1g sodium azide (0.1%) 

Phosphate buffered saline triton X (PBST) 

137mM NaCl, 2.7mM KCl, 1.5mM KH2PO4,8.1mM Na2HPO4, 0.1% triton X-100 

Citric acid pH 4.5 (1L) 

0.07M Citric acid Na3 salt, 0.2M Na2HPO4. Dissolved in 800mL dH2O, topped up to 1L 

50% methanol solution 1% H2O2 

50 mL methanol, 30% hydrogen peroxide. Dissolved in 500mL dH2O 
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1% NGS immunobuffer 

10mL normal goat serum (GIBCO) in 990mL PBS plus 0.4g (0.04%) merthiolate 

Gelatine 

3g gelatine, 0.3g chromium potassium sulfate 

0.5% 3,3’- diaminobenzidine solution (10X DAB) 

0.5g DAB powder in 100mL dH2O   

Cresyl violet solution 

0.5g Cresyl violet, 0.68g CH3COONa, 2mL CH3COOH. Dissolved in 100mL dH2O 

1% Nickel ammonium sulfate 

0.8g nickel ammonium sulphate in 80mL dH2O  

Tris-imidazole buffer pH 7.4 (1L) 

0.05M Tris plus 0.05M imidazole. Dissolved in milliQ dH2O 

Substrate buffer pH 7.4 (SB)  

0.6% nickelous ammonium sulfate in TI 

10x Tris buffered saline 

0.1M Tris, 1.5 NaCl 

Tris buffered saline tweet 20 pH 8.0 (TBST) 

10mM Tris, 150mM NaCl, 0.05% v/v tweet 20 

1X Tris / Tricine / SDS buffer pH 8.3 

100mM Tris, 100mM Tricine, 0.1% SDS 

10% SDS solution 

10g SDS, dissolve in 100 mL dH2O 

1.25M Tris solution pH 6.8 

1.513g Tris, dissolve in 100 mL dH2O 

Stripping solution 

62.5M Tris, 2% SDS, 7% β-mercaptoethanol 

Coomassie solution 

0.1% (w/v) Brilliant Blue G, 0.29M phosphoric acid, 16% (NH4)2SO4 (saturated) 

Extraction Buffer (EB)  

1M TEAB, 0.1% (w/v) SDS 

10 mM DTT  

 0.1543g 1M DTT. Dissolved in 1mL milliQ dH2O 
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50 mM IAM  

0.09248g 500mM IAM. Dissolved in 1 mL of extraction buffer 
 
Loading Buffer (A2) 
0.1% (v/v) NH4OH in HPLC grade water (99.9%) 
 
Elution Buffer (B2) 
0.1% (v/v) NH4OH in C2H3N (99.9%) 
 
Loading Buffer (A) 
97% HPLC grade water (99.9%) plus 3% C2H3N (99.9%) plus 0.1% CF3CO2H 
 
Elution Buffer (B) 
99.9% C2H3N (99.9%) plus 0.1% CH2O2 
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Appendix II  

 

2.1. Additional antibodies list 

Table 2.1. List of the antibodies tested on sheep brain tissue for mHtt polyglutamine aggregates detection. 

These antibodies are extra to those in table 5 of main thesis (refer to section 2.2.1 in General Methods), and were 

tested for suitability but not necessarily successful.    
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Table 2.2. List of the additional antibodies tested on sheep brain tissue for densitometric analysis.  

These antibodies are extra to those in table 5 of main thesis (refer to section 2.2.1 in General Methods), and were 

tested for suitability but not necessarily successful.   
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Table 2.3. List of the additional antibodies tested on sheep brain homogenates for validation studies of 

proteomic analysis.  

 

 
 
Table 2.4. iTRAQ tags used to label samples of cerebellum, motor cortex and striatum obtained from 5 year old 

OVT73 and control animals.  

Two iTRAQ runs (run 1 and run 2) were necessary to analyse 12 samples (6 OVT73, 6 controls) for each brain 

region. Equal amount of protein from each sample of the same brain region was used to make pool references 

(POOL CB, POOL MCTX and POOL STR). Pool replicates were included in each iTRAQ run to assess the 

reproducibility of the method and to normalise across multiple runs (run 1 and run 2). The tag 121 was not used. In 

blue: control samples, in red: OVT73 samples.   
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Appendix III  

3.1. Images 1C2  

 

Figure 3.1. Photomicrographs of 1C2 positive polyglutamine proteins in motor cortex in 18 month old CTRL and 

OVT73 sheep.  

(A‐B) 18 month old CTRL and OVT73 brains shown 1C2 positive polyglutamine protein staining at low magnification 

in the motor cortex. The staining  is mostly defuse and  localised  in the cytoplasm. (C,D) Higher magnifications of 

1C2 positive polyglutamine protein staining in the motor cortex are shown. (E,G) High power images (63x) of 1C2 in 

control and OVT73 animals at 18 month of age.  1C2 staining do not often localise with oligodendrocytes (in blue), 

suggesting perhaps few polyglutamine proteins are present in these glial cells. Scalebar (A‐G) = 20 µm 
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3.2. Images 1F8 

 

 

 

Figure 3.2. Photomicrographs of 1F8 positive polyglutamine proteins in motor cortex in 18 month old CTRL and 

OVT73 sheep.  
(A‐B) 18 month old CTRL and OVT73 brains shown 1F8 positive polyglutamine protein staining at low magnification 

in the motor cortex. As for 1C2 antibody, the staining is mostly defused and localised in the cytoplasm. (C,D) Higher 

magnifications of 1F8 positive polyglutamine protein  staining  in  the motor  cortex are  shown.  (E,G) High power 

images (63x) of 1C2 in control and OVT73 animals at 18 month of age. Scalebar (A‐G) = 20 µm 
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3.3. Images B4‐S830 controls 

 

Figure 3.3. Photomicrographs of B4‐S830 stained sections in motor cortex and piriform cortex of 18, 36 month 

old and 5 year old controls.  
(A‐B) 18 month old control brains shown lack of immunoreactive mhtt aggregates in the motor cortex and piriform 

cortex. (C,D) 36 month old control brains demonstrated lack of mhtt aggregates in the motor cortex and piriform 

cortex.  (E,G)  5  year  old  control  brains  exhibited  no  aggregates  of mutant  huntingtin  in  the motor  cortex  and 

piriform  cortex.  In  all  brain  regions  examined  at  each  time  point,  aggregates  of mutant  huntingtin were  not 

observed in the control cohorts. Scalebar (A‐F) = 20 µm 
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 3.4. Images 4h7h7 

 

 
Figure 3.4. b3‐4H7H7 staining of formic acid‐treated sheep brain frontal lobe sections. 

The mouse monoclonal 4H7H7 antibody was raised against the mhtt N‐terminal fragment (1–480 amino acid) with 

68Q. A: HD329 (OVT73), B: HD331 (control), C: HD330 (OVT73), D: HD336 (OVT73); arrows indicate the presence of 

a few typical sized polyglutamine aggregates (40X objective, field size 380μ x 270μ)(Images kindly provided by Alex 

Osmand
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Appendix IV  

4.1. False discovery rate  
 
The false discovery rate was generated by the plug-in Proteomics System Performance 

Evaluation Pipeline (PSPEP) included in Protein Pilot 4.0 package software (AB SCIEX). Three 

different analysis were carried out applying a target-decoy search strategy (Elias et al., 2007) 

by the PSPEP software:   

 

1) FDR generated for proteins 

2) FDR generated for peptides 

3) FDR generated for spectra 

 

The output generated for each brain region are showed as follow: FDR analysis for 

cerebellum (tables 4.1.1, 4.1.2, 4.1.3), FDR analysis for motor cortex (tables 4.1.4, 4.1.5, 

4.1.6) and FDR analysis for striatum (tables 4.1.7, 4.1.8, 4.1.9). The meaning of the five 

different elements shown in these tables is briefly summarised below (adapted from Tang et 

al., 2007): 

 

- Summary tables: provide the yield of identification for proteins, peptides and spectra 

using both the global FDR (false discovery rate applied to the entire dataset) and the 

local FDR (local FDR = false discovery rate applied to an individual data). 

- Estimated false discovery rates graph: provide the yield of identification at all FDRs. 

The circles represent the data displayed numerically in the summary tables. 

- Protein Pilot reported vs estimated FDR graph: compare the confidence reported by 

the Paragon algorithm (Shilov et al., 2007) with the FDR score determined by PSPEP. 

- Nonlinear fitting graph: it shows how well the nonlinear curve fit to the actual data 

generated. 

- Numeric ROC plot graph: shows the adjustment between the numbers of true positive 

identification that can be obtained versus the number of false positive that must be 

accepted.   
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Table 4.1.1. FDR generated for proteins using combined cerebellum 8-plex runs  
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Table 4.1.2. FDR generated for peptides using combined cerebellum 8-plex runs 
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Table 4.1.3. FDR generated for spectra identified using combined cerebellum 8-plex runs 
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Table 4.1.4. FDR generated for proteins using combined motor cortex 8-plex runs   
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Table 4.1.5. FDR generated for peptides using combined motor cortex 8-plex runs 
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Table 4.1.6. FDR generated for spectra identified using combined motor cortex 8-plex runs 
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Table 4.1.7. FDR generated for proteins using combined striatum 8-plex runs   
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Table 4.1.8. FDR generated for peptides using combined striatum 8-plex runs 
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Table 4.1.9. FDR generated for spectra identified using combined striatum 8-plex runs 
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Appendix V  

 

5.1 List of proteins between p values > 0.05 and           

< 0.1 in cerebellum, motor cortex and striatum 

 
Table 5.1. List of “trending“ proteins in cerebellum. 
List of proteins with p values between the 0.05 and < 0.1 threshold detected by iTRAQ in ovine transgenic OVT73 

cerebellum. The OVT73/CTRL shows the ratio of abundance. Downregulated proteins are highlighted in blue 

whereas orange indicates those upregulated. 

 

Table 5.2. List of “trending“ proteins in motor cortex. 

List of proteins with p values between the 0.05 and < 0.1 threshold detected by iTRAQ in ovine transgenic OVT73 

motor cortex. The OVT73/CTRL shows the ratio of abundance. Downregulated proteins are highlighted in blue 

whereas orange indicates those upregulated 

 

Table 5.3. List of “trending“ proteins in striatum. 

List of proteins with p values between the 0.05 and < 0.1 threshold detected by iTRAQ in ovine transgenic OVT73 

striatum. The OVT73/CTRL shows the ratio of abundance. Downregulated proteins are highlighted in blue whereas 

orange indicates those upregulated 
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Table 5.1. List of “trending “ proteins in cerebellum. 
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Table 5.2. List of “trending “ proteins in motor cortex. 
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Table 5.3. List of “trending “ proteins in striatum. 
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Appendix VI  

 
6.1 Strong pair-wise protein abundance correlations 

(r>0.8/r<-0.8) and strong (r>0.8/r<-0.8) versus weak 

(r>0.1/r<-0.1) pair-wise protein abundance correlations 

between OVT73 and controls in the 5 year old cerebellum, 

motor cortex and striatum 
 

Table 6.1. Robust pair-wise protein abundance correlations (r>0.8 or r<-0.8) in common 

between OVT73 and controls in cerebellum, motor cortex and striatum 

 

Table 6.2. Pair-wise protein abundance high correlations (r>0.8 or <-0.8) versus low 

correlations (r<0.1 or >- 0.1) in common between OVT73 and controls in cerebellum 

 

Table 6.3. Pair-wise protein abundance high correlations (r>0.8 or <-0.8) versus low 

correlations (r<0.1 or >- 0.1) in common between OVT73 and controls in motor cortex 

 

Table 6.4. Pair-wise protein abundance high correlations (r>0.8 or <-0.8) versus low 

correlations (r<0.1 or >- 0.1) in common between OVT73 and controls in striatum 

 

Table 6.5. (continued) Pair-wise protein abundance high correlations (r>0.8 or <-0.8) versus 

low correlations (r<0.1 or >- 0.1) in common between OVT73 and controls in striatum 
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Table 6.1. Robust pair-wise protein abundance correlations (r>0.8 or r<-0.8) in common between OVT73 and 

controls in cerebellum, motor cortex and striatum 
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Table 6.2. Pair-wise protein abundance high correlations (r>0.8 or <-0.8) versus low correlations (r<0.1 or >- 0.1) in 

common between OVT73 and controls in cerebellum 
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Table 6.3. Pair-wise protein abundance high correlations (r>0.8 or <-0.8) versus low correlations (r<0.1 or >- 0.1) in 

common between OVT73 and controls in motor cortex 
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Table 6.4. Pair-wise protein abundance high correlations (r>0.8 or <-0.8) versus low correlations (r<0.1 or >- 0.1) in 

common between OVT73 and controls in striatum 
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Table 6.5. (continued) Pair-wise protein abundance high correlations (r>0.8 or <-0.8) versus low correlations (r<0.1 

or >- 0.1) in common between OVT73 and controls in striatum 
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Appendix VII  

7.1 Single animal proteomic data  
 
In appendix VII the graphs illustrating the log ratios of each protein altered in abundance (p< 

0.05) and trending (within p > 0.05 and p<0.1) for cerebellum, motor cortex and striatum are 

shown. For simplicity reasons, the protein names in the graphs are shown as the equivalent 

gene names.  

 

 

1. Single animal data distribution graphs of proteins altered in abundance in cerebellum 

(page 220-222)  

2. Single animal data distribution graphs of proteins altered in abundance in motor cortex 

(page 223-224)  

3. Single animal data distribution graphs of proteins altered in abundance in striatum             

(page 225-229)  

4. Single animal data distribution graphs of proteins trending (within p > 0.05 and P<0.1) in 

cerebellum (page 230-234)  

5. Single animal data distribution graphs of proteins trending (within p > 0.05 and P<0.1) in 

motor cortex (page 235-241)  

6. Single animal data distribution graphs of proteins trending (within p > 0.05 and P<0.1) in 

striatum (page 242-248)  
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Appendix VIII  

8.1 Tables of protein-group pathways in different 

brain regions   
 
 
 
In appendix VIII the list of the common proteins of interest detected in cerebellum, motor 

cortex and striatum are shown. 

  

Protein names (and matching gene names), fold change and p values for proteins 

differentially expressed (p < 0.05, in yellow) in abundance in cerebellum, motor cortex and 

striatum in OVT73 and littermate controls at 5 years of age are shown.  

 

Proteins trending (included within p > 0.05 and p <0.1 range) were considered and added to 

the table (in light purple). The fold change shows the ratio of abundance (OVT73 versus 

CTRL). Proteins not detected or with no sufficient FDR score are highlighted in black.
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	1. CHAPTER ONE
	Review of the literature and introduction
	Although the analysis of post mortem human brains offers great opportunities for the investigation of Huntington’s disease mechanisms, many limitations in using these samples still remain. First of all,              a pure HD effect is difficult to id...
	Similarly, Reddy and colleagues in 1998 created a mouse model carrying a full-length human HTT cDNA with 16, 48 or 89 CAG repeats driven by the CMV promoter (Reddy et al., 1998). Only mice with 48 or 89 CAG repeats showed progressive behavioural and m...
	One year later, a major step in model development was accomplished with the introduction of transgenic mice expressing the full-length genomic HTT comprehensive of the endogenous regulatory regions (Hodgson et al, 1999). An extensive number of YAC mur...
	On the other hand, an accumulation of neuropil aggregates in striatal neurons has been observed in YAC128 mice starting from 3 months of age followed by striatal and cortical atrophy at 9 months and neuronal loss at 12 months of age (Van Raamsdonk et ...
	A better understanding about the role of proteolytic cleavage in HD came from a milestone study carried out in 2006, where the authors generated a special YAC128 mice line bearing selective mutations for the caspase-3 and caspase-6 huntingtin cleavage...
	Table 2.  Rodent models of HD.
	Abbrevations : calcium/calmodulin-dependent protein kinase Iiα (CamkIIa),cyclomegalovirus (CMV), huntingtin gene (HTT), mutant huntingtin protein (mHtt), prion protein (Prp).
	* The mHtt expression is relative to endogenous levels.
	Similarly, the study of a conditional full length HD model carrying a transgene controlled by a tet-transactivator (tTA) and driven by the promoter PrP  has produced additional evidence that different types of mHtt fragments contribute to the HD toxic...
	In 2008, a bacterial artificial chromosome (BAC)-mediated transgenic mouse model, named BACHD, was generated using a genomic full length human HTT expressing a 97 CAG tract. These mice showed progressive motor deficits and late onset of cortical and s...
	More recently, a HD mouse model for testing silencing therapies has been generated cross- breeding BACHD 97 and YAC18 mice. As result, the Hu97/18 mouse model is the first HD model genetically equivalent to the heterozygous condition of human HD patie...
	The first transgenic rat model of HD was established in 2003 using a truncated huntingtin cDNA fragment with 51 CAG repeats under control of the native rat huntingtin promoter (von Horsten et al., 2003). These rats exhibited adult-onset behavioural dy...
	Despite the usefulness and the contribution of transgenic models in dissecting the mechanisms of HD pathophysiology some caveats still remain. The expression of exogenous HTT tracts under the control of inappropriate promoters may lead to a transgene ...
	A large battery of knock-in mice have been created inserting toxic CAG repeats of variable range length into the endogenous mouse HD gene located on chromosome 5 (Shelbourne et al., 1999; Lin et al., 2001). Although no visible HD-like symptoms have be...
	Another line of HD knock-in mice was generated in 2002 replacing the mouse exon 1 with a human exon 1 carrying 140 CAG repeats (Menalled et al., 2002). Early motor and non-motor abnormalities observed at 2 months of age were followed by the detection ...
	Although recent international studies, involving hundreds of presymptomatic and symptomatic HD patients, have been initiated to identify “measurements” to best use for clinical trials, there is still a need to model HD (Tabrizi et al., 2012; Paulsen e...
	Post mortem human brain samples are invaluable resources; however, they represent end stage pathology and do not capture the early stage HD pathophysiological mechanism. Furthermore, studies analysing human samples require caution in the data interpre...
	Certainly, these hurdles make it difficult to decode the earliest changes occurring in the brain of HD gene carriers and the symptomatic progression of the disease. A better reproduction of the earliest physiological manifestations of HD using a more ...
	At the moment, several lines of murine models, either transgenic or knock-in are available for testing therapeutic approaches and preclinical trials. Beyond doubt, the extensive use of rodents has proven to be an invaluable source for researchers to a...
	First of all, murine models possess a small brain which makes it difficult to apply some of modern state-of-art diagnostic imaging technologies such as MRI and PET. Furthermore, the
	development of brain delivery technologies, particularly useful to advance effective treatments for HD, will be very limited using small brain models.
	Another limitation of these animals is the short lifespan. Huntington’s disease, as well as other neurodegenerative diseases, is defined by a late onset and a slow progression phenotype which cannot be easily modelled in rodents, which live for approx...
	Lastly, the murine brain neuroanatomical organisation is far distant from the human brain condition. With emphasis on HD, where the main targets of degeneration are the basal ganglia and cortex, the mouse brain is a “prototypical” mammalian brain and ...
	Potentially, large animals, with their long lifespan, may represent more suitable models to picture the presymptomatic stage of HD over an extended time. Moreover, since promising treatments developed in rodent models do not easily translate into clin...
	Abbrevations: cyclomegalovirus (CMV); huntingtin gene (HTT); mutant huntingtin protein (mHtt); prion protein (Prp). * The mHtt expression is relative to endogenous levels.

	Chapter 2 24 Nov 2014 Richard
	2. CHAPTER TWO
	General methods
	After the removal of the brain from the skull of these animals we used a custom-made cutting matrix to coronally slice the cerebrum and generate several blocks (figure 5). After removal of each coronal block from the matrix, the left hemisphere blocks...
	The right hemisphere blocks, after removal from the matrix and separation, were placed in 10% buffered formalin at 4  ̊C. Two days after sectioning, the blocks were rinsed and then transferred into 0.1M phosphate buffer including 0.1% (w/v) sodium azi...
	Table 4. List of the animals used in this study.
	Free floating sections were initially washed for 20 minutes in a solution of 50% methanol and 1% HR2ROR2R to expose binding sites and block endogenous peroxidase activity. Sections were washed three times in PBST prior to incubation in primary antiser...
	The following day, sections were washed three times with PBST for 10 minutes each and incubated for 4 hours at room temperature in avidin-biotin-horseradish peroxidase complex in 1% NGS immunobuffer. After a further three 10 minute washes in PBST, eac...
	After a further three washes with PBST, sections were mounted onto slides with gelatine and left to dry overnight. The following day the mounted sections were hydrated in dHR2R0 for 5 minutes and then dehydrated in a graded ethanol series (75%, 85%, 9...
	In addition, some sections were Nissl stained with cresyl violet solution according to standard techniques (Paxinos and Watson., 2009).   Untreated sections were gelatine-mounted on slides and left to dry overnight. The following day, sections were de...
	For immunohistochemical detection of mHtt aggregates, the biotinylated S830 antibody was used (table 5). As inclusions are made of dense protein aggregates, the use of formic acid pre-treatment was necessary. This breaks protein cross-links exposing a...
	To identify the location of the mHtt aggregates some of sections already immunolabelled with S830 antibody were counterstained with Nissl to expose the brain cells.
	For further details about the buffers and solutions used in this study please refer to appendix I.
	Table 5. List of the antibodies used for immunohistochemistry in this study.
	2.2.2. Densitometric analysis
	Two sections for each animal were examined for each marker; a rostral section containing anterior striatum, and a caudal section containing caudate, putamen and globus pallidus. Before anything else, single immunoperoxidase-labelled sections were exam...
	For each marker, specific algorithms were customised and used to calculate the average grey values (pixels per image) per microphotograph in an unbiased automated fashion and considered for regional density analysis. A background correction image was ...
	Additionally, for GFAP fibre length morphometric analysis, an algorithm to estimate the total neurite length of GFAP positive astrocytes in each of the captured images was used. For statistical comparison between OVT73 and control groups, unpaired 2-t...
	Figure 6. Brain regions and sub-regions considered for densitometric analysis.
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	3. CHAPTER THREE
	Markers of neuropathology progression in HD sheep
	Table 8. Immunohistochemical marker results in 6 month old OVT73 animals. Values are expressed as a percentage of the control and have been analysed biometrically using a Student’s unpaired two tailed t-test, * One red asterisk designates significance...
	3.2.2. Immunohistochemical assessment of 5 year old OVT73 animals
	Immunohistochemical densitometric analysis of markers on 5 year old OVT73 sections was performed using an automated imaging system allowing the detailed quantification of region and sub-regions of interested (see section 2.2.2. in General Methods for ...
	Two sections for each animal were examined with each marker; a rostral one containing the striatum (rostral section) and a more caudal section containing caudate nucleus, putamen and globus pallidus (caudal section).  The regions and sub-regions of in...
	3.2.2.1. GABARAR α1
	In the dorsal striatum of rostral sections from OVT73 group, GABARAR α1 was reduced by 35% (p-value 0.048) (figure 8). Moreover, in the dorsal caudate nucleus and putamen of the caudal sections from OVT73 group, GABARAR α1 density was reduced by 34% (...
	Combining the GABARAR α1 densitometric data across the three striatal regions (striatum on rostral section, caudate nucleus and putamen on caudal section) GABARAR α1 levels were reduced in OVT73 group by 36% (p-value 0.00769) in the dorsal portion of ...
	Figure 8. GABARARα1 density decrease in dorsal striatum of 5 years old OVT73 animals (see overleaf for legend).
	Figure 8. GABARARα1 density decrease in dorsal striatum of 5 years old OVT73 animals.
	These representative images show single‐label DAB immunohistochemistry for GABARARα1 in striatum (rostral section) in 5 year old control and OVT73 animals.(A,B) Macros of the right hemispheres of the control and OVT73 animals stained with GABARARα1 an...
	Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm.
	Figure 9. GABARARα1 density decrease in dorsal caudate and dorsal putamen of 5 years old OVT73 animals (see overleaf for legend).
	Figure 9. GABARARα1 density decrease in dorsal caudate and dorsal putamen of 5 years old OVT73 animals.
	These representative images show the immunostaining for GABARARα1 in caudate nucleus (caudal section) and putamen (caudal section) in controls and OVT73 at 5 years of age. (A,B) Low magnification images of the right hemispheres of the control and OVT7...
	Scale bars in A and B = 1 cm, C,D,E,F = 100 μm, c,d,e,f = 20 μm.
	Table 9. GABARARα1 semi-quantitative densitometric analysis data summary table.
	The summary of semi-quantitative data from GABARARα1 stained rostral and caudal sections is shown above. Data are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 versus controls is indicat...
	Figure 10. Loss of GABARARα1 in individual 5 years old OVT73 animals.
	Graphs show individual animal data for controls (control ewes in pale blue and control rams in dark blue) and OVT73 (OVT73 ewes in pink and OVT73 rams in red) plus averages for each group (controls average in sky blue and OVT73 average in crimson). A ...
	Figure 11. Decrease of GABARARα1 levels in dorsal regions in OVT73 group at 5 years of age showed as single animals.
	The graph above illustrate the density of GABARARα1 in dorsal striatum, dorsal caudate and dorsal putamen in both sections combined. The Y axis shows total grey value in millions, and standard errors bars were calculated from the three combined region...
	3.2.2.2. DARPP32
	DARPP32 immunoreactivity was decreased in the putamen of OVT73 animals. A reduction of DARPP32 density of 30% in the OVT73 group (p-value 0.010) was seen in the total putamen.
	Similarly, a 30% loss (p-value 0.034) of the same marker was detected in dorsal portion of the putamen in OVT73 animals whereas no changes were noticed in the ventral portion (figure 12).
	The summary table of all DARPP32 results is shown in table 11. Individual animal data of semi-quantitative DARPP32 densitometric analysis performed in putamen are shown in figure 13.
	Figure 12. DARPP32 density decrease in total and dorsal portion of putamen in 5 years old OVT73 animals (see overleaf for legend).
	Figure 12. DARPP32 density decrease in total and dorsal portion of putamen in 5 years old OVT73 animals.  These representative images show DAB immunohistochemistry for DARPP32 in putamen (caudal section) in 5 year old control and OVT73 animals. (A,B) ...
	Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm.
	Table 10. DARPP32 semi-quantitative densitometric analysis data summary table.
	The summary of semi-quantitative data from DARPP32 stained rostral and caudal sections is shown above. Data are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 versus controls is indicated...
	Figure 13. Decrease of DARPP32 in individual 5 years old OVT73 animals.
	Graphs show individual animal data for controls (control ewes in pale blue and control rams in dark blue) and OVT73 (OVT73 ewes in pink and OVT73 rams in red) plus averages for each group (controls average in sky blue and OVT73 average in crimson). In...
	3.2.2.3. Calbindin D28K, CB1 and Enkephalin
	The basal ganglia brain regions were also investigated by densitometric analysis using CALB D28K, CB1 and Enkephalin antibodies. Qualitative examination of OVT73 and control sections immunostained with these markers did not reveal any manifest alterat...
	The summary table of CALB D28K, CB1 and Enkephalin results are shown in table 11-13.
	Figure 14. No changes of CALB D28K density were observed in any of the basal ganglia nuclei analysed (see overleaf for legend).
	Figure 14. No changes of CALB D28K density were observed in any of the basal ganglia nuclei analysed.
	These representative images show the CALB D28k distribution across different basal ganglia regions (caudal section) in 5 year old control and OVT73 animals. No alteration of CALB D28K was observed in OVT73 animals compared to controls. (A,B) Low magni...
	Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm.
	Table 11. Calbindin D28K semi-quantitative densitometric analysis data summary table.
	The summary of semi-quantitative data from DARPP32 stained rostral and caudal sections is shown above. Data are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 versus controls is indicated...
	Figure 15. No difference of CB1 density is detected in the OVT73 and controls at 5 years of age (see overleaf for legend).
	Figure 15. No difference of CB1 density is detected in the OVT73 and controls at 5 years of age.
	Illustrative images show the cannabinoid receptor 1 distribution across different cortical and sub-cortical brain regions (caudal section) in 5 year old control and OVT73 animals. No significant change of CB1 density has been observed in the basal gan...
	Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm.
	Table 12. CB1 semi-quantitative densitometric analysis data summary table.
	The summary of semi-quantitative data from CB1 stained rostral and caudal sections is shown above. Data are
	shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 versus controls is indicated as well as the t-test p-value.
	Figure 16. No changes of Enkephalin density were observed in OVT73 and controls at 5 years of age (see overleaf for legend).
	Figure 16. No changes of Enkephalin density were observed in OVT73 and controls at 5 years of age.
	(A,B) Low magnification images of coronal sections show the enkephalin distribution in the basal ganglia (caudal section) in 5 year old control and OVT73 animals. The woolly fibers of the globus pallidus are enriched of enkephalin in the ovine brain. ...
	Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm.
	Table 13. Enkephalin semi-quantitative densitometric analysis data summary table.
	The summary of semi-quantitative data from Enkephalin stained rostral and caudal sections is shown above. Data are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 versus controls is indica...
	3.2.2.4.  Substance P
	The neuropeptide Substance P was also considered for semi-quantitative densitometric analysis across several regions of the basal ganglia. Sub-regional analysis of the dorsal and ventral part of the striatum was carried out. In the OVT73 animals, Subs...
	The summary table of the entire Substance P results is shown in table 14. Individual animal graphs of the densitometric analysis performed in globus pallidus for Substance P are shown in figure 18.
	Figure 17. Substance P decrease in globus pallidus of 5 years old OVT73 animals (see overleaf for legend).
	Figure 17. Substance P decrease in globus pallidus of 5 year old OVT73 animals.
	These representative images show the immunolabelling pattern and distribution of neuropeptide Substance P in different nuclei of the basal ganglia in control and OVT73 animals at 5 years of age. (A,B) The reduced intensity of Substance P staining is d...
	Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm.
	Table 14. Substance P densitometric analysis data summary table
	The summary of semi-quantitative data of the rostral and caudal sections stained with Substance P antibody is shown above. Data are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 versus c...
	Figure 18. Loss of Substance P in individual 5 year old OVT73 animals.
	Graphs show individual animal data for controls (control ewes in pale blue and control rams in dark blue) and OVT73 (OVT73 ewes in pink and OVT73 rams in red) plus averages for each group (controls average in sky blue and OVT73 average in crimson). In...
	3.2.2.5. GFAP and astrogliosis
	Astrogliosis has been monitored in these animals using GFAP immunohistochemistry.  GFAP is a marker of astrocytes that is expressed at high levels in injury and disease states. The total intensity of GFAP expressed in astrocytes has been used as a mea...
	No significant changes of GFAP intensity were noticed in the OVT73 animals when compared to controls (figure 19). The summary table of the GFAP results is shown in table 15.
	Despite the levels of GFAP not being altered, qualitative observations indicated the morphology of the astrocytes to be dystrophic in the OVT73 group. Indeed, the astrocytes stained with GFAP in the controls appeared to possess longer branches compare...
	Fibre length of astrocytes branching was measured using a morphometric algorithm specifically designed to target and measure the length of neurites. In the striatum of rostral sections of OVT73 group, the fibre length of astrocytes branching was reduc...
	Figure 19. No changes of GFAP density were observed in OVT73 and controls at 5 years of age (see overleaf for legend).
	Figure 19. No changes of GFAP density were observed in OVT73 and controls at 5 years of age.
	(A,B) Low magnification images of the right hemispheres of control and OVT73 animals show the GFAP distribution across the cortical, sub-cortical and white matter areas of the ovine brain. Only the basal ganglia were considered for densitometric analy...
	Scale bars in A and B = 1 cm, C and D = 100 μm, E and F = 20 μm.
	Table 15. GFAP densitometric analysis data summary table.
	The summary of semi-quantitative data from GFAP stained rostral and caudal sections are shown above. Data are shown as average of total grey values (in millions) per group plus standard error. The percent change in OVT73 versus controls is indicated a...
	Figure 20. GFAP positive astrocytes fibre length reduction in striatum in 5 years old OVT73 animals (see overleaf for legend).
	Figure 20. GFAP positive astrocytes fibre length reduction in striatum in 5 years old OVT73 animals.
	These representative images show the shortening of the astrocytic neurites in striatum (dorsal section) in 5 years old OVT73 group. (A,B,G,H) Photomicrographs (20x) showing the scattering of astrocytes in the dorsal and ventral portions in the control...
	Scale bars in A,B,G,H = 100 μm, C,D, I, J = 40 μm, c,d,i,j = 20 μm.
	Table 16. GFAP positive astrocytes fibre length measurement data summary table
	The summary of astrocytes fibre length data of the rostral and caudal sections stained with GFAP are shown above.  Data are shown as average of GFAP fibre length (in µm) per group plus standard error. The percent change in OVT73 versus controls is ind...
	Figure 21. GFAP positive astrocytes fibre length reduction in OVT73 group at 5 years of age showed as single animals.  Graphs show individual animal data for controls (control ewes in pale blue and control rams in dark blue) and OVT73 (OVT73 ewes in p...

	Chapter 4 24 Nov 2014 Richard
	4. CHAPTER FOUR
	A vast selection of antisera directed against different sites of the htt protein are available  (Hoogeveen et al., 1993; Difiglia et al., 1995; Sharp et al., 1995; Trottier et al., 1995a; Trottier et al., 1995b; Gutekunst et al., 1995; Difiglia et al....
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	5. CHAPTER FIVE
	Proteomic profile of HD sheep
	5.5. Results
	Dilution series were carried out on sheep brain tissue to optimise the immunostaining for the selected antibodies. Furthermore, saturation studies were undertaken for each antibody to determine the optimal concentration to avoid oversaturation of the ...
	Following dehydration, the density of staining of PYGL and SNAP25 were scored semi-quantitatively, by a blind observer, using a five tier system : 0 +, no staining; 1+, weak staining; 2+, moderate staining; 3+, strong staining, and 4+, very strong sta...
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